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Preface

Deep-sea manganese nodules, once an obscure scientific curios-
ity, have, in the brief span of two decades, become a potential
mineral resource of major importance. Nodules that cover the sea
floor of the tropical North Pacific may represent a vast ore de-
posit of manganese, nickel, cobalt, and copper. Modern technology
has apparently surmounted the incredible problem of recovering
nodules in water depths of 5000 meters and the extraction of
metals from the complex chemical nodule matrix is a reality. Both
the recovery and the extraction appear to be economically feasible.
Exploitation of this resource is, however, hindered more by the
lack of an international Tegal structure allowing for recognition
of mining sites and exploitation rights, than by any other factor.

O0ften, when a mineral deposit becomes identified as an ex-
ploitable resource, scientific study burgeons. Interest in the
nature and genesis of the deposit increases and much is learned
from large scale exploration. The case is self evident for petrol-
eum and ore deposits on land. The study of manganese nodules is
just now entering this phase. What was the esoteric field of a
few scientists has become the subject of active exploration and
research by most of the industrialized nations. Unfortunately for
our general understanding of manganese nodules, exploration results
remain largely proprietary. However, scientific study has greatly
increased and the results are becoming widely available.

Early research focused on nodule distribution, morphology,
mineralogy, and chemistry and, in so doing, defined questions con-
cerning nodule genesis. World-wide exploration indicated that
economic-grade nodules are prigari]y Sonfined to the tropaca1 o
North Pacific, from latitude 5~ to 20°N and Tongitude 110~ to 180
W. Are there properties unique to this area that control nodule
genesis? Are these properties related to bottom currents, sedi-
ment geochemistry, surface primary productivity, or even to tecton-
ic processes? Deep-sea nodules grow in diameter at rates esti-
mated to be 1000 times slower than the accumulation rates of the
sediments upon which they rest. How can these estimated growth
rates be real if the nodules remain unburied? Do benthic biota
move the nodules to the surface as they burrow for food and protec-
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tion, or is the finer-grained sediment swept away by bottom
currents? Because such questions cross disciplines, it was recog-
nized that the environment of the nodule province should be stud-
ied as a complete system including physical and biological ocean-
ocgraphy as well as marine geologqy.

The DOMES (Deep Ocean Mining Environmental Study) program pro-
vided the opportunity for just such a study. Phase I of DOMES was
undertaken by the National Oceanic and Atmospheric Administration
(NOAA) of the US Department of Commerce to provide environmental
baseline information on three representative mining sites in the
Pacific manganese nodule province. The purpose was to identify
possible environmental harm that might occur from eventual commer-
cial exploitation and to provide information useful to the develop-
ment of environmental guidelines for controlling such exploitation.
Three sites, each covgring an area of approximatg]y 200 h% on a
side and located at 825'N-150"47'W (Site A), 11°42'N-138"24'W
(Site B), and 15%00'N-126°00'W (Site C), were chosen with advice
from industry and the scientific community.

Twelve cruises of NOAA's research vessel OCEANOGRAPHER were
carried out from August 1975 through November 1976, totaling app-
roximately 240 ship days at the three sites. Scientists from U.S.
academic and governmental institutions planned the cruises and
gathered the data. Scientific disciplines represented were physi-
cal oceanography (studies of solar radiation and ocean currents),
biological oceanography (studies of phytoplankton and benthic
fauna), chemical oceanography (studies of nutrient chemistry and
suspended matter), and marine geology (studies of sediment, nodules,
acoustic stratigraphy).

DOMES was designed primarily as a data gathering effort and
final data reports were submitted to NOAA by early 1978. The
scientists involved recognized that the DOMES results are of great
scientific value and represent perhaps the most complete and thor-
ough study of a small part of the deep sea yet carried out. They
decided that the results and scientific inferences thereof should
be published together in this single volume rather than dispersed
throughout the various scientific journals.

One of the unfortunate trends in the rapid expansion of the
scientific Titerature is that less and less space is available for
data presentation, and this unfortunately is occurring at a time
when the rate of accumulation and the quality of data is improving.
Although interpretations of data are made only transitory by the
very nature of advancing science, the data upon which they are
based are the raw materials of new ideas. In order to preserve
the large DOMES data base, each contributor to this volume was
encouraged to present his complete data in the microfiche appendix
accompanying the book. We hope these data spawn new ideas.

Coincident with the DOMES investigation, the Pacific nodule
province was studied by a number of institutions representing sev-
eral countries. These include the U.S. National Science Founda-
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tion (I.D.0.E.-sea bed assessment program); the French Centre
National pour 1'Exploration des Oceans (Afernod program); P.P.
Shirshov Institute of Oceanology of the U.S.S.R.; the Geological
Survey of Japan; Institute of Oceanography of New Zealand, and the
Bundesanstalt fur Geowissenschaften of West Germany. Scientists
active in each of these programs were invited to contribute to
this volume.

These coincident programs were primarily geological and in-
clude studies of nodule geochemistry, nodule growth rates, and the
sea floor. The combination of these studies with the DOMES inves-
tigations presents a current "state of the art" report of
international scientific effort in the region.

First drafts of all manuscripts were received between mid-
June and late September, 1978. Each underwent rigorous and anony-
mous peer review by at least two reviewers. Those that were
accepted were returned to the authors for appropriate modification
and rewriting. Final versions of most manuscripts were received
between October and November, 1978.

We thank the many peer reviewers who generously gave of their
time to improve the manuscripts. Helpful cooperation, encourage-
ment and permission to publish the DOMES material by Robert Burns
of NOAA and manager of DOMES is gratefully acknowledged. Jeanne
Henning, assisted on occasion by Terry Coit, cheerfully and com-
petently shouldered much of the copy-editing, reference checking
and final typing, for which we are grateful.

JAMES L. BISCHOFF
DAVID Z. PIPER

Menlo Park, California
April, 1979
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THE SOLAR RADIATION ENVIRONMENT IN THE
EASTERN TROPICAL NORTH PACIFIC OCEAN

Guy A. Franceschini

Department of Meteorology
Texas A&M University
College Station, Texas 77843, U.S.A.

Abstract

Solar radiation measurements were made in the DOMES area
of the eastern tropical Pacific Ocean, between 5° and 18° North
and 126° and 151° West, during the late summer 1975 and winter of
1976, aboard the NOAA ship 0SS OCEANOGRAPHER. These were of the
net photon irradiance above the surface, and the downward photon
irradiance to a depth of 150 m. Measurements were of the broad
waveband between 400 and 700 nm, i.e., the photosynthetically
active radiation.

Results show an average net irradiation of 39 (E/m?-day)
during the summer, and a 16% greater amount in winter, i.e, 45
(E/m?-day), due to reduced cloudiness. During the same interval,
biological primary productivity increased by 20%. Clouds were
responsible also for: the unequal partitioning of radiation with
respect to local apparent noon; a daily photon north-south mini-
mum at 12°N; and an east-west maximum of daily averages in the
central part of the region during both seasons.

Submarine measurements show the water to be a clean open-
ocean type with marked, alternating, horizontal stratifications,
fewer in number during the winter. Characteristic features in-
clude: Tow transmittance in a shallow layer near the surface; an
increase of transmittance in the layer below to the mixed layer
depth, MLD; a decrease of transmittance in the stable upper ther-
mocline; and a general increase below. Several deviations exist-
ed. Diagnoses indicate clearer water toward the north, and toward
the west away from Central America, in general. The MLD also in-
creased toward the west. Axes of maximum values of phytoplankton
parameters were generally found between the levels of 1 to 10% of
near-surface values, and coincided with minimum-transmittance
layers. In the summer, these biological maxima were always below

1



2 G. A. FRANCESCHINI

the MLD (the 10-25% 1light level); in the winter they were above
and below the deeper MLD (the 1-10% light level). In the latter
instance, they could be seen in the photon signature only in the
eastern transect. With the deeper winter MLD, the near-surface
transmittance was higher than with the summer situation. This
was not the case near 126°N.

Introduction

Solar radiation is the primary source of energy for all
physical and biological systems. Hence, it was necessary to
establish, as a baseline, the availability of this energy to the
water mass of the DOMES region. In addition, since the planned
mining operations would change the transparency of the water, at
least initially, it was necessary to establish, also as a base-
line, the optical properties of the water column. A major con-
cern of the effort was with the marine biosphere. Therefore, a
solar radiation baseline was needed for the study of primary
productivity in the region (E1-Sayed et al., 1979). Conse-
quently, to meet these needs, measurements were made of the
photosynthetically active radiation (PAR) contained within the
visible waveband fraom 400 to 700 nm.

According to Jerlov (1976), the optical classification of
near-surface waters in our region of interest is Type IB, clear
open-ocean water. To the north and south of the region, the
waters are somewhat more transparent, i.e., Types I and IA. 1In
addition, the particle content in the upper 50 m is closely cor-
related with water motion (both horizontal currents and upwell-
ing), and with the mixed layer depth. Consequently, the hori-
zontal pattern of particle content is characterized by zonal
bands. Jerlov shows an axis of maximum content traversing the
region, approximately parallel to 9°N latitude, in which the con-
tent decreases westward.

Measurements

A1l solar radiation observations were made aboard the NOAA
vessel 0SS OCEANOGRAPHER during expeditions RP80C75 and RP80C76.

Net photon irradiance, PAR

Cosine-corrected quantum sensors (Li-Cor, Lambda Instrument
Corp.) with filtered silicon photodiodes were used to determine
this parameter. These sensors employ a visible bandpass inter-
ference filter to produce sharp cutoff at 400 nm and at 700 nm,
and colored glass to obtain a desired spectral response (Biggs
et al., 1971). Separate measurements were made of the down-
welling and upwelling photon irradiances. For the former, the
upfacing sensor was rigidly mounted on a bow pedestal approxi-
mately 1.7 m above the cowl on the starboard side; for the latter,
the downfacing sensor was installed on the end of a bow boom at a
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distance of 10 m ahead of the vessel. Both exposures were se-
lected to minimize the influence of the ship on the measurements.
In order to monitor the integrity and reliability of the sensors,
a precision spectral pyranometer (Eppley) was also installed on
the bow pedestal to measure the incident, or downwelling, flux.
Signals from the sensors, which were in continuous operation dur-
ing daylight hours, were recorded on analogue or digital acquisi-
tion systems, as well as magnetic tape, when possible.

The net PAR, i.e., the photons made available to the water
mass and the marine biosphere, is represented by the downwelling
photon irradiance minus the upwelling, since the latter repre-
sents Tosses due to surface reflection and internal backscattering
by the water. The manufacturer's calibration constants were
accepted. Reliability of the sensors was verified by a post-expe-
dition intercalibration with a secondary standard. Data were
processed for 30-min intervals. These were combined to give
daily integrated amounts, as well as integrated values for the
biological in situ incubation periods. Data obtained with the
pyranometer are not presented.

Ship shadows occasionally interfered with an otherwise clean
record. The shadow signatures were easily recognized, and usually
occurred in the early morning or late afternoon with an aft sun.
In such cases, the data were rehabilitated by assuming a linear
change during the brief shadow intervals.

Submarine light

Measurements of the vertical distribution of PAR within the
water were made with quantum sensors similar to those used for the
in-air observations. Due to recorder difficulties, only the down-
ward photon irradiances were obtained. In addition, to establish
the depths at which water samples were taken for primary producti-
yity studies, a special photometer was employed (Carpenter and
Jitts, 1973) as recommended by the SCOR Working Group 15 (1966).
This gimbals-mounted cosine collector was a Schott-filtered
selenium-barrier photocell which was sensitive to blue light at
475 nm with a 50 nm half-band width. Both underwater sensors,
mounted on a common frame, were used for profiling to a depth of
150 m. The operation was performed, with the STD winch, off the
sunny side of the vessel, either astern or off the port side,
during mid- or late-morning preceding the in situ incubation ex-
periments.

In order to allow for occasional changing cloud conditions,
a deck cell was mounted on the bow pedestal. This sensor was
similar to the underwater photometer, i.e., the blue-light sensor.
In combination with the pyranometer, use of the deck cell made it
possible to determine ratio corrections associated with fluctuat-
ing irradiances during a submarine cast so that gross trans-
mittances of water layers could be calculated. As a first approx-
imation, these occasional ratio corrections were also used to
adjust the submarine quantum irradiances. Although the quality
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of PAR is influenced by cloudiness (Franceschini, 1971), such
ratio corrections made it possible to adjust the submarine values
relative to a fixed near-surface reference. Such adjustments were
rarely necessary, however, since the down-trace and the up-trace of
each cast furnished sufficient information from which a reliable
profile could be established.

Signals from the submarine quantum sensor and its related
pressure probe were recorded on the STD recorder (Leeds and North-
rup Speedomax) available on the vessel. Quantum sensor outputs
were corrected for the immersion effect according to the manu-
facturer's recommendation. The signals for both of the blue-light
photometers, the deck-cell and its underwater counterpart, were
recorded on a two-channel analogue recorder (Hewlett-Packard).
Depth marks were entered manually on the analog trace.

The manufacturer's calibrations of the quantum sensors be-
tween expeditions were accepted as correct. Secondary cross-cali-
brations in-air before and after each expedition verified the
reliability of the exceedingly stable sensors.

The depth at which the 1ight was reduced to 1 percent of its
near-surface value, as measured by the blue-1light photometer, was
used to define the lower 1imit of the euphotic zone. The near-
surface Tight was taken as that measured at a depth of approxi-
mately 0.5 m.

Cloud data

Standard weather observations were made and recorded hourly
by qualified members of the ship's scientific contingent. Sky
conditions, critical to the solar radiation study, included types
of clouds, and amounts in oktas. Daytime average values used in
this study were based on these observations. Since solar radia-
tion is influenced more by the clouds at low levels than those at
middle and high levels (Franceschini, 1968; List, 1971), only
those at low levels were used for determining the daily mean cloud
values here presented. In addition, each observed hourly cloud
amount, C(i), was weighted according to the fractional part, W(i),
of undepleted daily irradiation, q(o), that would be available
during the associated hourly interval, i.e.,

| W(i) = a(i)/alo), (1)
where q(i) is the undepleted irradiation available during the i-th
hourly interval. In general, for the interval from 1 to 2,

2
q « fl(sin ¢ sin & + cos ¢ cos & cos H)dt, (2)

where: ¢ is the mid-latitude of a north-south transect; § is the
associated solar declination angle; and H is the solar hour angle
which varies with time, t. Daily values of the weighted-mean,
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low-level cloudiness, C, were calculated from

= T W()e(i)/100. (3)
i=1

For this approximation, the weighting factors used for both expe-
ditions were: 2, 5, 8, 10, 12, 13, 13, 12, 10, 8, 5 and 2. These
were applied to the hourly values of C(i) from 07:00 to 18:00
local standard time.

Positions occupied

Stations occupied were primarily along three north-south
transects each of which extended 3 degrees of latitude north and
south of a central station. Transect A, T-A, was centered near
8°N and 151°W; T-B was centered near 12°N and 138°W; and T-C, near
15°N and 126°W. Location of an individual station along a tran-
sect is indicated by a numeric suffix showing its distance, in
degrees of latitude, north (plus) or south (minus) of the central
station, e.g., B+2 indicates the station is 2 deg north of the
central station of transect B. (See Fig. 1, E1-Sayed and Taguchi,
this volume).

Units

Values of quantum irradiation are in units of Einsteins per
square meter (E/m2) during the interval of time considered, e.g.,
day or incubation period. Submarine quantum-irradiance va]ues
are given in units of (uE/m2s). One Einstein is defined as
6.023 x 1023 photons. Weighted-mean, low-level cloud cover, C,
is given in oktas, i.e., eighths.

Results, Net Photon Irradiation

Legs 1 and 2, 29 Aug to 12 Oct 1975

Results for these Tegs are presented in Table 1. In general,
the southward increase of radiation that might have been antici-
pated on the basis of astronomical considerations was not observed
on any of the transects. The influence of clouds, a major con-
trolling factor, has masked the dependence on mean solar altitude.
For example, clear-sky daily irradiation should have been a maxi-
mum during the period of Transect C, and a minimum during Transect
B. However, when transect-mean values are considered, a maximum
was observed dur1ng T-B, a minimum during T-A, viz., 40.7 E/m2-day
and 37.4 E/m2-day, respectively, with assoc1ated cloudiness values
of 3.9 and 4.9 oktas, respectively. An anomalous minimum during
each transect was found at 12°N latitude in association with ex-
cessive cloudiness. In addition, though not shown in Table 1,
cloudiness was responsible for an unequal partitioning of solar
energy with respect to local apparent noon, LAN.
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TABLE 1

Net photon irradiation. PAR gained by the water mass during Legs

1 and 2 of DOMES/OCEO Expedition, 29 Aug.-12 Oct., 1975. Beginning
times (LST) of in-situ incubation periods are given; all end at
sunset. 1 Einstein = 6.023 x 1023 photons.

Cloudiness Day In-situ
Date Station (oktas) (E/m2) (E/m2) (LST)
Aug 29 C+3 8.0 22.9 5.8 13:49
30 C+2 6.0 34.5 19.0 12:43
31 C+1 2.0 49.7 25.9 12:42
Sep 1 C 1.0 52.9 52.9 06:00
2 C 4.9 39.9 - -
3 C 5.8 30.6 - -
4 Cc-1 2.2 46.8 21.0 12:26
5 Cc-2 3.9 40.3 18.7 12:26
Sep 6 C-3 7.1 26.4 16.5 12:37
Oct 12 B+3 3.6 41.9 - -
11 B+2 - 41.9 - -
10 B+1 2.7 50.1 28.2 11:34
9 B 6.5 23.7 - -
7 B 3.3 45.3 23.2 12:12
6 B 3.2 41.0 - -
5 B-1 3.9 41.6 26.3 10:59
4 B-2 4.3 40.4 27.4 10:58
Oct 3 B-3 5.4 - - -
Sep 22 A+3 8.0 21. 21.8 05:46
23 A+2 6.0 30.8 17.2 11:44
24 A+1 4.0 42.9 23.3 11:56
25 A 4.2 41.6 41.6 05:45
26 A 2.3 48.0 - -
27 A 2.9 42.7 - -
28 A-1 7.4 - - -
29 A-2 6.3 32.5 16.2 11:53
Sep 30 A-3 5.3 38.7 17.5 11:59
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Although the sample is small, i.e., 24 pairs for the three
transects, the data show a good linear relationship between the
daily values of net irradiation of quanta, Q, and the weighted-
mean low-level cloudiness, C, as defined in (3). The least-square
line of regression is

Q = a(l - bC), (4)

where: a is 59.1 and b is 0.077; and the correlation coefficient
is -0.98. In (4), Q is expressed as (E/m?-day), and C in oktas.
Mean values for the three fall transects are: 38.7 E/m2-day, and
4.4 oktas.

Based on our findings, the daily values of net photon irradi-
ation were 95 percent of the downwelling global values. Thus, the
upwelling losses amounted to 5 percent of the incident flux.

Leg 4, 18 Feb to 15 Mar 1976

Data for this leg are seen in Table 2. Unlike the fall/late-
summer expedition, this case showed a southward increase of solar
energy during each transect, i.e., the southern portion of each
transect had larger photon irradiations than the northern half.
However, the influence of cloudiness was again apparent. Based on
astronomical factors, the maximum clear-sky daily value of the
transect means would have been expected during T-A, and a minimum
during T-C. The minimum, 41.6 E/m2-day, was indeed observed dur-
ing T-C, when mean cloudiness was 4.4 oktas, but the maximum,

47.2 E/m2-day, occurred during T-B when average cloudiness was
2.9 oktas. An anomalous minimum during each transect was again
observed at 12°N latitude, the zone of maximum cloudiness. As
during the fall expedition: cloudiness was responsible for the
unequal a.m.-p.m. partitioning of solar energy; and the daily
values of net photon irradiation were found to be 95 percent of
the downwelling values.

The small sample, viz., 20 pairs for this leg, also shows a
good linear relationship between Q and C, as defined in (4). Re-
lated values of the regression coefficients are: a = 63.6, and
b = 0.082. The correlation coefficient is -0.96. Mean values for
the three transects are: 45.0 E/m2-day, and 3.6 oktas.

Seasonal changes

The first expedition, Legs 1 and 2, was approximately cen-
tered on the autumnal equinox; the second cruise preceded the ver-
nal equinox. Based on consideration of the local solar altitude,
no significant change in clear-sky daily values of the transect
means would have been expected for T-A and T-B, and an appreciably
Tower spring value for T-C. However, due to the lesser amounts of
cloudiness in the late winter, all transect-mean irradiation val-
ues during Leg 4 were larger than during Legs 1 and 2. In parti-
cular, these increases in daily values were: T-A, 24 percent;
T-B, 16 percent; and T-C, 9 percent. The associated percentage




8 G. A. FRANCESCHIN!I
TABLE 2

Net photon irradiation. PAR gained by the water mass during Leg 4
of DOMES/OCEQ Expedition, 18 Feb.-15 Mar., 1976. Beginning times
(LST) of in-situ incubation periods are given; all end at sunset
except the one on 3 Mar., which ended at 13:44 LST. 1 Einstein =
6.023 x 1023 photons. (Estimated values, in parentheses, are 95%
of incident fluxes.)

Cloudiness Day In-situ
Date Station (oktas) (E/m2) (E/m2) (LST)
Feb 18 C+3 7.7 (24.3) (9.0) 13:16
19 C+1.5 5.4 (35.2) (17.1) 12:35
20 C 5.0 (41.0) - -
21 C 3.7 (46.6) (24.5) 12:32
22 C 3.2 (49.9) (49.9) 07:35
23 C-1.5 2.8 (50.2) (34.7) 11:33
Feb 24 C-3 3.2 (43.7) (19.9) 12:45
Feb 26 12N/135KW - 39.6 - -
Feb 27 12N/ 138W - 46.2 - -
Feb 28 B+3 2.5 50.5 22.9 12:37
29 B+1.5 3.1 44.7 20.6 12:50
Mar 1 B 4.1 38.3 - -
2 B 3.5 41.5 25.9 12:35
3 B 2.6 52.5 27.8 06:09
4 B-1.5 2.0 55.6 20.0 13:22
Mar 5 B-3 2.7 47.5 27.4 12:27
Mar 6 8N/ 140W - 33.6 - -
15 18N/ 156W - 11.5 - -
Mar 14 14N/ 152U - 18.7 - -
Mar 13 A+3 7.8 22.0 11.7 12:15
12 A+1.5 3.1 46.2 17.7 12:30
11 A 1.9 53.2 29.9 11:51
10 A 1.6 54.1 - -
9 A-1.5 2.4 52.3 28.2 12:06
Mar 8 A-3 3.3 50.2 - -

Mar 7 7N/T46W - 32.3 - -
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decreases in cloudiness were: 31, 26 and 2, respectively. Such
changes attest to the dominant role of cloudiness on the number of
photons made available to the marine biomass for primary producti-
vity, as well as to the physical system.

Average conditions

Due to the paucity of solar radiation observations in ocean
areas, it is often necessary to rely on empirical relations when
estimates of irradiation are required. Such estimates could be
based on cloud information which is normally included in standard
weather observations. Although few in number, shipboard weather
observations are relatively more plentiful than those of radiation.
Consequently, data for both expeditions were combined. Based on
the 44 pairs of values, the line of regression, (4), is

Q = 61.1(1 - 0.079C), (5)

and the correlation coefficent is -0.94. The coefficient, 61.1,
may be interpreted as the best estimate of quantum-irradiation for
a day with no low-level clouds in the DOMES area. In addition,
for overcast conditions, 8 oktas of clouds at low levels, (5)
gives an estimated irradiation of 22.5 E/m?-day. Mean values for
all data are: Q = 41.6 E/m?-day, and C = 4.0 oktas of clouds at
low levels. Although the data sample is small, these results may
be useful for other tropical oceanic regions.

Results, Submarine Light

A portraiture of the results of submarine measurements is
presented in three forms for each season and each transect: (a)
tabular values of the downwelling photon irradiances; (b) tran-
sect diagnostic figures of these values expressed as a percentage
of the near-surface submarine flux, viz., the irradiance at ap-
proximately 0.5 m; and (c) diagnostic figures of the transmittance
of 10-m layers, i.e., the percentage of the incident downwelling
jrradiance which is transmitted by each 10-m layer. Included in
(b) are the depths of the 1-percent level as determined by the
blue-1ight photometer, as well as the mixed-layer depth, MLD. The
latter is also included in the figures of 10-m layer transmittance.
This gross optical property, the 10-m layer transmittance, is a
measure of the clarity of the water; 100 minus this value express-
es the percentage depletion of the downward stream of photons.

The combined effects of absorption and scattering account for this
reduction.

It may be well to indicate that the magnitude of a percentage
value at the depth of the bottom of the n-th 10-m layer, T(10n) as
employed in (b), is related to the product of 10-m layer trans-
mittances, t(j) represented in (c), for all layers above that
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depth. The relation may be expressed as:

T(10n) = (17100)" 1 (3), (6)
j=1

where j = 1 for the top 10-m layer, and j = 15 for the 10-m

layer with base at the 150-m depth. In addition, although the
isopleths in presentations of the 10-m layer transmittance in (c)
are labeled in percent, they may be interpreted in terms of a re-
lated gross attenuation coefficient, k(1/m). For the j-th layer,
this downward quantum-irradiance coefficient is defined as:

k(j) = - [In{x(3)/100}]/10. (7)

The equivalent values, according to (7), are:
(%) 10 20 30 40 50 60 70 80 90
k(1/m) .230 .161 .120 .092 .069 .051 .036 .022 .011

Longitudinal sections, along 12°N latitude, of the percentage
penetration of light as well as the gross transmittance are also
presented. The seasonal changes of these optical parameters are
included to complete the portraiture of the baseline milieu of
spatial and temporal distributions of the submarine solar photon
irradiances.

Transect A, Leg 2, 22 to 30 Sep 1975

Irradiance. The downward photon fluxes of PAR are given in
Table 3. The maximum near-surface value occurred at A-2; the mini-
mum at A-1. However, with depth these extrema shifted northward
because of the variable turbidity of the water. As a result, at
150 m the maximum photon flux was found at the central A station,
the minimum at A+1. Hence, subsurface irradiances cannot be based
solely on near-surface measurements. Percentage penetrations are
shown in Fig. 1. In the figure, MLD is indicated by X; the 1-per-
cent blue-Tight Tevel by a circle. It will be noted that these
latter depths are greater, from 10 to 40 m, than the 1-percent
depths of total photon fluxes. This is to be expected, since the
water is more transparent to the higher energy photons. In gen-
eral, the larger differences occurred on the less-cloudy days when
a smaller fraction of the total energy was in the blue part of the
spectrum (Franceschini, 1973). Large attenuations, in excess of
50 percent, were found in the upper 10 m, especially at the south-
ern stations of the transect. This was due to the selective ab-
sorption of low energy photons associated with the longer wave-
lengths. In addition, 10 percent or more of the near-surface
light penetrated to the MLD north of A-1, whereas only 1 percent
reached the deeper MLD at the two southernmost stations. There
was an apparent northward deeping of the isopleths, in general.
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12 G. A. FRANCESCHIN!

The depth of the euphotic zone and of the 1% level of PAR-
photons, both of which are shown in Fig. 1, serve as useful para-
meters for the classification of waters for biological purposes.
In an optical sense, each depth, Z, to which 1% (or 0.01) of the
near-surface light penetrates, defines a diffuse attenuation co-
efficient, K, analogous to k in (7): K = - [1n(0.01)]/Z = 4.605/Z.
Equivalent values are:

Z(m) 50 70 90 110 130 150
K(1/m) .092 .066 .051 .042 .035 .031

For the blue 1ight, the euphotic-zone coefficient, K, ranges from
0.035 to 0.046 per m; for the PAR-photons, K varies from 0.042 to
0.066 per m for the related layer. The maximum value for the blue
light occurs at 9°N latitude, A+1, where upwelling is suggested.
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Fig. 1. Vertical distribution of submarine PAR-photon irradiance
in percent of 0.5-m flux. x, MLD; o, 1% blue-light level. DOMES,
Leg 2, 22-30 Sep 1975. (From Table 3).

Transmittance of 10-m layers. An analysis of this optical
property is shown in Fig. 2. Small values near the surface gave
way with depth to alternating high and low values in a stratified
pattern. The axes of the quasi-horizontal layers of low trans-
mittance, high attenuation, are indicated by the heavy dashed
lines. Except at A-2 and A-3, the shallowest of these was in the
stable thermocline below the MLD, indicated by x's. The marked
features of this transect were the turbid waters between 50 and
100 m north of A, and the general increase of transmittance below
100 m. The turbid waters at 9°N (A+1), with a minimum transmit-
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Fig. 2. Vertical distribution of submarine photon transmittance
(%) for 10-m layers. Heavy dashed line, axis of minimum values;
X, MLD. DOMES, Leg 2, 22-30 Sep 1975. (From Table 3).

tance of 30% and related 10-m layer gross attenuation coefficient
of 0.120 per m at 80 m, may be associated with upwelling at the
northern boundary of the Equatorial Countercurrent (Jerlov, 1976).
There was excellent agreement between positions of the upper two
turbid layers and the maximum concentration of chlorophyll a and
phaeopigments, as well as maximum primary productivity (E1-Sayed,
Fig. 3 and 7, this volume). This is especially noteworthy at A-2
and A-3 where these features were found above the deeper MLD.

Transect B, Leg 2, 3-12 Oct 1975

Trradiance. Table 4 presents measured values of the down-
ward photon flux. Here we see the near-surface maximum occurred
at B+1; the minimum at B-3. As with T-A, these extrema were found
at more northerly positions at the bottom of the runs, viz., at
B+3 and B-2, respectively. Percentage penetrations are given in
Fig. 3. Again, we note that large attenuations, in excess of 50
percent, occurred in the upper 10 m, especially in the southern
sector, and that more than 10 percent of the near-surface flux
penetrated the shallow MLD. The 1-percent blue-1ight Tevels were
found again at depths greater, by 10 to 20 m, than the corres-
ponding depths of the total photon flux. The gross attenuation
coefficient, K, for the euphotic zone ranged from 0.044 to 0.061
per m, with an average of 0.053 per m; for the PAR-photons, the
related K values were 0.054 to 0.079 per m, respectively, and
0.066 per m as an average. The maximum value of K, i.e., one of
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the shallowest euphotic zones of the entire area, namely 76 m,
was found at B-2, near 10°N latitude. This characteristic fea-
ture may well be connected to the similar feature at A+1 near 9°N
as shown in Fig. 1 and 2. As in T-A, there was a northward deep-
ening of the isopleths.
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Fig. 3. Vertical distribution of submarine PAR-photon irradiance
in percent of 0.5-m flux. x, MLD; o, 1% blue-light level. DOMES,
Leg 2, 3-12 Oct 1975. (From Table 4)

Transmittance of 10-m layers. An analysis is presented in
Fig. 4. As with T-A, low magnitudes near the surface gave way
with depth to alternating high and Tow values, but in a more or-
derly and horizontally stratified pattern. Of the four well de-
fined minimum axes, the shallowest was found again in the stable
thermocline immediately below the MLD. However, it is along the
axis immediately below this that we found excellent corresponsence
with phytoplankton parameters, i.e., the axis of maximum primary
productivity, chlorophyll a, and phaeopigments (E1-Sayed, Fig. 3
and 7, this volume). Related transmittance values of less than
50%, somewhat more extensive south of Station B, correspond to a
PAR-quantum absorption coefficient, k in (7), of greater than
0.070 per m, which is in good agreement with Jerlov (1976). This
may be associated with upwelling near the northern boundary of
the Equatorial Countercurrent. Comparison with Fig. 2 shows this
feature is not as well marked as its counterpart at A+1. There
was also good agreement with the increased concentration of phaeo-
pigments below 110 m south of Station B. The less turbid waters
observed at the greater depths in T-A were not apparent in this
transect.
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Fig. 4. Vertical distribution of submarine photon transmittance
(%) for 10-m layers. Heavy dashed Tine, axis of minimum values;
X, MLD. DOMES, Leg 2, 3-12 Oct 1975. (From Table 4).

Transect C, Leg 1, 29 Aug to 6 Sep 1975

Irradiance. Observed values of the downward photon irradi-
ances are given in Table 5. The near-surface maximum occurred at
C-2; the minimum, at C. At all depths below 10 m, the minimum
was found at C-3, while the maximum had shifted to a more north-
erly position, C+1, below 30 m. An analysis of these variations
will be discussed in the next section. Fig. 5 shows the vertical
cross-sectional pattern of the percentage penetration. Except in
the water of C+1, characteristic depletions in excess of 50 per-
cent were the rule in the top 10-m layer. In general, more than
25 percent of the near-surface irradiance reached the shallow MLD,
except at the extremities of the transect. Characteristic north-
ward deepening of the isopleths was especially well marked from
C-3 to C+1. In the remainder of this transect, it was masked by
the anomolously clear water at C+1. The deepest euphotic zone of
the DOMES region, viz., 141 m, was associated with this mass of
clear water.

The 1-percent blue-1ight depth was 20 to 35 m greater than
jts total photon counterpart. Associated K values, for the 1%-
layer, ranged from 0.033 to 0.055 per m for the blue light, and
from 0.041 to 0.082 per m for the PAR-photons. Related averages
were 0.039 and 0.051 per m, respectively. Although the euphotic
zone was shallow at station C-3 (12°N), because of the zonal char-
acter of the current system in this tropical region, it may well
have been shallower south of the transect at this longitude.
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18 G. A. FRANCESCHINI

Presumably, T-C lies primarily within the North Equatorial Cur-
rent. However, at its southern extremity, conditions strongly
suggest the presence of upwelling associated with horizontal di-
vergence near the boundary between the Equatorial Countercurrent
and the North Equatorial Current. The zonal continuity of this
feature is apparent in transects A, B and C.
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Fig. 5. Vertical distribution of submarine PAR-photon irradiance
in percent of 0.5-m flux. x, MLD; o, 1% blue-1ight level. DOMES,
Leg 1, 29 Aug - 6 Sep 1975. (From Table 5).

Transmittance of 10-m layers. Clarification of the anomalous
character along this transect can be seen in Fig. 6. The highly
transparent mass of water above 100 m, centered north of C, was
completely surrounded by more turbid water on all sides in the
cross section. This is in good agreement with particle-content
conditions in the upper 50 m of the area as presented by Jerlov,
Fig. 131 (1976). Associated with these centers of maximum photon-
transmittance, the gross attenuation coefficient was 0.022 per m
or less. Although this water mass, in an optical sense, dominated
the pattern, stratification existed. A well marked minimum axis
was situated immediately below the MLD. This corresponded to the
axis of maximum primary productivity. At greater depths, there
was good agreement between the position of the northward deepening
min-axis and the phytoplankton concentration parameters (E1-Sayed,
Fig. 3 and 7 this volume). Compared to T-A and T-B this transect
had the most turbid water below 100 m, and the lowest values of
transmittance at C-3, i.e., less than 20%. The related 10-m
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layer attenuation coefficient was greater than 0.161 per m, a
maximum for the expedition.
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Fig. 6. Vertical distribution of submarine photon transmittance
(%) for 10-m layers. Heavy dashed line, axis of minimum values;
X, MLD. DOMES, Leg 1, 29 Aug - 6 Sep 1975. (From Table 5).

Longitudinal variations near 12°N, Legs 1 and 2

The west-east spatial distribution of the percentage levels
between A+3, B and C-3 1is presented in Fig. 7. The following
features are apparent; more than 50 percent of the downward ir-
radiance was attenuated in the top 10 m; the isopleths deepened
from the turbid water in the east to the more transparent water
in the west; more than 10 percent reached the westward-deepening
MLD; and the 1-percent blue-light Tevel exceeded its total photon
counterpart by 10 to 30 m. The associated attenuation coefficient,
K for the euphotic zone, ranged from 0.055 per m in the east to
0.037 per m in the less turbid water in the west. Corresponding
coefficients for the PAR-photon 1%-layer ranged from 0.082 per m
in the more turbid water in the east to 0.041 per m in the west.
In terms of the 10-m layer transmittance of ambient 1light, shown
in Fig. 8: the water became more transparent toward the west at
all levels; the pattern was characteristically stratified; and the
shallowest axis of minimum values was found in the stable layer
below the MLD, with a zone of maximum values immediately above it
and just below the Tess transparent 10-m surface layer. It was
suggested that the zone of upwelling in the region 1jes south of
this cross-section. The more turbid water in the east may suggest
the zone is farther north, or better defined, in this sector.
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Fig. 7. Vertical distribution of submarine photon irradiance, in
percent of the 0.5-m value, along 12°N latitude. x, MLD; o, 1%
blue-1ight Tevel. DOMES, late summer 1975.
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Fig. 8. Vertical distribution of submarine photon transmittance
(%) for 10-m layers, along 12°N Tlatitude. Heavy dashed line, axis
of minimum values; x, MLD. DOMES, Tate summer 1975.
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Transect A, Leg 4, 8-13 Mar 1976

Irradiance. Results are presented in Table 6. Due to equip-
ment failure, data are not available for A+1.5. The maximum pho-
ton flux level near the surface was at A; the minimum at A+3.
Below 110 m the maximum was found at A-3; the minimum remained at
A+3. In terms of the percentage values, shown in Fig. 9, less
than 50 percent was transmitted by the top 10-m layer. Only be-
tween 1 and 10 percent of the near-surface irradiance penetrated
to the much depressed late winter MLD; and the blue-light photo-
meter indicated 1-percent levels which were 15 to 40 m deeper than
those of the total photon flux. Of the two southern stations, the
smaller difference was found at A-1.5, where cloudier conditions
had reduced the total flux and increased its fractional blue com-
ponent. Isopleths deepened both north and south of the central
station. This central upward bulging, seen also in Fig. 1, may
indicate upwelling at the northern edge of the Equatorial Counter-
current. The related K-value is 0.049 per m for the euphotic zone.
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Fig. 9. Vertical distribution of submarine PAR-photon irradiance
in percent of 0.5-m flux. x, MLD; o, 1% blue-light Tevel. DOMES,
Leg 4, 8-13 Mar 1976. (From Table 6).

Transmittance of 10-m layers. The pattern of this optical
property, somewhat less ordered, is shown in Fig. 10. The typical
signatures, however, are apparent. The more turbid surface waters
gave way with depth to a more transparent layer the axis of which
was above the deep MLD. Embedded in the thermocline, below the
MLD, was the quasi-horizontal layer of more turbid water marked by
high concentrations of chlorophyll a and phaeopigments (E1-Sayed,
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Fig. 4, this volume). In general, the water above 60 m and below
120 m, was more transparent to the photon flux in the northern
section of this transect than in the southern parts. The reverse
was true between 60 m and 120 m. Of particular importance, the
layers of high productivity and maximum concentration of chloro-
phy1l a and phaeopigments above the deep MLD were not apparent in
the transmittance pattern (E1-Sayed, Fig. 4 and 8, this volume).
Near A-0.25, a turbid mass (k > 0.051 per m) appears to have pene-
trated the MLD at a depth of around 60 m, and to extend toward
the surface north of A, in concert with the high values of phyto-
plankton parameters. The feature may be a consequence of the up-
welling mentioned above. At depth, it may extend southward.
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Fig. 10. Vertical distribution of submarine photon transmittance
(%) for 10-m layers. Heavy dashed line, axis of minimum values;
X, MLD. DOMES, Leg 4, 8-13 Mar 1976. (From Table 6).

Transect B, Leg 4, 28 Feb to 5 Mar 1976

Irradiance. The downward, submarine, photon irradiance of
PAR is presented in Table 7. The vertical axis of the transect

minimum remained at station B. However, the maximum, found at
B-1.5 near the surface, was found at station B+3 immediately below

the surface, and remained at this station to a depth of 80 m,
much to the advantage of the local phytoplankton community. Below
this level, the largest irradiances apparently shifted southward to
B+1.5.

Percentage levels of downward irradiance are seen in Fig. 11.
Less than 50 percent of the near-surface photons reached the 10-m
level. Except near B+1.5, less than 10 percent penetrated to the
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MLD. Here, the 1-percent blue-1ight level was observed 10 to 25 m
deeper than that of the total photon flux. Again, the smaller
differences were associated with cloudier skies when the total
incident flux was decreased, but its fractional blue component

was increased. Extremum values of the attenuation coefficient of
the euphotic zone were 0.044 and 0.052 per m; for the 1%-layer of
the total quanta, 0.055 to 0.069 per m. As in Fig. 3, the upward
bulging of the isopleths near B-1.5, i.e., 10°N, suggests the up-
welling of detrital material, i.e., nutrients, which gives rise

to increased primary biological activity.
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Fig. 11. Vertical distribution of submarine PAR-photon irradiance
in percent of 0.5 m flux. x, MLD; o0, 1% blue-light level. DOMES,
Leg 4, 28 Feb - 5 Mar 1976. (From Table 7).

Transmittance of 10-m layers. As shown in Fig. 12, the near-
surface water of low transmittance gave way to a zone of greater
transparency near the base of the surface mixed layer, below which
was found the axis of a more turbid stratum. There was good cor-
respondence between the depth of the latter and that of the maxima
of the phytoplankton concentrations (E1-Sayed, Fig. 4 and 8, this
volume). Good agreement was also found with the excessive concen-
trations of phaeopigments near 140 m at B-1.5. However, the pri-
mary productivity maxima within the mixed layer were not apparent
in the transmittance pattern, thus duplicating the situation found
with T-A of this leg. Above 100 m, the least transparent water,
with k > 0.069 per m, was observed at B-1.5, the location of sus-
pected upwelling. Values decreased at the greatest depths.
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Fig. 12. Vertical distribution of submarine photon transmittance
(%) for 10-m layers. Heavy dashed line, axis of minimum values;
X, MLD. DOMES, Leg 4, 28 Feb - 5 Mar 1976. (From Table 7).

Transect C, Leg 4, 18-24 Feb 1976

Irradiance. Table 8 gives the downward flux of quanta. The
maximum value, found at C near the surface, remains at that sta-
tion to the 140-m level. However, the minimum value, in the sur-
face layer at C+1.5, is found below 40 m at the southern end of
the transect. The pattern of the related percentage values is
shown in Fig. 13. Characteristic features are similar to those
of the other winter transects, namely: more than 50 percent of
the photons did not penetrate the top 10-m layer; less than 10
percent reached the large MLD; and the T-percent blue-light Tlevel
was 10 to 20 m deeper than that of the total quanta, with the
smaller differences in the northern branch associated with in-
creased cloudiness. The overall pattern resembles the one for
this transect during the summer, as seen in Fig. 5, i.e., the
isopleths reached their greatest depth in the clear water north
of the central station. For this clear water in the euphotic
zone, the gross attenuation coefficient is 0.040 per m, slightly
greater than during the preceding summer. For the shallow eu-
photic zone at C-3 (12°N), Z = 78 m and K = 0.059 per m. Again,
this latter feature very likely represents the consequence of up-
welling of dendritus near the southern boundary of the North Equa-
torial Current. Zonal continuity is reflected in all transects.

Transmittance of 10-m layers. A portraiture is presented in
Fig. 14. The characteristic features are similar to those of the
other transects, except for one major difference. A prominent and
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Fig. 13. Vertical distribution of submarine PAR-photon irradiance
in percent of 0.5 m flux. x, MLD; o, 1% blue-light level. DOMES,
Leg 4, 18-24 Feb 1976. (From Table 8).
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Fig. 14. Verticdl distribution of submarine photon transmittance
(%) for 10-m layers. Heavy dashed line, axis of minimum values;
X, MLD. DOMES, Leg 4, 18-24 Feb 1976. (From Table 8).
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continuous layer of water with low transmittance is found sand-
wiched between two less turbid layers, all above the MLD. Except
for the southern extremity of T-A in summer (Fig. 2), and the cen-
tral region of T-A during the winter (Fig. 10), this feature was
not observed elsewhere, and is therefore considered to be an ano-
maly. However, when comparison is made with phytoplankton data,
there is excellent agreement between the position of this turbid
layer and the maxima in primary productivity and chlorophyll a
concentration. The turbid layer in the thermocline also corre-
sponds to maxima in concentration of chlorophyll and phaeopigments
(E1-Sayed, Fig. 4 and 8, this volume).

The excessively turbid water seen below 100 m in Fig. 6, was
not present during this transect (Fig. 14). As with other fea-
tures, it may have shifted to greater depths as well as southward.
The appearance of less turbid water at C-3 below 100 m, a feature
more typical of the western sector, suggests a much reduced den-
drital upwelling. However, the clear water in the upper layers
north of C appears to be a permanent feature. The 10-m layer
transmittance of 80% corresponds to a value of 0.022 per m for the
attenuation coefficient.

Longitudinal variations near 12°N, Leg 4
A portraiture of the west-east spatial distribution of the
percentage levels between A+3, B and C-3 is given in Fig. 15.
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Fig. 15. Vertical distribution of submarine photon irradiance, in
percent of the 0.5-m value, along 12°N latitude. x, MLD; o, 1%
blue-1ight level. DOMES, late winter 1976.
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The characteristic features noted are: more than half of the
photons were attenuated in the top 10 m; the isopleths deepened
westward, except in the top 10-m layer; less than 10 percent pene-
trated to the westward deepening MLD; and the 1-percent blue-light
level exceeded that of the total quanta by 15 to 40 m. These lat-
ter differences are larger than those found during the late sum-
mer, as seen in Fig. 7, possibly due to the reduced cloudiness
during the late winter. The attenuation coefficient, K, which
characterizes the euphotic zone, ranged from 0.059 per m at C-3 to
0.034 per m in the clearer water to the west. Corresponding co-
efficients, which characterize the 1%-layer of the PAR-quanta,
ranged from 0.077 per m in the turbid water in the east to 0.047
per m in the west. The related pattern of the 10-m layer trans-
mittance of ambient 1ight, with its characteristic features, is
shown in Fig. 16. Above 80 m, the values increased toward the
west; below, the water was more transparent at the eastern extre-
mity. The major quasi-horizontal axis of minimum transmittance
was found in the stable thermocline below the westward deepening
MLD.
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Fig. 16. Vertical distribution of submarine photon transmittance
(%) for 10-m layers, along 12°N latitude. Heavy dashed line, axis
of minimum values; x, MLD. DOMES, late winter 1976.

Seasonal changes

General. Since the values of percentages are small at great-
er depths, seasonal changes are consequently small. On the other
hand, fractional changes would be excessively large, and quite
possibly unreliable, because the initial measured values may in-
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volve large fractional errors. Consequently, the differences in
percentages, from late summer to late winter, are treated. It
must be remembered that the initial percentage value for a given
level represents the total transmittance, T, of the entire layer
above that level, and is equal to the product of the separate
slab-transmittance values of the discrete layers above, as given
by (6). Such total transmittance values represent optical signa-
tures of the related suprajacent water mass, in much the same way
that K optically characterizes the euphotic zone, i.e., the layer
for which T = 1%.

Model considerations. As we have seen, there are certain
characteristic features of the slab-transmittance pattern between
the surface and the thermocline well below the MLD. These give
guidance to what we might expect of temporal changes associated
with vertical migrations of the MLD. We noted that the surface-
layer transmittance was low. Below, to the MLD the waters were
more transparent, and in the upper portions of the thermocline,
just below the MLD, the turbidity increased, i.e., the transmit-
tance decreased. Below this, the turbidity decreased. This dis-
tribution, in the absence of advection, may be readily explained.
A Tlarge fraction of the low energy photons is absorbed by the top
10 m of the water. In addition, since the surface acts as an ef-
ficient collector and temporary repository of debris from the at-
mosphere, as well as from interior waters, the surface layer is
more turbid. At levels below the surface layer, since they are
removed from their intermediate source of debris, i.e., the sur-
face, and since the available light is richer in more penetrating
high energy photons, the waters are more transparent. If the
water mass were not stably stratified, the transmittance would re-
main high or respond to local sources of material, either biogenic
or anthropogenic. However, within the upper portion of the ther-
mocline, immediately below the MLD, because of the great stabil-
ity, particulate debris is temporarily restricted and attenuation
is high. Since the motion in some sectors of the region is marked
by horizontal divergence, the associated upwelling is a likely
source of this nutrient laden debris which increases the potential
for primary productivity. Below this layer, the stability is
lTower and the suspended matter is less restricted, hence trans-
mittance is higher.

We have noted a moderate deepening of the MLD between the
periods studied. Consequently, in view of the above, there are
definite changes we should anticipate, in the absence of advective
processes (and marked local sources). Relative to the late winter
MLD, we would anticipate a decrease of transmittance in the sub-
jacent layer, and an increase in the suprajacent layer which would
be enhanced by the vertical spreading of the isopleths in the Tlar-
ger volume. In this connection, vertical mixing in the surface
layer would produce an increase of transparency in the near=sur-
face region, but a decrease immediately below it. Where such
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changes are not observed, other processes are involved, e.g.,
three dimensional advection of optically different water masses
due to current shifts and/or vertical motion, and the local intro-
duction or extinction (sources or sinks) of turbid matter. The
latter may be biogenically related. Diagnostic discussions will
be presented within the framework of this somewhat simplistic,
empirical model.

Central stations. To get a gross view of temporal changes of
the downward flux of PAR, comparisons were made of the initial and
final submarine photon irradiances at central stations A, B and C.
Values, in terms of percentage of the near-surface flux, are given
in Table 9. A general decrease in total transmittance was observ-
ed at stations A and C, but an increase occurred at B. At the
latter station, this increase was apparent over the shorter period
from 11 September to 6 October, also. All appear cloud related.

Transect A. The seasonal change of percent irradiance, shown
in Fig. 17, was marked by an increase in total transmittance of
the water above 20 m, and at all levels at A-2. Except for a
small region near 70 m at A+2, and the sector below 100 m at A+l,
the remainder of the transect experienced a decrease in trans-
parency relative to the photon flux. The pattern was derived from
Fig. 1 and 9. Increases at A-2 were due to the initial presence
of turbid water, seen in Fig. 1. The feature, possibly a signa-
ture of the current system, was not apparent in late winter. The
speculative suggestion is that it translated southward.
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Fig. 17. \Vertical distribution of the change of percent photon
irradiance, from late summer 1975 to late winter 1976, along Tran-
sect A. (Derived from Fig. 1 and 9).
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Transmittance change for 10-m layers is presented in Fig. 18.
The pattern of change of slab or individual-layer transmittance is
rather complex. The consistent, but speculative, dashed features
at A+1.5 are the result of a lack of data during Leg. 4. However,
in the cross section, which represents the graphical difference
between Fig. 2 and 10, the marked changes are a consequence of the
initially very turbid regions seen in Fig. 2. In general, the
large decreases below 100 m, especially near A-1.5, were overlain
by a broad band of rises which extended to near the 50-m level.
Above this, the waters became less transparent, except for the
layer near the surface. This near-surface decrease in attenuation
extended to 30 m near A-2. Most of the observed changes are in
keeping with anticipated results associated with the lowering of
the MLD. Where these results were not observed, it is reasonable
to assume that intrusions of different water masses occurred,
possibly in association with vertical motion, e.g., a latitudinal
shift of the equatorial currents. A slight southward shift is
suggested. Hence, the rather large decreases in the upper 50-m
layer north of A, the prominent rise center at 85 m at A+1 flanked
by decreases south of A, and the prominent decrease below 100 m at
A-1 may well represent such intrusions. The north-south tilt of
this feature is consistent with discussion presented with Fig. 10.
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Fig. 18. Vertical distribution of the change of transmittance of
10-m layers, from late summer 1975 to late winter 1976, along
Transect A. (Derived from Fig. 2 and 10).

Transect B. Changes of percent irradiance are presented in
Fig. 19. Increases in total transmittance, i.e., decreases in
attenuation, although generally small, dominated the region,



DOMES SOLAR RADIATION 35

STATIONS

ol B -l -2 -3

0 ] 1 1 1
+5 o 0
+57

. 50 - \o

é : \L//’\’ 7-

E :7 '7.

5 100} f /\\ -
_ \ N
- \\ \ :
L \ \\ -

\
150 0 0 0

Fig. 19. Vertical distribution of the change of percent photon
irradiance, from late summer 1975 to late winter 1976, along
Transect B. (Derived from Fig. 3 and 11).

except: at the northern end of the transect, at B-1 below 100 m,

and around 40 m at B-3. Consequently, a larger fraction of inci-
dent photons penetrated to greater depths in the late winter than
during the late summer, except at B+3 where the reverse occurred.
The pattern was obtained from Fig. 3 and 11.

The stratification seen in the slab-transmittance change
pattern, Fig. 20, is in keeping with the layering shown in Fig. 4
and 12, from which the pattern was derived. Axes of the alterna-
ting layers of rises and falls have a wavelike character. The
relatively large band of increases above 50 m, and the parallel
band of decreases below it were apparently associated with the
downward migration of the MLD, as seen in T-A, also. Other ex-
trema may have been due to intrusions of different water masses,
or a latitudinal shift of the upwelling feature, e.g., the large
positive center near 100 m at B+1, which appears to be related to
a similar feature along T-A and T-C.

Transect C. Changes of percent irradiance shown in Fig. 21
were based on Fig. 5 and 13. Large decreases in the depth of
penetration of fractional amounts of downwelling photons charac-
terize the changes in the region above 100 m and north of C-3.
Since the MLD deepened, it is likely that these increases in at-
tenuation, even near the surface, were associated with turbid
water intrusions as suggested by the appearance of the biogeni-
cally related axis of Tow slab-transmittance values above the MLD
seen in Fig. 14.
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There appears to be a paradox in this situation. Consider
C+1. Although the fraction of photons that penetrated to nearly
120 m was smaller in winter than in summer, a larger fraction
reached the greater depths. A partial answer to this is that the
surface-incident irradiances were smaller in the cloudier weather.
The situation is clarified by consideration of changes in layer
transmittance.

Transmittance changes for 10-m layers, presented in Fig. 22,
were derived from Fig. 6 and 14. This portraiture represents the
most dramatic changes that occurred in the DOMES region. Simplis-
tic model changes, associated with the lowering of the MLD, were
obscured. Large decreases in slab-transmittance dominated the
surface layer, and extended from near C-2, along a northward arc,
to a depth of 100 m at C+2. Excessive increases occurred in the
deeper waters, and penetrated upward at C+3 to a depth of 40 m.
From this point, and connected to it, a well defined region of in-
creases developed. It was centered near 25 m at C+1.5. The large
increases in transmittance below 100 m were responsible for the
apparent paradox discussed above. It is likely that these well
defined changes were due to differential advection associated with
a changed current regime. A northward shift is suggested, at
least in the upper layers. The changes associated with a deepened
MLD are well masked because of the appearance of the more turbid
layer, of biogenic origin, well above the thermocline, as seen in
Fig. 14.
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Transect C. (Derived from Fig. 6 and 14).



38 G. A. FRANCESCHINI

Longitudinal changes near 12°N. The seasonal change of per-
centage penetration, the total transmittance, is shown in Fig. 23.
Increases in the fractional photon penetration occurred in surface
layers along the entire Tatitudinal zone, but were significantly
greater in the eastern half. Below these layers the changes were
small but well ordered, i.e., increases in the eastern half, and
decreases in the western portions with a minimum near 70 m (com-
pare with Fig. 17, 19 and 21).
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Fig. 23. Vertical distribution of the change of percent photon
irradiance, from late summer 1975 to late winter 1976, along 12°N
latitude. (Derived from Fig. 7 and 15).

Figure 24 shows the pattern of the changes which occurred in
the slab-transmittance features. The changes were in phase with
the MLD-Towering model, viz.: rises near the surface underlain by
decreases, a zone of increases above the MLD, and decreases in the
thermocline. The rather large falls above 40 m at A+3, and the
excessive increases in the deeper eastern portion have been men-
tioned (compare with Fig. 18, 20 and 22). In this latter regard,
the axis of these increases extends westward through B near 120 m,
and is present farther north (B+1.5) above 100 m as shown in Fig.
20. Because of the zonal character of the surface currents in
this sector of the tropical Pacific Ocean, it is tempting to make
further speculations regarding longitudinal interconnections.
However, since profiling was done only at numbered stations, the
lack of data is limiting.
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10-m layers, from late summer 1975 to Tate winter 1976, along 12°N
latitude. (Derived from Fig. 8 and 16).

Summary and Conclusions

The net photon irradiation above the ocean surface represents
the number of quanta made available to the biosphere and water
mass per unit area and during a time interval. Since photosyn-
thesis is a function of the PAR-photons, it is not surprising to
find a close correlation between the seasonal changes of net ir-
radiation and of primary productivity. What is relevant, however,
is that the maximum of each occurred in winter when cloudiness, as
defined for this study, was a minimum. This suggests a meteoro-
logical constraint or influence on the biology of the ocean in the
DOMES area. ‘

The close correlation between the vertical distributions of
submarine PAR and phytoplankton parameters shows an interdepen-
dence between the two. Not only does primary productivity require
photons, but in the process of using them, it also changes the
radiation environment. As a result of this mutual interaction
which involves absorption and scattering, maximum attenuation of
photons often coincides with maximum concentration of chlorophyll.
When such concentrations occur in stable layers, the attenuation
may be enhanced by other dissolved and particulate materials.
However, if these latter materials are concentrated above the
phytoplankton maxima, e.g., at the base of a shallow MLD, they may
reduce the PAR enough to restrict the productivity. On the other
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hand, if they are at a greater depth, this restriction would not
happen. Indeed, associated backscattering could enhance the pho-
tosynthetic activity in the latter case.

Results of the in situ measurements of magnitudes and spatial
variations found for this manganese-nodule province agree with
those reported by Jerlov (1976). The water is characterized as a
clear-open-ocean type. Depth of the euphotic zone compares with
that in the Sargasso Sea, e.g., 140 m, at times. Ordinarily, the
surface layer, which is somewhat less transmissive than the sub-
jacent layer, is the feature which is optically classified. How-
ever, because the water is markedly stratified, with alternating
high and Tow values of transmittance, the characterization of
larger water masses is more difficult. Data suggest that the
depth of the mixed layer must be considered in such classifica-
tion. For example, vertical gradients of slab transmittance above
the MLD vary inversely with the depth of the mixed layer. In ad-
dition, in the stable thermocline below the MLD, as in other sta-
ble layers, the slab-transmittance tends to be Tow.

Depth of the 1%-layer of PAR-quanta and of blue Tight (the
euphotic zone) indicated a west-east axis of minimum values,
smaller in the east, at about 10°N latitude during both periods
studied. It is suggested that this axis coincides with the zone
of upwelling between the North Equatorial Current and the Equa-
torial Countercurrent. A gross attenuation coefficient which
optically characterizes the 1%-layer, has been suggested.

Temporal variations of optical properties may be anticipated,
in part, from consideration of the diagnostic, qualitative model
which has been suggested. For example: wind mixing will reduce
vertical gradients in the surface layer; and a deepening of the
MLD will depress the associated pattern features. Anomalous
changes must be ascribed to three dimensional advective changes,
or the presence of sources or sinks, viz., biogenic or anthropo-
genic.

With the introduction of particulate material associated with
future mining operations, drastic increases in the attenuation of
photons could be produced. The attendant inhibition of primary
productivity could be damaging, although the related increases in
nutrients might be potentially useful. Continuous monitoring of
changes in the natural environment is needed during the planned
mining operations.
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OBSERVATIONS OF UPPER OCEAN CURRENTS AT DOMES SITES
A,B, AND C IN THE TROPICAL CENTRAL NORTH PACIFIC OCEAH
DURING 1975 AND 1976

David Halpern
NOAA Pacific Marine Environmental Laboratory

Seattle, Washington 98105

Abstract

The time and space (vertical) scales of the upper ocean
current field are described from moored current measurements made
at 20 m, 50 m, 100 m, 200 m, and 300 m depths at 15°02'N,
126°01'W (Site C) during September and October 1975, at 11°45'N,
138°23'W (Site B) during March and April 1976, and at 8°27'N,
150°45'W (Site A) during August, September and October 1976.
During the periods when the measurements were made, Sites A
and B were located within the eastward-flowing North Equatorial
Countercurrent and Site C was within the westward-flowing North
Equatorial Current. At Sites A and B the vector-mean eastward
currents below the thermocline at 200 m and 300 m were approxi-
mately 10 cm sec™! and 20 cm sec-!, respectively, which were
much larger than a priori expected. At Site C_the vector-mean
current at 200 m and 300 m was about 5 cm sec™! towards the
east, indicating the presence of a subsurface current flowing
in opposite direction to the surface flow which heretofore was
not previously detected. At each site the northward direction
of the vector-mean meridional current component in the mixed
layer at 20 m depth was consistent with the direction of wind-
generated Ekman transport resulting from the Northeast Trade-
winds. The standard deviations were typically larger than the
mean values indicating that the upper ocean currents were
extremely time-dependent. Significant current fluctuations
with inertial- and semidiurnal-periods were measured at each
of the depths of the current meters. The amplitude of the
inertial motion was typically 2 times larger than the semi-
diurnal tidal internal gravity wave motion; however, the
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inertial oscillations were largest in the near-surface mixed

layer and the internal wave amplitude was ~ 5 m or ~ 1,5 cm sec™!
throughout the thermocline. Fluctuations with amplitudes of about
5 cm sec™! to 10 cm sec! and time-scales greater than 20-days
were measured beneath the thermocline, indicating that caution
must be used in regard to the representativeness of month-long
averaged currents.

The wind and mixed layer currents were coupled at time-scales
greater than the local inertial-period. When the monthly averaged
westward wind-stress of the Northeast Tradewinds increased, the
near-surface eastward current speeds in the North Equatorial
Countercurrent decreased and the speed of the westward-flowing
North Equatorial Current increased, and yice-versa. Good agree-
ment was found between the monthly averaged Ekman transport
produced by the zonal wind-stress and the meridional transport
computed from the near-surface current measurements. At the
inertial-period the wind and the 20 m current fluctuations were
statistically coherent (with 95% confidence) with approximately
zero phase difference. The amplitude of the near-surface
inertial motion was largest at Site A where the local inertial-
period was approximately equivalent to the period of the easterly
waves in the atmosphere between 5°N and 10°N, indicating the
possibility of a resonant air-sea interaction process.

A comparison of the zonal components of baroclinic geo-
strophic currents computed from hydrographic measurements
obtained coincidently with the moored current observations was
made with Tow-pass filtered currents with the fluctuations at
inertial-frequency and higher frequencies removed. Above 100 m
the geostrophic and observed shears were significantly different
because the uppermost 100 m contained the wind-driven currents.
Between 100 m and 300 m the agreement between the geostrophic
and measured shears was weak. At 300 m the observed currents
were larger than the geostrophic currents by approximately 15 cm
sec-1 indicating that the 500 m level-of-no-motion was not deep
enough. However, the geostro?hic current at 500 m relative to
1000 m was small (v 2 cm sec™!). Calculations of the magnitudes
of various terms in the equations of motion indicated the impor-
tance of the time-dependence of the long-period fluctuations in
the dynamical balance of the North Equatorial Countercurrent.

The large time-variability of the current speed and direc-
tion, the large vertical shear, and the large current speeds
beneath the thermocline will produce huge, variable and unpre-
dictable current drag on the pipe and cable assembly connecting
the nodule mining ship moving at slow speeds and the collector
moving along bottom contours. The presence of internal waves,
which have a maximum vertical velocity about 100 times larger
than typical settling velocities for bottom sediments discharged
at the surface during the mining operation, will cause in situ
measurements of settling velocity and of the corresponding
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identity of the effluent to be spurious unless measurements are
made for time intervals comparable to the semidiurnal-period.

Introduction

The circulation of the upper ocean within the 13 x 10 km?
Deep Ocean Mining Environmental Studies (DOMES) area bounded by
the 110°W and 180°W Tongitudes and the 5°N and 20°N latitudes
(Fig. 1) is influenced by several large-scale current and wind
patterns. The North Equatorial Current, which occurs north of
~  T10°N, flows westward in the same general direction as the
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Fig. 1. (Upper) Locations of DOMES Sites A, B and C in the
central tropical Pacific Ocean. (Lower) Locations
of CTD measurements used in Fig. 4 and 11.
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Northeast Tradewinds. Between ~ 5°N and ~ 10°N the North
Equatorial Countercurrent flows eastward against the prevailing
westward direction of the tradewinds. During the northern
hemisphere winter the convergence zone of the Northeast and
Southeast Tradewinds (i.e., the Intertropical Convergence Zone
[ITCZ]) occurs at ~ 2°N and during the northern hemisphere summer,
when the center of the North Pacific High has moved ~ 1500 km
northwest from its wintertime position, the Northeast Tradewinds
are weaker and the ITCZ shifts to ~ 10°N. Because the large-
scale current patterns are related to the winds (e.g., Ekman,
1905; Sverdrup, 1947), the upper ocean circulation in the
central tropical Pacific Ocean undergoes considerable variation
in response to the shifting of the major wind systems. In spring
when the Northeast Trades are most vigorous, the intensities of
the North Equatorial Countercurrent and the North Equatorial
Current are weak, and in autumn when the Northeast Trades are
weak and the ITCZ is near its northern position, the strengths
of the North Equatorial Countercurrent and North Equatorial
Current are maximum (Wyrtki, 1974; Meyers, 1975).

Virtually all our information about the structure of the
upper ocean currents within the DOMES region (excluding the
region adjacent to the Hawaiian Islands) has been obtained
from (1) monthly charts of surface currents based on numerous
observations of ships' drift (Wyrtki, 1965), (2) charts of
dynamic height topography (Reid, 1961), and (3) water mass
analysis and tracer techniques (Reid, 1965; Tsuchiya, 1968).

To the author's knowledge, Wyrtki's (1967) 11-day direct current
measurements at 6°25'N, 157°50'W were the longest measurements
made in the upper 500 m of the DOMES region prior to the
beginning of the DOMES Project in 1975. In fact, no direct
current measurements longer than 4-days existed in the National
Oceanographic Data Center archives prior to May 1976. Because
interpretation of the DOMES biological and chemical measurements
and because initialization and verification of dispersion models
require knowledge of the vertical structure of the current at
time-scales from hours to a month, direct observations of upper
ocean currents were made at each of the DOMES sites. The
locations of the sites were chosen by an interdisciplinary

group of researchers including biological, chemical, geological
and physical oceanographers, ocean-mining engineers and repre-
sentatives of the ocean-mining industry. It was intended that
the environmental conditions encountered at the sites would
encompass nearly all of the environmental features of the
DOMES region.

The limited resources prevented concurrent recording of
currents at the 3 sites. Moored current measurements were made
at 20 m, 50 m, 100 m, 200 m and 300 m depths at 15°02'N, 126°01'W
(Site C) during September and October 1975, at 11°45'N, 138°23'W
(Site B) during March and April 1976, and at 8°27'N, 150°45'W
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(Site A) during August, September and October 1976. Moored wind
measurements were made at Site A and upper ocean temperature
observations were recorded at the 3 sites. The moored observa-
tions were recorded at 7.5-min intervals. During the times of
deployment and/or recovery of the surface mooring, vertical
profiles of temperature and salinity were recorded with a
Plessey 9006 CTD (conductivity, temperature, depth) system

in the vicinity of the mooring. Locations of the moorings

and the CTD measurements used herein are shown in Fig. 1. The
water depths at Sites A, B and C were approximately 5030 m,

4850 m and 4600 m, respectively. The depths and record-lengths
of the moored current measurements are shown in Fig. 2. Failures
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Fig. 2. Record-lengths of moored wind and current observa-
tions at Sites A, B and C.

to obtain moored wind observations at Sites B and C were due to
an electronic malfunction of the wind recorder and the loss of
the surface buoy, respectively. The moored current measurement
system used in DOMES is shown in Fig. 3, and descriptions of
the design and of the deployment and recovery techniques are
given by Berteaux (1975). In this paper the time-scales and
the vertical structure of the upper ocean current field at
DOMES Sites A, B and C will be described.

Comparison of CTD measurements made at times of mooring
deployment and recovery suggested that the vertical profiles
of temperature and sigma-t shown in Fig. 4 were representative
of the period when each mooring was on station. The mixed
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Fig. 3. Schematic diagram of the surface mooring used at
DOMES Sites A, B, and C.
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Fig. 4. Schematic diagram of depths of current measurements
and vertical profiles of temperature measured at
Site A (CTD 249; 29 Aug 76), at Site B (CTD 184;
6 Apr 76), and Site C (CTD 23; 3 Sep 75). Locations
of CTD measurements are shown in Fig. 1. The Sites
B and A profiles are offset from the Site C profile
by 4°C and 8°C, respectively.

layer depths at Sites A, B and C were approximately 50 m, 70 m
and 20 m, respectively. Thus, at Site A the 20 m vector-
averaging current meter (VACM) was placed in the mixed layer,

the 50 m VACM was at the base of the mixed layer or at the top
of the thermocline, the 100 m VACM was near the base of the
strong (0.30°C m-!) thermocline, and the 200 m and 300 m VACMs
were in the weakly stratified water beneath the thermocline.

At Site B the 20 m and 50 m VACMs were placed in the mixed layer,
the 100 m VACM was in the middle of the thermocline (~ 0.17°C m-1)
which extended to about 150 m, and the 200 m and 300 m VACMs

were beneath the thermocline. At Site C where a series of thermo-
clines occurred the 20 m VACM was placed near the base of the
mixed layer, the 50 m VACM was in a layer between two thermocline
regions, the 100 m VACM was in the middle of the main thermo-
cline (~ 0.15°C m~!), the 200 m VACM was near the base of a
temperature inversion layer of approximately 50 m thick and the
300 m VACM was in weakly stratified water. The depths of the
current measurements relative to the upper ocean thermal struc-
ture are shown in Fig. 4.
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Current Meter Instrumentation

To measure currents in the upper ocean, current meters must
be placed near the surface and the presence of surface waves
affects the quality of moored current measurements. The large
amplitude high-frequency orbital wave motions are not easily
recorded and are aliased into the low-frequency current variations.
If the current meter is placed beneath a buoy which moves hori-
zontally, the relative motion recorded by the instrument will
not be equal to the absolute water velocity. If the surface
float is displaced vertically by surface waves, the current
meter is moved through a vertical shear apd, in addition,
axial and transverse vibrations of the mooring 1ine produce
spurious motions of the velocity sensors.

The VACM, which represented a significant advancement of
oceanographic technology when it was developed in 1971 at the
Woods Hole Oceanographic Institution, contains a magnetic com-
pass and at the lower end of the instrument are a Savonius
rotor of 10 cm diameter with 4 s-shaped rotors and a small
(17 cm x 9 cm) vane, both turning on a vertical axis. Every
eighth of a revolution of the rotor, vane and compass orienta-
tions are measured and internally combined into a discrete
current direction which is converted internally to Cartesian
components of velocity. For the duration of the sampling inter-
val the east and north speed values are summed internally
(McCullough, 1975). Such a sampling scheme has the effect of
reducing contamination of the current spectrum by surface wave
'noise' (Halpern and Pillsbury, 1976).

Several in situ intercomparison tests reviewed by Halpern
(1979a) indicated that reliable VACM measurements could be made
with ~ 2 cm sec™! accuracy for frequencies less than about 4 cph
within the uppermost ~ 100 m beneath surface-following buoys
moored in deep and shallow waters. However, the VACM did not
yield reliable data when placed beneath surface-following buoys
at depths greater than a few hundred meters in a region of low
current speeds (Gould et al., 1974) because the data were affected
by surface wave energy transmitted to instruments at depth by
motion of the mooring cable. Though laboratory experiments have
demonstrated the amplification of rotor speeds by high frequency
axial motions, the quantitative relationship between cable motion
and the rotation of a rotor is unknown; i.e., it is not known
what surface wave height will produce a spurious 1 cm sec™!
current by high frequency displacements of the mooring 1ine and
instruments. Answers to the question: To what depth can
reliable current records be made beneath a surface-following
buoy? are being sought. During the August-September 1977
Mixed Layer Experiment at 50°N, 145°W, current measurements
were made with a VACM and a dual orthogonal vector-measuring
current meter (VMCM) at a nominal depth of 93 m beneath a
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surface-following buoy in a region of low current speeds. Even
during periods when significant surface wave heights reached 5 m,
the VACM spectral levels exceeded those of the VMCM by a factor
of 1.7 below 4 cph, suggesting that mooring motion changes the
effective calibration constant of a VACM (Davis and Halpern,
1978). Thus, we believe that to a first approximation, the

VACM speeds recorded at 200 m or 300 m depths during the DOMES
Program were probably about 1.5 times larger than the speeds
measured at 20 m or 50 m assuming uniform current speeds through-
out the upper ocean.

Observations

Wind

Direct wind observations were made at Site A. At Sites B
and C surface wind speed and direction values were obtained at
6-hour intervals from the Fleet Numerical Weather Central (FNWC),
Monterey. We believe that the moored wind measurements at Site
A were accurate to within 1 m sec-! and 20° (Day, 1970; Halpern,
1974a). Comparison of FNWC-derived surface winds and buoy
winds by Halpern and Reynolds (1973) at a midlatitude site,
where the correspondence between atmospheric pressure gradients
and wind vectors is expected to be better than at Tow latitudes,
indicated that the FNWC-derived surface winds were representative
of the buoy winds for time-scales longer than about 1 week.

The Targest mean wind speeds (~ 9 m sec~!) occurred at
Site B (Table 1). The vector-mean wind speeds and directions
were 1.9 m sec~! from 078° True at Site A, 8.9 m sec™! from
062° True at Site B, and 5.4 m sec-! from 047° True at Site C.
The averaged winds were representative of the Northeast Trade-
winds. At Sites B and C the standard deviations were smaller
than the mean values (Table 1) indicating that at these sites
the winds were relatively steady in speed and direction. In
contrast, the variability of the wind was relatively large at
Site A. However, a time-series of 6-hour wind vectors computed
from atmospheric pressure gradients averaged over hundreds of
kilometers is expected to contain a smaller amount of time-
variations than wind observations made at 7.5-min intervals.

Current

The east-west (u; positive eastward) and north-south
(v; positive northward) components of the mean currents (Fig. 5)
computed from each record contained several features consistent
with the structure of tropical currents and several character-
istics of the mean currents which were not a priori expected.
At Sites A and B the eastward directions of the vector-mean
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TABLE 1

Mean and standard deviation values of the speed (s), east-west

(u; positive eastward) and north-south (v; positive northward)
wind components. At Sites B and C the wind records consisted

of 6-hourly speed and direction values produced by Fleet Numerical
Weather Central, Monterey, from sea level atmospheric pressure.
At Site A vector-averaged u and » wind components were recorded
at 7.5-min intervals. Units are m sec-!,

Site A Site B Site C
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

s 4.4 2.1 9.1 2.2 6.1 2.1
u -1.9 3.7 -7.9 1.8 -4.1 2.5
v -0.4 2.6 -4.2 2.2 -3.9 1.8

zonal component of the 20 m depth currents were representative
of the North Equatorial Countercurrent. However, the near-
surface currents encountered at Site B were probably not repre-
sentative of the climatological-mean circulation because Wyrtki's
(1965) March and April monthly averaged surface current charts
contained westward flow of 25 cm sec~! at the location of Site B.
The eastward directions of the mean zonal currents at Site B
indicated that the northern 1imit of the North Equatorial
Countercurrent extended northward of the latitude of Site B.

In the meridional section of temperature made from 9°N to
14°30'N along 138°23'W during 28 February - 5 March (i.e., after
the mooring was placed on station), the thermocline sloped
upwards towards the north from 9°N to 13°30'N which, according
to Wyrtki and Kendall (1967), indicated that 13°30'N was the
northern limit of the North Equatorial Countercurrent. When a
similar temperature section was made during 4-13 October 1975
the thermocline ridge was south of the latitude of Site B
indicating the usual occurrence of the westward-flowing North
Equatorial Current at the location of Site B. At Site C the
-17 cm sec-! mean westward speed at 20 m depth was in excellent
agreement with Wyrtki's (1965) surface current charts; however,
the 10 cm sec-! mean northward speed at 20 m was not in agreement
with Tsuchiya's (1974) surface geostrophic current relative to
500 db or with Wyrtki's (1965) monthly surface current charts.

At Site C, located north of the North Equatorial Countercurrent,
the eastward-flowing undercurrent observed beneath the shallow
westward North Equatorial Current was not a priori expected
(e.g., Reid, 1973; Tsuchiya, 1975). At each site the northward
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Fig. 5. Profi]e§ of record-length vector-mean east-west
(U, positive eastward) and north-south (V, positive
northward) current components at Sites A, B and C.

direction of the vector-mean meridional component at 20 m was
consistent with the northward direction of the wind-generated
Ekman (1905) transport resulting from the Northeast Tradewinds.
A similar persistent northward flow in the near-surface layer
has recently been observed from trajectories of surface buoys
drogued at about 30 m depth and tracked by satellite for long
periods (Hansen et al., 1978). For the buoys deployed between
2°N and 12°N the northward speed averaged over many months was
~ 3 cm sec™! which was equivalent to the mean meridional current
measured at 20 m depth at Sites A and B.

In contrast to the concept that each component of the
tropical current system (except the Equatorial Undercurrent)
is adequately represented by a zonal baroclinic geostrophic
current decreasing in speed monotonically from beneath the
mixed layer to about 300 m to 500 m depth with most of the
shear occurring above 200 m (Knauss, 1961; Wyrtki, 1978a),
at Site A the mean eastward speed between 100 m and 300 m
was approximately uniform at 11 cm sec™!, which was much
larger than a priori expected. However, this was not a
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persistent feature because the vector-mean zonal current speed
measured at 200 m at 7°N, 150°W from 4 November 1977 to 23
March 1978 was ~ 1 cm sec™! (Halpern, 1978). Another unexpected
feature was observed at Site B where the eastward speed increased
from 3 cm sec™! at 20 m depth to 20 cm sec~! at 200 m and 300 m.
The possibility that the data from the Site B VACMs were mis-
labelled so that the deeper records were from the shallow
depths and vice-versa is negligible because the VACM temperature
records were in excellent agreement with the CTD data.

The standard deviation is a measure of the total temporal
variability. Most of the ratios of the standard deviations to
the mean values (Table 2) were greater than unity, indicating

TABLE 2

Absolute values of the ratios of the standard deviation to mean
values of the vector-averaged east (u) and north (») current
components computed for 88.7-days, 61.5-days and 6Q.5-days
record-lengths at Site A, B and C, respectively. The vector-
mean u and » components are shown in Figure 5. An asterisk
indicates that the record-length was 43.3-days. R = Ratio.

Site A Site B Site C
R (u) R ) R R @) R@m) R @)
20 m 1.0 5.9 2.9 1.8 0.9 1.4
50m 1.2 13.1 2.0 5.8 1.4 1.7
100 m 1.0 47.5 0.7 4.5 1.9 5.3
200 m 0.7 17.0 0.3 4.4 3.6 4.3
300 m 0.6 13.2 0.3* 1.2% 1.5 45.0

that the upper ocean currents were extremely time~dependent. The
variability of the north-south component was larger than the east-
west component because the mean directions of the currents were
primarily zonal and the processes producing much of the time-
variations (e.g., inertial-internal waves, eddies) have approxi-
mately equivalent Cartesian speeds.

Spectral estimates of the kinetic energy were computed by
first estimating the spectra of the east-component series and
the north-component series from the Cooley-Tukey Fourier trans-
forms using the perfect Daniell frequency window of variable
width. For each spectrum the sum oyer positive frequencies was
equal to the total variance. At each frequency band the east
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and north spectral estimates were combined by taking half the sum
of the two to form the horizontal kinetic energy spectrum. At
all frequencies there was an approximate 1:1 correspondence
between the shapes of the spectra (Fig. 6). At Site B for
frequencies above 0.25 cycles per hour (cph) there was an energy

PERIOD (HOURS)
}000 100 10 1 .1 100 10 1 .1 100 10 1 .1
10 sas s hesras s heuasa . beuass s PUNTEEE "WPPUPEE WP WP PPurs YOUSPEES o Anas Jass.
133 SEEEEL ! i :
10° 4 r 3 F 1 {
10° | § 8
1 F 2 r
100 E 3 3
] [ ] [ Ji00m [
2
§10 }ZOOm = !_11 E‘
o ] i
¥ 10" F 1 300m [ 3 r
B 126° OI'W  § { 138°23'W f ] 150° 45'W
= 1 SEP,0CT75 W9omF | MAR,APR 76 [ JAUG,SEROCT 76 Yg®"
10° 1 iaf 5o 0.
300k 3 200 ¢ 200
p 50m 4 20m + 4 300m
4 —_‘—_—‘_‘_ 4 ___Lﬂ__ 4
107{ — 95 PERCENT === [ { —SSPERCENT == F{—SSPERCENT == |
e NN v SR £ ENUN U U SN . & S
.001 .01 .1 1 10 .01 .1 1 10 .01 1 1 10

FREQUENCY (CYCLES/HOUR)

Fig. 6. Kinetic energy density spectra of the current
measurements recorded at Sites A, B and C. The
inertial, diurnal and semidiurnal frequencies are
indicated by I, D and S. The "95 percent" repre-
sents the 95% confidence levels determined from
the chi-square distribution and applies to each
curve.

mismatch at the 95% confidence level between the 300 m VACM
record and the other VACM records because each sample of the
300 m VACM record consisted of rotor count speeds and an instan-
taneous direction; at frequencies less than 0.1 cph the 300 m
scalar speed and direction VACM record was approximately
equivalent to the vector-averaged east and north VACM record.
The spectral trough occurring at frequencies less than the
inertial frequency was more pronounced below 100 m than nearer
the surface, and the energy levels of the spectral trough at
100 m, 200 m and 300 m were about the same. Below the mixed
layer the energy level of the trough decreased with increasing
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latitude, as suggested by Wunsch (1978), indicating that at

Tower latitudes a larger amount of mesoscale energy occurs
between the Tow-frequency fluctuation of the large-scale circula-
tion and the inertial-internal wave motions. At Sites A, B and

C the average energy levels of the trough were 2.1 x 102

(cm sec=1)2/cph, 1.5 x 102 (cm sec~1)2/cph and 1.0 x 102

(cm sec~1)2/cph, respectively. Further evidence of energetic
motions filling up the mesoscale spectral trough was found from
current measurements made by the author on the equator at 125°W
for 98.5 days beneath the thermocline at 200 m depth; the kinetic
energy density spectrum did not contain a significant spectral
trough at frequencies less than the diurnal tidal frequency.

On the basis of the features of the kinetic energy density
spectrum each current record was divided into three frequency
bands. Fluctuations with frequencies less than the frequency
(f,) of the low-frequency spectral trough (i.e., f, < 7.5 x 1073
cph at Site A, £, < 1.25 x 1072 cph at Site B, £, < 1.67 x 1072
cph at Site C) were called Tow-frequency variations. At each
site the intermediate frequency interval contained statistically
significant (with 95% confidence) inertial- and semidiurnal-
period oscillations. At Sites A and B the diurnal-period fluc-
tuations were also statistically significant. High-frequency
fluctuations corresponded to frequencies greater than 1.25 x 107!
cph.

The intermediate- and high-frequency fluctuations were
removed from the current records in the following way: for each
u and v series, the Fourier coefficients were computed, the
harmonics with frequencies greater than the low-frequency cutoff
were subtracted, and the residual coefficients were retrans-
formed. Time-series of current vectors ('sticks') in polar
form were produced at 0000 GMT (Fig. 7). The low-frequency wind
fluctuations, defined as daily vector-averaged wind vectors, are
also shown in Fig. 7. The sample correlation coefficients between
the u and v components of the 'sticks' are given in Table 3. The
winds and the currents at 20 m depth were weakly correlated at
the 95% confidence level. The low-frequency zonal current varia-
tions between adjacent depths were strongly correlated. The
meridional components were also correlated between adjacent
depths but the correlation coefficients were not as large as
for the zonal currents. The highest correlations (>0.90) were
found between the current records at 200 m and 300 m depth.

Significant current fluctuations with near-inertial and
semidiurnal periods were measured at each of the depths of the
current meters. At each depth the root-mean-square (r.m.s.)
amplitude of the inertial-period motion was larger than the
semidiurnal-period fluctuations (Table 4). The depth-averaged
+ 1 standard deviation of the r.m.s. amplitudes of the semi-
diurnal-period motions at Sites A, B and C were 2.1 + 0.3 cm
sec™!, 1.9 + 0.6 cm sec™! and 1.8 + 0.6 cm sec-!, respectively,
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indicating that the amplitudes of the tidal currents in the
upper ocean were approximately the same throughout the region.
Earle (1975) reported similar amplitude values at 1000 m depth
near 38°N, 144°W. The 0.5 cm sec™! r.m.s. amplitude of the
semidiurnal tidal current computed from Hayes' (1977) 6-month
current measurements recorded 30 m above the bottom at Site A
presumably represented the barotropic component of the tidal
current, indicating that the semidiurnal-period motion in the
upper ocean was primarily internal gravity wave motion. The
amplitude of the inertial currents decreased with depth; at each
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TABLE 3

Sample correlation coefficients (r,, r, ) between the (u, v)
low-frequency current components shown in Fig. 7.

= Lz -3z - T) nere x, and x, represent the two
(n-1)s 5,

Tow-frequency u (or v) time-series of n values, and S, and S,

are the standard deviations of each time series with mean values

z, and Z,. The number (n) of low-frequency current vectors

computed at 0000 GMT at Sites A, B and C were 77, 54 and 55,
respectively. The 95% confidence levels of r, and r;, computed

at Sites A, B and C are 0.22, 0.27 and 0.27, respectively. Blank
spaces indicate coefficients were not significant. A single
asterisk indicates that » = 36 and the 95% level was 0.33 and

two asterisks mean that n = 49 and the 95% level was 0.28.

Site A Site B Site C
r, r, r, Ty ry ry
Wind / 20 m .23 .28 .36 .43
20 m /50 m .75 .42 .97 .55 .81 .75
50 m/100 m .69 .52 .56 .85 .64
100 m/200 m .91 .77 .38 .78 L75%*
200 m/300 m .90 .94 .92%  97% L95%% Qgh¥*

site it was at least 2 times larger in the mixed layer than below
the thermocline at 300 m depth. In contrast, Bubnov et al. (1979)
current measurements at 10°N, 23°30'W near the northern Timit of
the Atlantic North Equator1a1 Countercurrent showed constant
kinetic energy at the inertial frequency between 20 m and 1000 m.
The depth-averaged r.m.s. amplitudes of the inertial-period
motions, which were 6.2 + 4.2 cm sec™! at Site A, 2.6 + 1.1 cm
sec-! at Site B and 3.8 + 1.3 cm sec™! at Site C, were 2 to 3
times larger than the tidal currents. At the inertial period
the energy densities of the u and v components were virtually
equivalent and the ratios of the energy density of the
clockwise- (i. e., when Tooking downward; cum sole) to counter-
clockwise-rotating components were 50- 100, indicating that the
inertial-period motion measured at each site was nearly
circularly polarized and rotated in the clockwise direction.
Spectral peaks nearly significant at the 95% confidence
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TABLE 4

Root-mean-square (r.m.s.) amplitude of the inertial (I) and

semidiurnal (S) period motions. The bandwidth corresponding
to the inertial and semidiurnal estimates was approximately

1.6 x 10-3 cph. Units are cm sec~l. An asterisk indicates

that the record-length was 43.3 days.

Site A Site B Site C

I S I S I S

20 m 11.0 2.5 3.5 2.4 5.5 1.4
50 m 10.3 2.1 4.0 2.8 4.4 1.1
100 m 4.9 2.1 1.8 1.6 2.7 1.8
200 m 2.8 2.1 1.8 1.6 4.1 2.4
300 m 2.1 1.7 1.7* 1.3*% 2.5 2.3

level occurred at the diurnal frequency at Sites A and B.
Hayes (1977) also observed these prominent diurnal-period
oscillations near the ocean bottom at Sites A and B. However,
Earle (1975) did not observe diurnal tidal currents north of
30°N in the eastern central North Pacific because propagating
diurnal-period internal wave motion cannot occur north of
30°N where the local inertial frequency is greater than the
diurnal frequency.

Temperature
Temperature time-series measurements were made with VACMs

and thermistor-chains at each DOMES site. Electronic problems
plagued the thermistor-chains and the combination of the Tongest
temperature records at the largest number of depths occurred

at Site A where 17-day (2-19 August) records were obtained at

20 my 25 m, 30 m, 45 m, 50 m, 60 my, 80 m, 90 m, 110 m, 115 m,
150 m, 220 m, 225 m and 300 m. Assuming a continuous, smooth
temperature distribution with depth (viz., without a layered
structure), such as the type shown in Fig. 4, time-series of

the depths of isotherms (Fig. 8) were produced by a linear
interpolation between hourly averaged temperature measurements
made at discrete depths. Figure 8 shows semidiurnal-period
fluctuations of the isotherms which were in phase throughout

the uppermost 300 m. The average values of the standard devia-
tions of the vertical displacements of the 25°C, 20°C, 15°C,
14°C, 13°C and 12°C isotherms (i.e., throughout the thermocline
region) and of the 11°C and 10°C isotherms were 5.2 m and 13.5 m,
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respectively. The average + 1 standard deviation of the r.m.s.
amplitudes of the semidiurnal-period fluctuations of the 8
jsotherms shown in Fig. 8 was 4.9 m + 1.3 m. These vertical
displacements were much larger than mooring-induced vertical
movement of the thermistors, which were less than 0.25 m within
the thermocline region, determined from numerical model studies
of the configuration of the mooring Tine.
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Results

Monthly Current Variations

Large differences occurred between profiles of vector-mean
monthly current components (Fig. 9), suggesting that caution be
used in regard to the representativeness of month-long averaged
currents and of the record-length mean currents. For example,
at Site A the September and October u-component currents were
different by ~ 10 cm sec™!, or ~ 50%, throughout the 20 m to 300 m

layer.
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Fig. 9. Vector-mean monthly east-west (solid 1ine) and north-
soutz (dashed 1ine) current components at Sites A,
B and C.

The variations of the vector-mean monthly zonal components

. - X _ 2
of the wind-stress, T, = 0,Cp% where Pes Cp and U,, represent

the density of air (1.25 g cm™3), the dimensionless drag
coefficient (2.5 x 10-3) and the vector-mean zonal wind component,
were related to the fluctuations of the monthly u-component cur-
rents at 20 m and 50 m. At Site A the near-surface currents
increased from ~ 10 cm sec™! to ~ 25 cm sec™! from August to

September when rf increased from -0.19 dynes cm=2 to
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0.01 dynes cm™2; during October when T? (-0,48 dynes cm™2) was

again towards the west, the eastward October near-surface current
was ~ 10 cm sec™! less than in September. At Site B the increase

in the westward rﬁ from -1.76 dynes cm™2 in March to -2.05 dynes

cm~2 1in April was accompanied by a decrease in the eastward cur-
rent from ~ 5 cm sec~lin March to ~ 3 cm sec™® 1in April, A
similar result was observed at Site C where the westward T,

increased from -0.3 dynes cm~2 to -1,05 dynes cm™2 and the west-
ward current at 20 m increased from ~ -16 c¢cm sec™ to ~ -19 cm
sec”l. Comparison of the wind and near-surface current observa-
tions at Sites A and B, where stronger winds and smaller east-
ward currents occurred at Site B than at Site A, provided
additional evidence of the relationship between the zonal wind-
stress and the near-surface eastward current. The coincident
variations of monthly averages of the near-surface eastward
current at Sites A and B and the zonal wind-stress implied that
the strength of the North Equatorial Countercurrent was stronger
when it flowed through a region of minimum westward wind-stress,
as suggested by Wyrtki (1974) in his study of climatological-
mean data.

At each site the directions of the vector-mean monthly zonal
wind-stress and the meridional component of the near-surface
current were consistent with Ekman (1905) circulation. When
the wind-stress was westward, the near-surface current was north-
ward, and on one occasion (i.e., September at Site A) when the
wind-stress was eastward, the near-surface current was southward.
The average monthly Ekman transport (E.T.) per unit width of

Tongitude, Tg/pf where p and f represent the density of water

and the Coriolis parameter, was about 1/3 larger than the average
meridional transport (M.T.) computed from the mean monthly
northward current within the mixed layer (Table 5), The
surface current was defined by linear extrapolation. Because
the mean direction of the v-component surface geostrophic
current relative to 500 db is southward (Wyrtki, 1975), the
difference might have been less than 1/3 if the geostrophic
component of the total transport was removed. The good agree-
ments found between the directions of the zonal wind-stress

and the current measurements and between the transports computed
from the wind-stress and from the current measurements indicated
a significant interaction between the atmosphere and ocean.

Long-Period Fluctuations
The envelopes encompassing the endpoints of the low-frequency
current vectors (Fig. 7) recorded below the thermocline at each
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TABLE 5

Monthly average values of zonal wind-stress (ri; dyne cm™2),
Ekman transport (E.T.; 10* cm? sec™!), meridional current (vML;

cm sec”!) in the mixed layer and meridional transport (M.T.;
10% cm? sec™!) computed from the currents measured in the mixed
layer. The mixed layer depth (M.L.D.; m) was determined from
CTD profiles shown in Fig. 4.

Site A Site B Site C
Aug Oct Mar Apr Sep Oct
T“O” -0.2  -0.5 -1.8  -2.1 -0.3  -1.1
E.T. 0.9 2.3 5.9 6.9 0.8 2.8
M.L.D. 50 70 : 20
UL 6.0 3.5 5.0 2.0 8.0 16.5
M.T. 3.0 1.8 3.5 1.4 1.6 3.3

DOMES site suggested the occurrence of long-period fluctuations
with time-scales greater than 20 days. Clearly, records of
60 to 90 days duration are too short to use spectral analysis
to substantiate this result. Hand-drawn smoothed curves of the
daily u and v low-frequency current components with zero mean
are used to outline the long-period fluctuations (Fig. 10). The
long-period time-scales of the u-component were 24-days at
Site A, 24-days at Site B, and 30-days at Site C. For the
v-component the 'half-period' time-scales were approximately
35-days at Site A, 43-days at Site B and 25-days at Site C.
The long-period v-component fluctuations were reminiscent of
lateral motion along a meridian of zonal currents containing
meridional shear. For example, Wyrtki (1978b) has inferred north-
south oscillations of the central Pacific North Equatorial Counter-
current with a time-scale of about 34 days. Because the time-
scales of the long-period u-component were less than one-half
the v-component, the long-period flow pattern was more complicated
than a north-south meandering of a zonal current with a single
high-velocity core (see, e.g., Duing et al., 1975).

Similar Tong-period fluctuations have been observed elsewhere
in the tropical current system. Current fluctuations with a
45-day and a 60-day time-scale were found in Hayes' (1977) Tow-
frequency current vectors (i.e., sticks) recorded 30 m above
the bottom (i.e., at 4954 m depth) at Site A during May-November
1976. Current measurements made during the summer of 1974 at
5°N, 23°30'W in the Atlantic North Equatorial Countercurrent,
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Fig. 10.

Low-pass filtered east-west (right-side) and north-south
(Teft-side) currents recorded at 300 m at Sites A and C
and at 200 m at Site B. The hand-drawn thick line is the
smoothed version of the low-frequency fluctuations.
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described by Bubnov et al. (1979), contained a single wave of

~ 30-day period which was interpreted to be a solitary Rossby
wave. Ramp's (1976) 272-day current record obtained during

1975 at 100 m above the bottom in water 5870 m deep at ~ 31°N,
158°W, approximately 1000 km north of Hawaii, contained a single
occurrence of a well-defined fluctuation with a time-scale of
about 60-days. Niiler (1978, personal communication) reported
finding several 60-day fluctuations in year-long current measure-
ments recorded at 15°N in the Atlantic North Equatorial Current.
In addition to the occurrence of long-period fluctuations in
current measurements, spectral estimates of long time-series of
sea level measurements recorded in the central and western
Pacific [e.g., at Hilo (20°N, 155°W), Christmas (2°N, 155°W),
Kwajalein (9°N, 168°E)] contained a peak at periods of 50-60
days (Luther, 1978, personal communication). Although the sparse
data seemed to confirm the existence of long-period fluctuations
in tropical currents, the data are too meager to discriminate
whether the fluctuations were planetary waves or eddies and
whether the fluctuations were generated by atmospheric forcing,
instability of the zonal currents (Philander, 1978a), or flow
over rough terrain. Tropical wind oscillations with periods of
~ 50-days (Madden and Julian, 1972) represent a possible
generation mechanism.

Geostrophic Currents

Figure 11 contains estimates of the u~ and v-components of
the baroclinic geostrophic currents relative to 500 m computed
from the CTD casts whose positions are shown in Fig. 1. The
distances between the CTD stations at Sites A, B and C were
about 100 km, 25 km, and 100 km, respectively. Anomalies of
specific volume were computed from equations developed by
Ekman and Knudsen (Sweers, 1971). Depth in meters and pressure
in decibars were defined as equivalent and are used interchange-
ably. The trapezoidal method of integration was used to compute
dynamic height anomalies.

Baroclinic geostrophic currents will contain errors due to
the quasi-synoptic nature of the CTD measurements and to the
internal variations of the temperature and salinity fields.
From the temperature time-series measurements (see, e.g.,

Fig. 8), we expect the semidiurnal tidal frequency to be the
dominant short-period fluctuation of the density field in this
region. At Site B time-series of CTD casts were made at 1-hr
intervals for 24-hr to estimate the time-variations of the
dynamic height anomaly (AD) over a tidal period. The standard
deviations from the mean geopotential anomalies were:

20/500 db - 0.009 dyn m; 50/500 db - 0.009 dyn m; 100/500 db -
0.006 dyn m; 200/500 db - 0.003 dyn m; and 300/500 db -

0.002 dyn m. A1l the deviations were appreciably greater than
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except for the north-south (v; positive northward)
component.
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that due to random measurement error, which should be Tess than
0.001 dyn m according to the method of Wooster and Taft (1958).
Suitable CTD time-series measurements to compute variations

over a tidal period were not made at Sites A and C. If we
assume that the time-variations of AD were produced primarily

by ubiquitous internal gravity wave motions, then the standard
deviations of the AD field at Sites A and C would be similar

to the Site B measurements. If, between the 2 CTD stations

used to compute geostrophic currents, the dynamic height dif-
ference produced by the time-variations was equal to twice the
standard deviation, then at Site A an upper limit of the uncer-
tainties of the u-component geostrophic current at 20 m, 50 m,
100 m, 200 m and 300 m relative to 500 m, respectively, were

7.7 cm sec™!, 7.7 cm sec™!, 5.1 cm sec-!, 2.6 cm sec™! and

1.7 cm sec-l. At Site B the corresponding uncertainties were

24 cm sec™!, 24 cm sec™!, 16 cm sec™!, 8.1 cm sec~! and 5.4 cm
sec~!, and at Site C the corresponding uncertainties were 4 cm
sec™!, 4 cm sec™!, 2.9 cm sec™!, 1.4 cm sec™! and 1.0 cm sec~!.
Thus, the u-component geostrophic currents computed at Sites A
and C were larger than the uncertainty of the geostrophic currents
computed from short-period variations of the density field. In
contrast, at Site B the uncertainty of the u-geostrophic current
speed was greater than the measured geostrophic current. However,
if the CTD station spacing at Site B had been larger, such as

~ 100 km as at Sites A and C, then the computed uncertainties
due to time-variations would probably have been about 75%
smaller.

Vertical profiles of the time-averaged low-frequency current
vectors (shown in Fig. 7) corresponding to the time-intervals
when geostrophic currents were calculated are also shown in
Fig. 11. The measured profiles shown in Fig. 11 did not persist
for durations much longer than about 10-days because of the long-
period fluctuations of the current field. Whether variations
of the geostrophic current field also occurred with similar
time-scales is unknown. The geostrophic and measured shears are
given in Table 6. The averages of the absolute values of the
differences of the u- and v-component shears were 2.18 x 1073 sec~!
and 0.63 x 10~3 sec™! respectively. Much better agreement
occurred between the v-shears than the u-shears. Above 100 m
depth the average difference between observed and geostrophic
u-component shears was 3.72 x 1073 sec™!; below 100 m it was
0.70 x 1073 sec™! or about 5 times less than the corresponding
value of the uppermost 100 m. We consider differences in shear
greater than 0.5 x 1073 sec™! to be significant. If at 500 m
the geostrophic current is zero, a linear geostrophic shear of
0.5 x 1073 sec™! corresponds to a surface current speed of
25 cm sec™! and if the current profile is uniform over the
5-degree width of the North Equatorial Countercurrent, then the
geostrophic transport of the North Equatorial Countercurrent
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East-west (AU/Az) and north-south (AV/Az) components of the shears
computed from the baroclinic geostrophic current components rela-
tive to 500 m (GEO) and from the moored current measurements
(VACM). The absolute value of the difference between the
u-component (v-component) GEO and VACM shears is denoted

|DIFF(u)| (|DIFF(v)]).

The interval between depths z

1 and 2,

is given by 2, -3, where the depth z is positive upwards

AU AV
Az’ Az

(i.e., 2, > 22). Units of {—— ]’ | p1FF| and (z1 - zz) are

10-3 sec™!, 1073 sec™! and m, respectively.

20-50
50-100
100-200

200-300

SITE B
z, - 2,
20-50
50-100
100-200

200-300

SITE C
B 7 &,
20-50
50-100
100-200

200-300

AU/ Az
GEO VACM
1.90 3.68
4.24 0.05
0.37 -0.64

0.08 0.44

AU/Az
GEO VACM
0.53 -0.47
3.98 -2.52
0.30 -1.39

-0.46 0.11

AU/Az
GEO VACM
1.10 -5.60
-0.90 1.24
-0.35 -0.09

-0.14 -0.42

|DIFF(u) |

1.78
4.19
1.01

0.36

[DIFF(u)]|

6.50
1.69

0.57

|DIFF(u) |

6.70
2.14
0.26

0.28

AV/Az
GEO VACM
0.73 5.00
0.42 -0.05
0.26 0.16

-0.09 -0.46

AV/Az
GEO VACM
-0.43 0.58
0.68 1.32
0 0.08

-0.08 -0.19

AV/Az
GEO VACM
-0.43 -0.40
0.38 0.16
-0.06 -0.27

0.08 0.06

|DIFF(v) |

4.27
0.47
0.10

0.37

|DIFF(v) |

1.01
0.64
0.08

0.11

|DIFF(v) ]|

0.03
0.22
0.21

0.02
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would be ~ 35 Sv (1 Sv =1 x 1012 cm3 sec™!) which 1ies within the
range of geostrophic transports determined by Knauss (1961) and
Wyrtki (1978a). Thus, above 100 m depth the geostrophic and
measured shears were significantly different, which is not too
surprising because the uppermost 100 m contained the wind-driven
currents. In agreement with our result, Knauss (1961) reported
that the flow in the mixed Tayer in the North Equatorial Counter-
current between 108°W and 120°W was a combination of geostrophic
current plus Ekman wind drift. Between 100 m and 300 m depths

a weak agreement was found between the geostrophic and observed
shears indicating that further comparisons are warranted. A more
extensive comparison of observed current and geostrophic current
shears using airborne-XBT and CTD measurements made 50 km apart
along 150°W at 20 intervals during 4 months and moored current
measurements made simultaneously at 6°N, 7°N and 8°N along

150°W is in preparation.

Geostrophic current speeds are relative to a level-of-no-
motion and a change of the value of the depth of zero current
speed produces a corresponding adjustment of the current speeds
throughout the layer. Below 100 m depth the agreement between
geostrophic and measured wu-component shears seemed good enough
to examine the validity of our assumed 500 m level-of-no-motion.
At 300 m depth the u geostrophic current was smaller than the
measured current by 20 cm sec™!, 17 cm sec™! and 13 cm sec”!,
respectively, at Sites A, B and C. These large differences
suggest that a level-of-no-motion of 500 m was inappropriate
and, perhaps, not deep enough. The east-west component of the
geostrophic current at 500 m relative to 1000 m computed from
several CTD casts made to 1000 m depth was 2-3 cm sec™!, indicat-
ing that the geostrophic component of tropical currents was con-
centrated within the upper ocean. Wyrtki (1975) found the
dynamic topography at 500 db relative to 1000 db to be essen-
tially flat between 15°N and 15°S and, furthermore, Wyrtki
(1978a) indicated that there was essentially no meridional
pressure gradient beneath the North Equatorial Current and
Countercurrent below 300 m and, therefore, 300 m depth was
an acceptable level-of-no-motion.

Although we a priori did not expect an excellent corres-
pondence between comparisons of geostrophic and observed
currents involving only 1 sample at each site, the lack of
agreement found between the geostrophically-inferred currents
and the low-frequency measured currents is perplexing. In
other oceanographic regions, such as in the California Current
over the continental shelf (Smith, 1974) and continental slope
(Halpern et al., 1978) and at intermediate depths in a mid-
ocean location in the Sargasso Sea (Bryden, 1977), the geo-
strophic and observed current shears were in good agreement.
Where agreements were found the current speeds were much less
than those observed in the DOMES region. Geostrophic currents
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represent a balance between the acceleration due to the horizontal
pressure gradient and the Coriolis acceleration and, perhaps, the
poor agreement we found indicated that the magnitudes of other
terms in the equation of motion were comparable to the Coriolis
acceleration. For example, at Site A at 300 m depth the time-
rate of change of the low-frequency u-component (Fig. 9),

%%-’ during the time of the CTD measurements was approximately
4.5 cm sec”! over 3 days or ~ 1.7 x 1076 cm sec™2, which was
about 1/3 of the Coriolis acceleration, fw[(2.14 x 105 rad sec™!)
(2.5 cm sec™!) = 5.3 x 107 cm sec™2]; %%- was about 1% of fu.

In contrast, at Sites B and C the two ratios %%/fb and

%%/fu were about 0.01. In the mixed layer, we showed that the

currents contained a substantial wind-driven (ageostrophic)
component. Thus, based upon our Site A observations, the dynam-
ical balance of the low-frequency current variations in the upper
ocean of the North Equatorial Countercurirent seemed to be

a_u- = - lép_-l-_a__ a_u
5z - IV 5 5w+ ar M 3z
13,9 3

= - - 4+ — —_—

fu o 3y = oz A 3z

where %‘%% and Av represent the acceleration due to the horizon-

tal pressure gradient in the zonal direction and the vertical eddy
viscosity coefficient. The depth, z, is zero at the sea surface
and positive upwards. The DOMES data were insufficient to
estimate the field acceleration and lateral friction terms and

Kendall (1970) has indicated that field acceleration (e.g., u %ﬁ)

and lateral friction terms were also important in the x-equation
of motion. An understanding of the relative role of importance

of these terms is required before accurate models can be made of
the coupled tropical ocean-atmosphere circulation system.

Low-Frequency Transport Variations
The Tow-frequency variations of the eastward transport per
unit meridional width within the uppermost 300 m (Fig. 12),

f3ooﬁ?b was computed from the Site A current vectors shown in
Fig. 7. The surface current was equal to the current at 20 m
depth and the trapezoidal method of integration was used.
Assuming uniform currents across a 5-degree wide North Equa-
torial Countercurrent (Knauss, 1961), the mean + 1 standard
deviation of the transport of the Countercurrent was 23 Sv

+ 8 Sv. The computed Countercurrent transport ranged from a
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high of 40 Sv to a low of 10 Sv. An understanding of these
time-variations and the spatial variations along the east-west
direction (Wyrtki, 1966; Kendall, 1970) is one of the most
challenging problems in oceanography today.

Inertial-Period Motion

Significant current fluctuations with near-inertial periods
were measured at each of the depths of the current meters and
the largest amplitudes occurred at Site A. Estimates of the
temporal variation of the Site A inertial-period motions (Fig. 13)
were computed from the periodogram. Each estimate represented an
average value over a time interval equal to 2 inertial periods;
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Fig. 12. Low-frequency variations of the eastward trans-
port of the upper 300 m per unit meridional width
at Site A.

each interval overlapped the previous one by one inertial period.
Fig. 13 shows that the amplitudes of the inertial-period motions
in the wind and 20 m current records were large at the beginning
of the records but that the times of occurrence of large inertial-
period motion were not the same at 20 m and 50 m which, perhaps,
can be explained if the near-surface inertial currents were wind-
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generated and if the 50 m depth current meter was located below
the mixed layer (see, e.g., Halpern, 1974b). At Site A the
wind fluctuations at 2- to 6-day periods rotated in the clock-
wise direction, similar to the sense of rotation of the inertial
oscillations; at other frequencies the wind motion was rectilinear.
The wind and 20 m depth inertial-period fluctuations were statis-
tically coherent at 95% confidence with approximately zero phase
difference (Fig. 14), but the 20 m and 50 m depth current records
were not coherent at the inertial frequency (Fig. 14), suggesting
that the 50 m VACM was usually below the mixed layer (see, e.g.,
Webster, 1972). Although we can speculate that the large ampli-
tude inertial-period motion at 50 m was produced by nonlinear
dynamic instabilities occurring at the bottom of the mixed layer,
the temperature distribution (Fig. 8) does not substantiate this
speculation and the generation of the large inertial oscillations
at 50 m is unknown.

The amplitudes of the 20 m inertial currents were twice as
large at A than at C suggesting that, perhaps, a resonant air-
sea interaction process occurred at Site A which increased the
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Fig. 13. Time variations of the r.m.s. amplitudes of the
inertial-period motion of the wind and current
measurements at Site A. The curve for the 300 m
record was very similar to the 200 m curve and is
not shown.
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efficiency of the transfer of wind momentum to the ocean. At
Site A the local inertial-period and the period of the easterly
waves propagating in the atmosphere between 5°N and 10°N (Wallace,
1971) were in near-equivalence. Additional evidence of increased
efficiency of generation of inertial oscillations in the mixed
layer by winds in the atmospheric equatorial trough zone was
reported by Halpern (1979b).

At Site A the current fluctuations at the inertial-period
were not coherent in the 50 m to 200 m layer. However, below the
thermocline in the 200 m to 300 m layer the current fluctuations
were coherent with nearly zero phase difference at the inertial-
period and also throughout the frequency range (Fig. 14). The
reduction of coherence in the thermocline was partly due to varia-
tions of the inertial wave phase velocity caused by the variable
currents and changes in the density gradient. Were the inertial
waves observed below the thermocline generated by the local
winds, as presumed by Hayes (1979)? The decrease in the
amplitude of the inertial oscillation from 200 m to 300 m does
not necessarily imply a downward propagation of energy with
ensuing dissipation because inertial wave energy propagates
along rays oblique to the vertical, i.e., the distribution of
energy along a vertical is dependent upon the slope of the
rays and the Tocation of the generating source. Although the
statistical confidence of individual phase difference values
in Fig. 14 is small and only a weak trend can be obtained from
two adjacent phase difference values, inspection of the phase
difference between the 200 m and 300 m current records near
the inertial frequency shows that the phase difference was
positive, i.e., the inertial oscillations measured at 200 m
occurred earlier in time than at 300 m. This indication of
downward phase propagation corresponds to upward energy propaga-
tion, which suggests that the inertial waves below the thermocline
were not generated by the wind but, perhaps, by a nonlocal source.
However, if the waves were due to randomly distributed sources at
Tower latitudes then, according to Philander (1978b), the ampli-
tude of the waves would be greater at Site A than at Site C,
which was not the case (Table 4). The roughness of the ocean
bottom is greater at Site A than at C making the interpretation
of the relative sizes of the amplitudes dubious. Further
studies of the directivity of inertial wave energy propagation
in the deep ocean are needed to determine the importance of
nonlocal sources of inertial wave production.

Semidiurnal-Period Fluctuations
For a vertical displacement n the potential energy (PE) per

unit volume is %—poﬂznz where o, and ¥ are the mean density and
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the Brunt-Vaisala frequency [¥? = gg-%%, where g and p represent
gravity and density]. For a horizontal velocity (u? + vz)% the
kinetic energy (KE) per unit volume is %-po(u2 + v2). The

vertical and horizontal components of the semidiurnal-period
fluctuations were coherent with zero phase difference throughout
the 20 m - 300 m interval (Fig. 8 and 14). If these motions
were internal gravity waves the predominant vertical mode number
was presumably mode 1 indicating that the vertical wavelength

of the internal waves was equivalent to the water depth. Then,
to a first approximation, the depth-varying ¥ is given by the
virtually constant value of ¥ occurring beneath the shallow
thermocline and throughout 97% of the water column. For

¥ =14.36 x 1073 rad sec™!, n = 500 cm and (u2 + v2)%¥ = 1.6 cm
sec~!, the PE/KE ratio is ~ 1.9 which was only 2 times larger
than the value computed from the theoretical PE/KE ratio which
Fofonoff (1969, equation 40) derived for linear internal gravity
wave motion in an incompressible, constant ¥ fluid of zero mean
motion. The relatively good agreement between the observations
and Fofonoff's model indicated that the semidiurnal-period fluc-
tuations were, to a first approximation, internal gravity wave
motion. Further analysis of the structure of the internal wave
motions will be presented elsewhere.

Aspects of Upper Ocean Current Variability and Deep-Ocean Mining
of Manganese Nodules

One method of mining manganese nodules from the deep-sea
floor involves a ship towing a 107 g collector with about a
6 x 10° cm long cable and pipe assembly wide enough for water,
air, nodules and bottom sediment to flow through. Other mining
systems differ in the manner of bringing the nodules to the
surface. Because the ship will move at slow speeds [e.g.,
between 25 cm sec™! and 150 cm sec~! according to Herbich and
Flipse (1978)] parallel to bottom contours, variations of wind,
sea state and currents throughout the water column present
considerable difficulties in maintaining a uniform configuration
of the cable and pipe assembly between the ship and collector
even with assistance of bow and stern thrusters. In contrast
to the classical concept of the vertical distribution of tropical
currents, the large current speeds and reversals in current
direction encountered beneath the thermocline present inter-
esting criteria for optimum design of a cable and pipe assembly
which must minimize current drag to reduce fuel consumption of
the ship but which must be sturdy enough to withstand large
stresses produced by the current shears.

The effluent of a nodule-mining operation consists of stray




76 D. HALPERN

nodules, bottom and interstitial water, bottom sediment, benthic
biota and other materials, and the behavior of the discharge
upon entering the ocean is unknown, e.g., will the fine material
flocculate and sink more rapidly than as individual particles.
Although the vertical velocity of the semidiurnal-period internal
waves was at least 100 times larger than typical settling
velocities computed by Ozturgurt et al. (1978) for bottom
sediments falling through the thermocline, the residence time
of the sediments passing through the thermocline will not be
affected if the internal waves do not break. It is not clear
whether internal waves will enhance dispersion of mining debris
in the ocean but it is likely that stirring in the thermocline

is intensified by internal wave breaking. The presence of inter-
nal waves will cause in situ measurements of settling velocity
and of the corresponding identity of the effluent to be spurious
if measurements were made over a short time interval compared to
the semidiurnal-period.

Conclusions

The richness of time and space (vertical) variability of
the current measurements was probably the most distinguishable
aspect of the upper ocean current measurements recorded at DOMES
Sites A, B and C. Prominent fluctuations occurred with long-
periods greater than 20-days, with inertial-periods of about
2- to 4-days and with the semidiurnal tidal period. Large
amplitudes were associated with the 1long-period variations,
and vice-versa. The data clearly showed that the usual percep-
tion of the North Equatorial Current and North Equatorial Counter-
current in the central Pacific as slowly-varying zonal currents
with speeds decreasing below the mixed layer to a negligible
speed at the bottom of the thermocline was not appropriate. In
regard to measurement techniques used in further studies, our
results indicate that the trajectories of drifters drogued in
the mixed layer will not be representative of the flow in the
thermocline and that nearly all shipboard measurements (e.g.,
hydrography, biological, chemical), if made for short-time
intervals, will contain errors of omission (Gardenhire, 1964).

For time-scales greater than the inertial-period the wind
and near-surface layer of the tropical ocean were coupled. In
midlatitudes the ocean-wind interactions have been observed
primarily at the inertial-period (e.g., Pollard and Millard,
1970) and the correspondence between the monthly averaged
Ekman transport and the transport measured in the mixed layer
has yet to be documented in regions remote from coastal boun-
daries (e.g., Halpern, 1976).

The upper ocean current time-series measurements made at
DOMES Sites A, B and C were the first such measurements in the
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tropical current systems of the central Pacific. Some results
of the data were similar to results obtained from other tech-
niques; other results indicated the need for further studies.
The role of standing waves in the vertical and the magnitude of
the albedo of the bottom vis-a-vis wind-generated inertial
waves needs to be determined. The representativeness of
climatological-mean values, of the geostrophic balance as the
first-order approximation of the dynamics, and of the neglect
of time-dependence and nonlinear terms in the equations of
motion require additional investigation. The absence of dis-
cussion of eddy motion occurred because adequate measurements
of currents, temperature or salinity to describe horizontal
variations were not made; it does not imply that eddies did
not occur (see, e.g., Hansen et al., 1978).
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BENTHIC CURRENT OBSERVATIONS AT DOMES SITES A, B, AND C
IN THE TROPICAL NORTH PACIFIC OCEAN

S. P. Hayes

Pacific Marine Environmental Laboratory
Seattle, Washington 98105

Abstract

Benthic current measurements are reported from three loca-
tions (A: 8°27'N, 150°49'W; B: 11°42'N, 138°24'W; C: 14°38'N,
125°29'W) in the eastern tropical Pacific. Near-bottom strati-
fication was weak at all sites. The measurements were of 4- to 6-
month duration. Mean currents were small and to the northwest;
however, low frequency fluctuations dominated the records. These
fluctuations had dominant periods for the meridional component of
2 months at all sites; the zonal component had periods varying from
2 months at the easternmost site to about 5 months at the other
sites. Low frequency kinetic energy increased from west to east.
Vertically, the low frequency motions were coherent over the bottom
200 m. A small speed increase was observed from 200 m to 30 m off
the bottom; below this the speed decreased. Interpretation of
these data in terms of an Ekman layer showed counterclockwise
(Tooking down) veering between 30- to 6-m levels, which was con-
sistent with the expected layer thickness of 25 m.

High frequency inertial-internal wave oscillations were also
investigated. The inertial oscillations were intermittent and
showed evidence for downward energy propagation. Mean energy Tevel
and lack of correlation between low frequency currents and inter-
nal wave energy suggests that the bottom topography is not a strong
source of high frequency internal wave energy in our data.

*Contribution No. 398 from the NOAA/ERL Pacific Marine Environmen-
tal Laboratory.
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Introduction

To the physical oceanographer, the abyssal ocean represents
a largely unexplored and potentially important region. Mean cur-
rents in deep water result from the 1ermohaline general circula-
tion modified by topography. Super 2o0sed on this flow, motions
with a spectrum of frequencies prov..e large variability that can
yield individual current measurements far greater than the mean.
Observed water mass properties are the net result of advection and
diffusion. The exchange processes that occur within the boundary
layers adjacent to the surface, the continental margins, and the
bottom modify the circulation and water characteristics of the in-
terior of the ocean. Thus, the currents and stratification of the
benthic boundary layer are of interest, as are their possible ef-
fects on the general circulation.

In this paper we report near-bottom measurements made at three
sites in the eastern tropical Pacific Ocean. These data were col-
lected as part of the Deep Ocean Mining Environmental Study (DOMES)
program of NOAA. The physical oceanographic characteristics of
this region were largely unknown; therefore, the experiment was
designed to provide a preliminary description of the stratifica-
tion and current fields. The presented analysis focuses on tem-
poral scales of the currents, differences among the sites, and some
investigation of potentially important internal wave processes.

Review

The study locations (Fig. 1) are in a region of abyssal hills
between the Clarion and Clipperton Fracture Zones. A gradual slope
to the east decreases the mean depth from site A (151°W) to site C
(125°W) by about 500 m. Bathymetric charts (Chase et al., 1970)
indicate a few nearby seamounts: 75 km east of A, a mount rises
about 1000 m; 120 km east of C, a mount rises about 2000 m. How-
ever, in the immediate vicinity of the arrays, the relief is con-
fined to vertical changes of about 200 m over a few kilometers
horizontally.

Historical data of near-bottom currents in this area of the
tropical Pacific are scarce. Most of the information on mean flow
direction has been obtained from water mass analysis and theoreti-
cal models of abyssal circulation. Wong (1972) postulated an east-
ward bottom velocity south of Hawaii by tracing observations of
anomalous values of oxygen, potential temperature, and salinity.
This result agrees with near-bottom potential temperature distri-
butions shown by Mantyla (1975) and with theoretical circulation
models of Stommel and Arons (1960) and Kuo (1978). Superimposed
on existing mean flow, one expects time-dependent fluctuations
with frequencies ranging up to the local Brunt-Vaisala frequency
(about 0.2 cph). Low frequency (less than inertial frequency) me-
soscale eddies presumably contribute a significant fraction of the
total variance. Wyrtki et al. (1976) produced maps of near-surface
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Fig. 1. Location of moored current meter measurements in tropical
Pacific Ocean. Sites were located in a region of abyssal hills.
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eddy kinetic energy per unit mass for the world oceans. These maps
indicated an increased energy in the north equatorial region. With-
in our study area, surface eddy kinetic energy increased by more
than a factor of 2 proceeding from 15°N to 8°N. It is not known
whether these surface features are associated with a deep eddy
structure. Direct current measurements of sufficient length to
resolve the mean or Tow frequency currents do not exist for this
region. Near the eastern site (C) Amos et al. (1976) reported 1-
month measurements of near-bottom currents. Two other long-term
deep-current measurements have also been reported in the tropical
Pacific; Taft et al. (1974) report a 4.5-month record from 1°S,
150°W, and Harvey and Patzert (1976) report 2-month records from
about (0°, 95°W). We will compare these data to our results.
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Information on the characteristics of the benthic boundary
layer that have been obtained in other locations may be pertinent
to the tropical Pacific. Continuous vertical profiles of potential
temperature, salinity, and density that show an apparently well-
mixed layer adjacent to the bottom have been presented for many
oceanic locations. Amos et al. (1971) discussed such layers near
the Blake-Bahama Outer Ridge in the Atlantic Ocean. Biscaye and
Eittreim (1974) and Eittreim et al. (1975) studied suspended par-
ticulate matter and excess radon profiles taken over the Blake-
Bahama Outer Ridge and over the Hatteras Abyssal Plain; the lack
of near-bottom stratification in these parameters as well as in
potential temperature indicates active mixing. In the Hatteras
Abyssal Plain and to the east (55°W), Armi and Millard (1976) and
Armi (1978) have found bottom layers thicker than 50 m. These
studies in regions of weak mean flow, which are remote from large
topographic features, might be expected to be similar to the tropic-
al Pacific. The dynamics of ‘the bottom mixed layers have been in-
vestigated by several authors (Wimbush and Munk, 1971; Weatherly,
1972, 1975; Thompson, 1973; Csanady, 1974; Armi and Millard, 1976).
In general, some form of a modified Ekman boundary layer is assumed.
The presence of topographic gradients and time-dependent veloci-
ties complicates the interpretation. Armi and Millard (1976) were
able to correlate the mixed-layer thickness with Tow frequency near-
bottom velocity. Such a relation would be expected if Ekman dyna-
mics held; however, the thickness observed over a flat bottom was
six times greater than the turbulent Ekman layer thickness.

Coupling between mixing and low frequency flow can effect the
dynamics of mesoscale circulation. In addition, topography-current
interaction can modify the flow found within a few kilometers of
the bottom. Results from the Mid-Ocean Dynamics Experiment (MODE-I
Dynamics Group, 1975) and subsequent current measurements in the
North Atlantic (Schmitz, 1978) show effects that may be related to
bottom topography. In MODE, the structure of mesoscale eddies
with periods longer than the inertial period were studied. Near
bottom these eddy motions had smaller time scales and larger hori-
zontal kinetic energy than they did at mid-depths (1500 m). The
spatial scales were also contracted near bottom, and localized cur-
rents were observed near some major topography. Rhines (1977) in-
terpreted the general MODE results in terms of topographic influ-
ences on baroclinic Rossby waves. This picture of energetic, small-
scale benthic currents, which data and theory suggest, contrasts
with the intuitive notion of a sluggish, homogeneous abyssal flow.

In addition to modifying mesoscale currents, the bottom topo-

raphy may have a dominant influence on energy dissipation. Rhines
%1977 points out that a search for energy sinks that dissipate
mesoscale eddies is critical. Conventional drag laws indicate that
over a smooth bottom friction can contribute only a small amount.
However, Bell (1975) investigated the generation of internal waves
by the interaction of Tow frequency deep ocean currents with bottom
topography. Using abyssal hills and a velocity amplitude of 5 cm/s
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for the low frequency currents as an example, he found an internal
wave drag equivalent to about 0.5 dyn/cm?. This production mecha-
nism could contribute a significant fraction of the internal wave
energy observed in the ocean. Few observational tests of Bell's
conclusions have been made. In a study of several deep current
meter records in the North Atlantic, Wunsch (1976) observed that
the most significant internal wave inhomogeneity observed was asso-
ciated with a seamount. Thus, bottom topography may be a source;
however, its relative importance has not been established.

Description of the Experiment

Figure 1 gives the locations of our moored array measurements.
At each site, a single mooring was deployed with current meters at
6 m, 30 m, 50 m, and (at C) 200 m above the bottom. Deployments
were from May to November 1976 at A and B and from July to December
1977 at C. The detailed bathymetry at each location derived from
local ship surveys represents our best estimate of the mooring To-
cation. Both A and B appear to be part-way up a small hill, while
C is in a long valley. The local gradients (maximum ~.05) shown
in these figures are typical of the area around the arrays.

Current meters used were vector averaging current meters
(VACM) manufactured by AMF Electrical Products Division, Alexandria,
Virginia. These instruments sense speed with a Savonius rotor
(16-cm diameter), direction with a vane (17 cm), and temperature
with a bead thermistor. As the rotor turns, the instrument in-
ternally resolves east-west and north-south velocity components
and stores the data on magnetic tape. The effective threshold is
about 2 cm/s (McCullough, 1975). Individual rotor and vane cali-
brations which we made in a tow tank showed variation in this
threshold; however, most instruments followed a standard calibra-
tion curve (given in Halpern et al., 1974) for speeds higher than
2 cm/s. In the data discussed here, instruments recorded every
15 minutes. During processing, any 15-min interval with an indi-
cated speed less than 2 cm/s was assigned speed and direction of
zero. This procedure probably underestimates mean currents.
Threshold problems were most severe at A, where over 50% of the re-
corded values were below threshold and periods of several days con-
tained no measurements above 2 cm/s. At the other two locations,
the records do not appear to be seriously contaminated by the in-
strument thresholds; however, during periods of weak Tow frequency
currents, estimates of internal wave energy may be erroneous.

The current-meter temperature sensors were calibrated as des-
cribed in Halpern et al. (1974). Absolute temperature calibration
had an expected error of +.01°C; relative temperature changes were
sensed with a resolution better than .001°C. In view of the weak
near-bottom temperature stratification, the temperature measure-
ments were not accurate enough to establish gradients; however,
temperature changes at each level were resolved.
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In addition to moored arrays, continuous profiles of conduc-
tivity, temperature, and depth (CTD) were taken with a Neil Brown
Instrument System Mark III CTD. These profiles were processed as
described in Fofonoff et al. (1974) in order to obtain temperature
and salinity profiles. During the November 1976 deployment cruise,
detailed studies were made in the vicinity of A and B. Unfortunate-
1y, subsequent processing revealed two problems with the CTD system:
a{ temperature-dependent noise level in the temperature measure-
ments, which at cold temperatures yielded a noise level about ten
times that expected from the instrument quantizing increment
(.0005°C); and b) temperature instabilities of a few millidegrees.
The first problem was traced to a component in the temperature-sens-
ing electronics; the second problem may be related to a high pres-
sure leak caused by a manufacturer's defect in the conductivity
cell. 1In any case, these relatively small temperature errors made
precise near-bottom profiles impossible. These problems were cor-
rected prior to the site C CTD measurements that were made in July
1977. Also, site A was reoccupied in March 1978; these data are
presented here on the assumption that the near-bottom water mass
structures are reasonably constant.

Figure 2 shows representative profiles of potential tempera-
ture (o) at each location. Polynomials developed by Bryden (1973)
were used to calculate 6. Bottom potential temperature increased
to the east (0.98°C) at A, 1.03°C at B, and 1.09°C at C) in agree-
ment with the historical data (Wong, 1972; Mantyla, 1975). Poten-
tial temperature gradient decreased at the bottom. Over the lowest
200 m, this gradient was about 2 x 10~°°C/m. This value is one
order of magnitude less than the background stratification observed
by Armi and Millard (1976) over the Hatteras Abyssal Plain. The
weak mean gradients may account for the Tack of an obvious bottom
mixed layer in our data; the Tayer would have to exceed 50 m in
thickness in order to be measureable.

Potential temperature-salinity diagrams for the abyssal water
at sites A and C are shown in Fig. 3. These diagrams show the lin-
ear 9-S relation for the deep Pacific; note that due to water depth
differences, the site-C curve is essentially a continuation of the
site-A curve at higher temperatures. No distinct near-bottom water
mass is seen.

Velocity and Temperature Time Series

Time series of velocity and temperature are shown in Fig. 4.
The visual impression of these records is similar at all sites.
Low frequency oscillations with periods of several weeks were super-
imposed on the high frequency inertial and tidal signal. The cur-
rents were vertically coherent. At site A, as mentioned above,
extended periods (e.g., early September) of low current occurred,
during which the speeds were below threshold. At site B, only the
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Fig. 2. Benthic potential temperature versus depth profiles near
each mooring. Note scale change at each site.

30-m current meter worked throughout the deployment. Low frequency
structure here was quite pronounced with a rapid direction change
observed in mid-July. Site C had the most complete data set with
velocity measurements up to 200 m above the bottom. The vertical
coherence of much of the structure over this depth interval is ob-
vious. Also, non-stationarity in the high frequency signals was
pronounced. Near the beginning of October, large oscillations are
evident. Later analysis showed that these signals have frequencies
near the inertial.

Because of nearly uniform bottom-water temperature and rela-
tively large errors in absolute calibration (+.01°C), temperature
time series from the current meters are plotted in Fig. 4 relative
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Fig. 3. Benthic potential temperature versus salinity diagrams for
sites A and C. The structure in the bottom few hundred meters
varied between casts so that the small salinity increase (0.002 ppt)
seen at A is not considered significant.

to an arbitrary zero. Temperature changes at each site appeared
vertically coherent. Site A had the smallest temperature variance
over the record. This observation is consistent with the weak mean
temperature gradients found in CTD data and the relatively weak cur-
rents at this location. At B, bottom temperature increased over

the deployment period. Most of this increase occurred after the
current change in mid-July; the warming probably represented later-
al advection. The site B and C records show more visual correlation

Fig. 4a. Hourly time series of currents and temperature at locations
A and B. The origin for the currents is indicated by the horizontal

Tine at each depth; the bar scale gives the speed. Temperatures are

plotted relative to an arbitrary origin and only temperature changes

are significant. Values in meters are heights above bottom.
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between temperature and velocity than the record at A. In particu-
lar, at C both Tow and high frequency changes appear related. For
example, the initial Tow frequency velocity change from northeast
to southwest currents is accompanied by a decrease in bottom tem-
perature. In addition, a sharp drop in temperature on about 1
October appears to accompany the onset of high frequency oscilla-
tions mentioned above.

The separation between low frequency and inertial-internal
wave energy regimes can be seen clearly in horizontal kinetic ener-
gy spectra. Figure 5 shows variance preserving (area under the
curve is proportional to the variance) spectra for the 30-m record
at each location. Inertial frequencies at A, B, and C are fA =0.012

cph, fB = 0.017 cph, and fC = 0.021 cph. Note that the energy scales

are different for each site. These spectra show characteristic
structures similar to most deep-ocean data sets. There is high
energy in the tidal and near-inertial frequency bands, a low ener-
gy region (spectral gap) for frequencies between inertial and about
0.05 cph, and a low frequency rise in energy below the gap. Most
of the total variance in a long current record comes from the Tow
frequency motions. The existence of the spectral gap facilitates
filtering the time series into a low frequency sub-inertial time
series and a high frequency inertial-internal wave time series.

The relative amplitudes of the two components are shown graphically
in Fig. 6, where low- and high-pass filtered series of the north-
south component of velocity at site C (200-m level) are plotted.
Clearly, instantaneous current measurements will have significant
contributions from both spectral regions, and any attempt to study
the characteristics of a region must resolve the low frequency flow.

Low Frequency Motions

To describe motions with frequencies less than the inertial
frequency, the time series were filtered with a symmetric Gaussian
filter (Schmitz, 1976). The filter width was chosen so that at
each site the half-power frequency was one-half the inertial fre-
quency. Fig. 7 is a plot of the data at all locations in vector
form. The length of each stick represents current speed and the
angle indicates direction. Both A and C exhibit high vertical co-
herence. ‘

The relative importance of low frequency oscillations compared
to the mean flow (averaged over the record length) is seen in Fig.
7 or Table 1. In the latter, KE = %(u? + v?) where a bar over the
velocities indicates record length averages. KE is the kinetic
energy (per unit mass) of the mean flow. Primed velocities are
defined as the standard deviation of the Tow-pass filtered data,
again computed over the record length. KE', kinetic energy (per
unit mass) of the lTow frequency flow, is given by KE' = £(u'? + v'2),
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Fig. 6. Meridional velocity component at the 200-m level of site
C, showing the contribution of low frequency (Gaussian low-pass
filtered time series as described in text) and inertial-internal
wave band oscillations.

The double-primed energy relates to internal wave contributions and
is defined as one-half of the difference between the total variance
and the Tow frequency variance. Table 1 shows that KE' is, onthe aver-
age, about ten times larger than KE. Mean velocity at all sites was
to the northwest; however, the record lengths are insufficient for
these mean velocities to be statistically significant. Interesting-
1y, near-bottom currents appear somewhat larger than the currents
above. At site C, mean speed increased by a factor of 3 between

200 m and 6 m. The Tow frequency speed increased between 200 m

and 30 m, then decreased from 30 m to 6 m. KE' (6 m) roughly
equals KE' (200 m) and is about 80% of KE' (30 m). North-south
velocity differences [(v(200) - v(30)] are shown in Fig. 8 along
with the velocity at 200 m. The southward mean velocity difference
indicates that the 200 m northward velocity is smaller than the

30 m northward velocity. This difference reflects the baroclinic
nature of the low frequency flow, rather than a constant bottom
current. When the 200-m velocity is large, the shear is large;

when the 200-m velocity is near zero, the shear is also small.

The time scale of the Tow frequency motion is obtained from
autocorrelation functions of each velocity component (Fig. 9).
These functions have an interesting pattern. At all locations the
v component has a first zero crossing at about 15 days (corres-
ponding to a dominant period of 60 days); the u component at sites
A and B has a much Tonger time scale. For example, at site B,
the zero crossing indicates a dominant period of order 180 days,
which is essentially the record length. At site C, the time scales
of u and v are almost equal. This same information is shown in
spectral form in Fig. 10. Note that the energy scales differ at
each location. ATl sites have a variance peak in the v component
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Fig. 8. Low-pass filtered meridional velocity at 200-m level at
site C (solid) and velocity difference between 200-m and 30-m level
(dashed). Note when difference is negative northward component at
30 m exceeds component at 200 m.

at about .0007-.001 cph (periods of 42 to 60 days). In this spec-
tral region, north-south oscillations dominate east-west motions.
At Tower frequencies the north-south energy decreases, while at A
and B, the east-west energy continually increases (a red spectrum).
At site C the u component variance is flat throughout the low fre-
quency region. It should be mentioned that prior to calculating
the Fourier transform,these records were detrended by joining the
end points (Frankignoul, 1974a). This detrending reduces the con-
tamination of the spectra by oscillations with periods Tonger than
the record length.

Table 1 shows that the eddy kinetic energy KE' increases from
A to C. At the only common depth (30 m), B and C have essentially
the same eddy kinetic energy, whereas A is lower by a factor of 5.
The record lengths are too short, when compared to the dominant
periods of the motion, to attach statistical significance to this
energy increase. In the frequency band of the variance peak in
meridional velocity (.0005-.001 cph), the site C north-south
spectral level exceeds that at site A by a factor of 7. This dif-
ference is significant at the 95% Tevel. A small increase in merid-
jonal -energy level (30%) from B to C is not statistically signif-
icant.

The observed current statistics can be compared with other
measurements in this area, in the central Pacific, and in the North
Atlantic. Amos et al. (1976) reported preliminary data from a 33-
day record of near-bottom currents near C. At 20 m (200 m) they
found mean velocities u = -3 cm/s (-2.3 cm/s), v = .5 cm/s (0 cm/s).
Inspection of Fig. 4 shows that l-month periods with similar mean
speeds could be found. The dominance of western flow is in agree-
ment with our records; however, the small north-south velocity is
somewhat anomalous. It is encouraging to note that the near-bottom
speeds increased in agreement with our observations. Amos' measure-
ments were about 80 km away from our C array, so the bottom inten-
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sification is probably not a local orographic effect.

In the equatorial Pacific at 0°30'S, 95°W, Harvey and Patzert
(1976) reported measurements 10 m above bottom at two sites separat-
ed by 110 km. The Tow frequency structures were coherent over this
separation and showed an oscillation with a period of about 25 days
that was propagating westward. These data were interpreted as a
first-mode baroclinic Rossby wave trapped at the equator. Further
west, Taft et al. (1974) reported measurements at 1°02'S, 149°51'W
(approximately 1000 km south of our site A) at 1500 m above the
bottom. The mean flow was predominantly eastward throughout the
record; however, the north-south velocity component had more low
frequency variance. A prominant feature of the record was a meridi-
onal oscillation with a period greater than 2 months.

In the central Pacific, Ramp (1976) reports measurements made
near 30°N, 158°W for a 9-month period. His data were from current
meters 100 m off bottom at three sites where the water depth was
about 5900 m. Eddy kinetic energy averaged over the three sites
was 2.5 erg/cm3. This energy was divided equally between u and v
components. These observations are similar to our site A measure-
ment. In Ramp's data, zonal and meridional time scales determined
from autocorrelation functions were approximately equal. They in-
dicate dominant periods of 135-145 days. The shorter meriodional
time scale found for the tropical Pacific does not appear to occur
further north.

Measurements during the Mid-Ocean Dynamics Experiment (MODE)
and subsequent experiments (POLYMODE) in the North Atlantic repre-
sent a much more detailed study of low frequency motions than the
results presented here. However, our preliminary survey can be
compared with some results of MODE. For example, both bottom in-
tensification and meridional dominance in the deep water were part
of the MODE results (MODE Group, 1978). Currents were not measured
close to the bottom during MODE; the intensification was observed
from 1500-m to 4000-m depth and may not be related to the feature
we see. The ratio of meridional to zonal variance was about 1.6
at 4000 m at the MODE central site (MODE Dynamics Group, 1975).

In our data this ratio varied from 1.5 at site A to 4.2 at site C.
Considering the uncertainties in the low frequency kinetic energy
determination, Atlantic and Pacific measurements are similar. The
mean low frequency kinetic energy (KE') determined at our three
sites can also be compared with the North Atlantic observations.
Again, record length precludes a quantitative comparison; but the
Pacific level is of the same order of magnitude as the values mea-
sured near the MODE site. These values are one order of magnitude
smaller than the eddy kinetic energy seen near the Gulf Stream
(Schmitz, 1976).
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Inertial-Internal Wave Variability

In Table 1, KE" represents the horizontal kinetic energy contri-
bution of frequencies higher than the local inertial frequency. In
general, this high frequency kinetic energy was less than KE'. From
the spectra in Fig. 5, most variance in the high frequency band
comes from near-inertial and semidiurnal tidal oscillations.

Small peaks at the diurnal period and near 6 hr are also seen. The
latter is presumably associated with a tidal harmonic. Component
spectra in Fig. 10 indicate that at site A the semidiurnal tide is
predominantly east-west, whereas at sites B and C tidal motions

are aligned meridionally. This result is substantiated by principal
axes calculations (Gonella, 1972; Mooers, 1973) which show statistic-
ally significant orientations of 83°, 5°, and 14° at sites A, B, and
C respectively. Although local topographic effects may be responsi-
ble for this anisotropy, the results at site C agree with measure-
ments by Amos et al. (1976) which were 80 km away.

Our description of the inertial-internal wave band will focus
on the nonstationarity of these signals and the possibility of near-
bottom internal wave production. Deep-ocean measurements often
show nonstationary inertial energy (e.g. Webster, 1968; Halpern,
1974). Near the surface these pulses of inertial energy can often
be correlated with wind events (Pollard and Millard, 1970; Halpern,
1974); at deeper levels several measurements (Frankignoul, 1974b;
Leaman and Sanford, 1975) indicate downward propagation. Near-bot-
tom inertial currents could be caused by this downward propagation
coupled with possible bottom reflection. On the other hand, iner-
tial energy could be generated by the time-varying low frequency
flow interacting with bottom topography. If near-bottom Ekman
layers are important, then bottom generation of inertial oscilla-
tions might be similar to surface generation.

To study nonstationarity, the unfiltered data record was broken
into pieces that were approximately two inertial periods long.
These pieces were Fourier-transformed after detrending by joining
the end points (Frankignoul, 1974a). To improve time resolution
and to uncover spurious peaks, the Fourier analysis was repeated
with the pieces shifted by one inertial period (i.e., half of the
piece length). Time series of the energy in each of several bands
were then constructed from the piecewise spectra. The inertial
and semidiurnal bands consisted of one periodogram point each. In-
ternal wave bands centered at periods of 10 hr and 5 hr were formed
by frequency-averaging over 5 and 6 periodogram estimates respec-
tively. Figure 11 is a plot of these horizontal kinetic energy time
series as well as the horizontal kinetic energy associated with the
low frequency flow for the 50-m level at site C. Note the rela-
tively distinct structure seen in the inertial band about mid-Octo-
ber. This peak rises by almost a factor of 5 above the average
level. This particular event was mentioned earlier since it is
quite distinct in the time series plots (Fig.4 ). The vertical
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energy distribution is seen in Fig. 12. The event appears first at
200 m above bottom and then at 50-, 30-, and 6-m levels. No time
delay can be discerned between the lower three levels (time resolu-
tion is about 2 days). The energy within the peak decreases toward
the bottom. Based on these time series, it appears that the energy
flux is downward from the upper waters rather than upward from the
bottom. The observed delay of about 4 days between 200 m and 50 m
corresponds to an energy propagation speed of about .04 cm/s.

The large time step (1 day) used in these calculations con-
tributes to the uncertainty of this group velocity estimate. Mid-
ocean observations by Frankignoul (1974b§ in the central North
Atlantic suggested a downward propagation speed of 0.5 cm/s —con-
siderably faster than that observed here. Kroll (1975) pointed
out that the propagation velocity depends on the frequency of the
wave packet, the wavelengths of the oscillations, and the local
stratification. In addition, he showed that the horizontal propa-
gation velocity was generally much greater than the vertical propa-
gation velocity; so that, for waves of a constant frequency, the
rays travel about 100 km horizontally for each 1 km downward. Thus,
the source of near-bottom inertial waves may be quite distant from
the site where they are observed.

The second problem which we addressed in our study of the high
frequency currents is the possibility of near-bottom internal wave
generation. Such generation is related to low frequency currents
interacting with near-bottom topography; thus, one expects a cor-
relation between internal wave energy and low frequency energy.
Figure 11 shows time series of low frequency, inertial, semidiurnal,
and internal wave energy. No significant cross-correlation was
found between internal wave energy and any lower frequency band.

In addition, the mean energy level in the 10-hr internal wave band
was within a factor of 2 of the energy level predicted by the
Garrett and Munk (1975) internal wave model. This model describes
mid-ocean internal waves in regions that are remote from energy
sources or sinks. OQur measurements, therefore, indicate no evi-
dence for near-bottom production of internal waves.

The Bottom Boundary Layer

The velocity time series were examined to determine whether
these data offered evidence of a near-bottom Ekman-like layer. In
particular, most theories with turbulent Ekman-like dynamics (e.g.
Weatherly, 1972, and references therein) predict a decrease in
speed approaching the bottom and an angular veering counterclock-
wise looking down. Several techniques for estimating the veering
are possible (Kundu, 1976); the most important consideration is to
avoid instrumental effects in determining angular differences.

The VACM has an angular resolution of 2.8°. However, at Tow speeds
the vane direction is erratic. To eliminate this source of error,
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we selected periods when the low-pass filtered velocity exceeded

3 cm/s. The analysis was only applied to the site C data, since
this record was the most complete. Four periods with speeds above
our criterion occurred: 7-25 July; 23 September-8 October; 31 Octo-
ber-10 November; 18 November-5 December. Combined, these periods
total 64 days. Daily values of speed and direction were found by sub-
sampling the Tow-pass filtered data at each depth. Table 2 summa-
rizes the results; angles are given relative to true north. In the
first three intervals, the mean speed increased from 200 m to 30 m
and then decreased to 6 m. In these cases, the direction change
from 200 m to 30 m was negligible; but from 30 m to 6 m a change of
7° to 10° counterclockwise was recorded. In the last interval,
speed consistently decreased from 200 m to 6 m; however, above 30 m
the direction changed in a clockwise sense (looking down), whereas
from 30 m to 6 m the change was counterclockwise. Average veering
from 30 m to 6 m was 9° +2°% average sheer was 0.8 0.2 cm/s.

These results indicate that the current meters at 50 m and 200 m
above bottom were above the influence of an Ekman layer; the 6-m
level appears to be in the layer. An accurate estimate of the boun-
dary layer thickness is not possible because of inadequate vertical
resolution.

Theoretical calculations of boundary-layer thickness are proba-
bly not applicable in regions with topographic variations as large
as those observed in this region. However, for lack of a better in-
dicator, the expected thickness of a turbulent Ekman layer over a
flat bottom in unstratified water can be calculated. In accordance
with Armi and Millard (1976), the height of a turbulent Ekman layer
he is

he = 0.4 u,/f (1)
This relation is derived from the experiments of Caldwell et al.
(1972) and Howroyd and Slawson (1975). The local inertial fre-

quency is f; u, is the friction velocity at the bottom. For a
smooth bottom, this velocity is given by Csanady (1967) as

u, = 1/30 u (2)

where u is the velocity outside the boundary layer. Then, combin-
ing (1) and (2) and considering u to be the mean speed at 30-m
level (7 cm/s) during the four intervals considered gives

hy = 25 m. (3)

The measurements are consistent with an Ekman-1like behavior confined
to a 25-m thick boundary layer. The turning observed is similar to
that measured on continental shelves; Weatherly (1972) found a mean
veering 10° under the Florida current, and Kundu (1976) found a veer-
ing of 6° off the Oregon coast.
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Summary and Conclusions

Benthic current measurements have been described at three sites
in the eastern tropical Pacific Ocean. Vertical stratification in
this region was weak and the potential temperature-salinity rela-
tion was fairly uniform. Mean currents over the record lengths
(4-6 months) were small and to the northwest at all sites. These
mean velocities were not statistically significant because of large,
low frequency (less than inertial) variance. These Tow frequency
fluctuations contributed 50-80% of the total variance. Time scales
and horizontal kinetic energy (per unit mass) varied among the sites.
At all locations the meridional velocity component had an integral
time scale of about 15 days (60-day period). At the eastern site
(C), the zonal velocity time scale was similar; however, at A and
B east-west oscillations had a dominant period nearly equal to the
record length. Low frequency horizontal kinetic energy increased
from west to east by a factor of 5. Vertical coherence on each
mooring was large. However, between 200 m and 30 m both mean
speed and amplitude of the Tow frequency oscillations increased.
Below 30 m the speed decreased. Measurements of longer duration
and greater vertical extent are required to relate the low frequency
oscillations to the large-scale circulation of the tropical Pacific;
however, our measurements point out the importance and some major
characteristics of these motions.

High frequency oscillations contributed 20-50% of the total
variance. Inertial and tidal motions were most important. Inertial
oscillations were intermittent with brief periods where the energy
in this frequency band exceeded the background level by one order
of magnitude. These bursts of inertial energy were observed to
propagate downward, and some evidence for near-surface generation
was found. Energy in the high frequency internal wave bands was
fairly uniform in time and had a gradual decrease toward the bottom.
No ‘correlation between internal wave energy and low frequency cur-
rents was found. Also, the mean energy level was within a factor
of 2 of the "universal" spectrum for mid-ocean internal waves des-
cribed by Garrett and Munk (1975). These observations suggest that
over abyssal hills such as those that occur in the tropical Pacific,
bottom topography is not a strong source of internal wave energy.

In the final section of this study, we compared bottom current
measurements with theoretical ideas on Ekman boundary layers. Cur-
rent veering between 30 m and 6 m was about 9° in the correct sense
for an Ekman layer. Rough calculations indicated an expected layer
thickness of 25 m, in agreement with observation. Our measurements
did not show the very thick (about 6 he) bottom layers reported by

Armi and Millard (1976) in the Atlantic.

This description of abyssal currents in the eastern tropical
Pacific is preliminary and emphasizes that many aspects of the cir-
culation are unknown. Present studies are underway to refine the
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description of the boundary layer and the internal wave generation

mechanisms. Further experiments will rely on long-term deployments
to characterize the low frequency fluctuations.
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NUTRIENT CHEMISTRY IN THE TROPICAL NORTH PACIFIC
DOMES SITES A, B, AND C

James J. Anderson

Department of Oceanography
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Seattle, Washington 98195

Abstract

The distributions of nutrient chemistry in the DOMES area are
controlled by a balance between advective and diffusive mixing
and biological reactions, The intensity of mixing changes with
depth, defining 6 unique layers in terms of a T-S diagram, These
include: the mixed layer, thermocline, oxygen minimum layer (OML),
upper deep water (UDW), North Pacific deep water (NPDW), and
Pacific bottom water (PBW),

Within each layer chemical profiles deviate slightly from lin-
earity and at the layer interfaces the profiles have distinct
changes in slope, Horizontal gradients are weak, exceot for oxy-
gen in the OML where a tongue-like distribution of Tow oxygen ex-
tends westward along 159N, No clear temporal patterns are evident
when concentrations are referenced to density surfaces.

The interface concentrations of oxygen in the upper layers are
principally controlled by the surface saturation value, thermo-
cline diffusion and respiration in the OML. The interface concen-
trations of nitrate and phosphate in the upper layers are princip-
ally controlled by uptake in the thermocline and mixed layer and
horizontal flux near the OML-UDW interface.

Mixed layer productivity can be depressed by a reduced nitrate
flux into the layer caused by productivity associated nitrate up-
take in the thermocline., With productivity occurring within the
thermocline,the thermocline acts as a nutrient sink and with Tittle
or no productivity in the thermocline it acts as a nutrient filter.

The oxygen minimum tongue in the OML can be established by
horizontal diffusion and respiration with the boundaries set by
subsurface zonal flows north and south of the tongue.
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The phosphate and nitrate maximums at the OML-UDY interface,
between 800 and 1000 m, are produced by a depth decreasing oxida-
tive nutrient profile and a depth increasing preformed nutrient
profile. Horizontal advection and diffusion along density sur-
faces are important in maintaining the vertical nutrient maximum.

A silicate maximum in the middle of the NPDW (3000 m) is pro-
duced by a combination of deep-water circulation and a high silica
dissolution rate throughout the water column. A high silicate
content is acquired as the PBW flows north into the high latitudes
of the North Pacific and upwells into the level of the NPDW. The
NPDW flows south out of the North Pacific creating a silicate
maximum at 3000 m in the DOMES area.

A high oxygen and lower nutrient content in the bottom layer
are maintained by the northward flow of PBW.

Ammonia near the top of the thermocline is produced by excre-
tion from zooplankton and is consumed by photosynthesis or by
nitrifying bacteria.

The nitrite peak in the thermocline is probably produced by
leakage of nitrite from phytoplankton, and consumed by phyto-
plankton. Ammonia and nitrite peaks are not normally observed in
the mixed layer, probably because of larger vertical mixing in the
layer.

In extremely low oxygen waters, nitrite is produced as an
intermediate in the reduction of nitrate to molecular nitrogen in
denitrification. In the process the nitrogen compounds are used
in place of oxygen as terminal electron acceptors in bacterial
respiration.

Introduction

The tropical North Pacific (TNP) is a uniquely interesting
region of the oceans in part because of the intense and stable
features in the chemical distributions through the water column.
Because of the geographical isolation of the region a limited num-
ber of expeditions have been made in the region and consequently
the definition and understanding of the chemical features have
been slowly developed.

The first major chemical observations in the TNP were made
on the Carnegie (Moberg, 1930; Graham and Moberg, 1944) and indi-
cated the region contained some of the world's most intense low
oxygen water. The extent and importance of this oxygen minimum
zone was emphasized by Richards in his chapter on oxygen in the
oceans in the "Treatise on Marine Ecology and Paleoecology",
edited by Hedgpeth (1957). In the same volume Barnes reviewed
the available work on nutrients and emphasized that the TNP con-
tains some of the ocean's highest concentrations of nutrients in
the deep water and some of the lowest concentration in the mixed
layer above the strong thermocline. Barnes also suggested that.
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the nutrient profiles can be discussed in terms of layers of
minimum and maximum values and gradients.

The next major contributions to the chemical knowledge of
the area appeared 10 years later. Reid (1965), analyzing temper-
ature, salinity, oxygen and phosphate over what he describes as
the intermediate water of the Pacific Ocean, identified the
origins of oceanic features between 400 and 800 m. Tsuchiya
(1968), using temperature, salinity and oxygen, investigated the
oceanic setting of the region between the bottom of the thermo-
cline and about 200 m. Barkley (1968) discussed the temperature-
salinity characteristics of the Pacific Ocean down to 1000 m.

The relative seasonal stability of the chemical distributions
was established by the EASTROPAC expeditions, which covered the
eastern TNP every two months between January 1967 and February
1968 (Love, 1972). 1In the past, several expeditions have collect-
ed chemical observations within the eastern TNP but little infor-
mation has been collected in the central TNP. This situation was
remedied in 1975 and 1976 when the area of the central TNP shown
in Figure 1 was intensely studied as part of the Deep Ocean
Mining Environmental Study (DOMES). The project included studies
of the chemical, physical, biological, and geological
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Fig. 1. Location of DOMES site stations A, B, and C.
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characteristics of the water column and bottom.

The water column chemical data collected on DOMES is the
topic of this chapter and the focus is on describing the detailed
features of oxygen and nutrients and identifying the processes
controlling the features. Emphasis is placed on the upper layers,
including the mixed layer, thermocline, and oxygen minimum layer.

Following the notion of Barnes the chemical distributions can
be envisioned in terms of layers that reflect the density and
current structures. The water column of the DOMES area can be
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segments and intervals of layers including
the mixed layer, thermocline, oxygen mini-
mum layer (OML), upper deep water (UDW),
North Pacific deep water (NPDW) and Pacific
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divided into 6 vertical layers that are defined by temperature
and salinity relationships (Fig. 2). The physical characteris-
tics of the layers are as follows:

The mixed surface layer is well developed with temperatures
of about 26° + 2°C, and salinities of about 34.5°/,,. Generally
temperature is uniform while salinity increases slightly with
depth in the mixed layer (Fig. 3). The thickness of the mixed
layer has both seasonal and spatial patterns (Robinson, 1976). 1In
the autumn-winter period the mixed layer is thinnest and a
thermal ridge,defined by a shallow thermocline, extends east-west
along about 10°N. In the spring-summer period the mixed layer is
thicker and the thermal ridge is not well developed (Fig. 4).
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Fig. 3. Averages of 6 temperature and
salinity profiles taken at site C be-
tween Feb. 20-21, 1976.

On the north side of the thermal ridge the North Equatorial
Current (NEC) flows to the west between about 10° and 20°N, and
south of the thermal ridge the North Equatorial Countercurrent
(NECC) flows east between 10° and 5°N. Both currents are weak



118 J. J. ANDERSON
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Fig. 4. Average depth (in ft.) of mixed
layer for November and April. Dots indi-
cate station locations from DOMES. (From
Robinson, 1976).

in the summer when the ridge is weakly developed and strong in
the Yinter when the ridge is well developed (Wyrtki and Kendall,
1967).

The thermocline in the DOMES area is well developed through-
out the year with temperatures typically decreasing from 25 to
13°C between the top and bottom of the thermocline, a distance of
about 70 m. The bottom of the thermocline is distinguished by a
change in the temperature gradient, which corresponds closely
with the depth of the 13° isotherm (Fig. 3). Tsuchiya (1968)
showed the salinity maximum at the top of the thermocline is
formed at the surface in the subtropical South Pacific while the
minimum near the bottom of the thermocline presumably is formed
in the eastern North Pacific and enters the DOMES area with the
California Current along 17 to 20°N. Changes in the depth of the
thermocline correspond with variations in the thickness of the
mixed layer.
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The oxygen minimum layer (OML) is below the thermocline and
is characterized by Tow oxygen and a linear TS relationship
extending from the salinity maximum, of South Pacific origin, to
the salinity minimum between 600 and 800 m, which is of Antarctic
origin (Fig. 2). The layer is bordered at the north and south by
high oxygen, Tow salinity, and zonal flows extending to at least 500
m. At the southern boundary, 5°N, the North Equatorial Subsurface
Countercurrent flows east with average maximum geostrophic
velocities of 27 cm/s (Tsuchiya, 1975). At the northern boundary
(17 to 20°N) the westward extension of the California Current
flows west (Roden, 1974). At the top of the OML (corresponding
with the 160 c1/t isanosteric surface) a westward geostrophic
current maintains the salinity maximum (Tsuchiya, 1968). At the
center of the OML (corresponding with the 125 c1/t surface) the
geostrophic current is essentially zero (Reid, 1965). Horizontal
advection ‘and diffusion, or both, at the bottom of the layer
(corresponding with the 80 c1/t surface) maintain the Antarctic
salinity minimum. Reid (1965) in his dynamic topography map in-
dicates a broad eastward flow in the DOMES area at about 800 m.
Reid and Mantyla (1978) suggest that at 1000 db in the DOMES area
the flow is eastward at 10°N and westward at 15°N. Burkov (1972)
suggests that the 800 m level is dominated by an eddy-like
current structure which produces a series of weak north and south
flows through the area. The explanations are not mutually ex-
clusive and suggest that a weak and complicated flow regime pro-
duces significant large scale horizontal diffusion or weak
currents at 800 to 1000 m. Thus the picture emerges that the core
of the OML is a stagnant zone bounded north and south by opposing
zonal flows, and above by a westward flow and below by large
scale horizontal diffusion produced by large scale eddies, or a
weak adjacent eastward and westward flow.

Below the OML an approximate Tinear T-S relationship extends
between 800 and 2000 m (Fig. 2). This layer is identified by
Tusnogai et al. (1973) as the upper deep water (UPW) and is con-
sidered to be involved with the wind derived circulation. In
the DOMES area the UDW flow is probably weak and variable because
the region is between the large anticyclonic gyres of the North
and South Pacific.

The North Pacific Deep Water (NPDW) lies between about 2000
and 4000 m and below this is the Pacific Bottom Water (PBW).
Evidence suggests that the NPDW is involved with a southward flow
of water from the North to the South Pacific. This flow is
apparently driven by the northward flowing PBW, which originates
in the Antarctic and flows north along the western side of the
South Pacific and into the North Pacific. In the North Pacific
the PBW apparently upwells, is modified into NPDW and returns
south across the equator at a level just above the PBW Tayer
(Mantyla, 1975).

The distributions and rates of growth and consumption of
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bacteria, phytoplankton and zooplankton affect the distributions
of chemical constituents and the constituents in turn affect the
growth and distributions of the organisms. Phytoplankton are
most important in regulating the distributions of nutrients and
oxygen in the mixed layer and thermocline. In the DOMES area the
rate of primary productivity is on the order of 100 mg C/m2d, and
seasonal variations are generally within a factor of 2 (Owen and
Zeitzschel, 1970; E1-Sayed et al., 1977). The average depth of
the 1% light level is about 90 m while the depth of the mixed
layer is about 50 m, so a significant amount of 1ight extends
into the thermocline. Consequently, up to 50% of the primary
productivity has been observed in the thermocline. Less than 5%
of p;oductivity occurs below the 1% 1light level (E1-Sayed et al.,
1977).

Below the euphotic zone bacteria and zooplankton are the
dominant organisms altering the chemical distributions. 1In
aerobic waters the rate of oxygen consumption is about 10 n&/2
and is about equally divided between zooplankton and bacteria
(Menzel, 1975). 1In low oxygen waters, the bacterial fraction can
be Targer and the total respiration rate can be elevated to about
30 pe/2 yr (King et al., 1978). When the oxygen concentration is
on the order of 5 mg-at/m3 or less, heterotrophic bacteria switch
from using oxygen as the terminal electron acceptor in respira-
tion to using nitrate (Devol, 1978). This process is known as
denitrification and through a series of bacterial enzymatic
reactions nitrate is reduced to nitrite, to nitric oxide, to
nitrous oxide and finally to molecular nitrogen (Thauer,
Jungerman and Decker, 1977). In the balance of reactions a small
quantity of nitrite is maintained in the oxygen minimum zone, but
nitrous oxide (Cohen and Gordon, 1978), and apparently nitric
oxide, are not present in significant quantities. In the
eastern tropical North Pacific east of the DOMES area over
10 mg-at/m3 of excess nitrogen are evident in the oxygen minimum
zone (Codispoti and Richards, 1976).

Methods

The purpose of the DOMES chemical study was to document the
mean values and standard deviations of routinely measured chemical
constituents in the deep ocean mining area. To accomplish this
task three central sites were occupied by the R/V Oceanographer
during the summer of 1975 and the winter of 1976 (Fig. 1). At
each site, vertical profiles of nutrients were made about every
3 to 6 hours for two days. Additionally, water samples were
collected for special chemical analysis. A lesser sampling
routine was carried out at stations up to plus and minus 3 degrees
north and south of the site stations. At all stations, pump
casts for continuous sampling of nutrients were made to 200 m and
Niskin bottle samples were collected between the surface and
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1000 m. At the site stations in the winter of 1976 deep water
sampling was carried out with sample depths every 500 m between
1500 m and the bottom (approximately 4000 and 4500 m deep). In
the bottom layer, ten additional samples were taken at each site
station with sampling depths of 10, 20, 60, 100, 130, 200, 250,
300, 350, and 500 m off the bottom.

The vertical pumping system was lowered at a rate of 2 to 5
m/min to 200 m depth and water was continuously pumped to the
shipboard laboratory. A small flow was diverted from the effluent
and fed directly into a Technicon AutoAnalyzer for continuous
analysis of nitrate, nitrite, ammonia, phosphate and silicate. On
most of the pump cast, the pump effluent was fed into a flow-
through fluorometer and an in-line polarographic oxygen sensor to
measure chlorophyll fluorescence and the percent oxygen satura-
tion.

At sites A and B on the winter 1976 cruise, temperature and
salinity were measured with the pump cast by attaching the ship's
CTD to the pump head and lowering the pump and CTD together on
separate cables. The oxygen sensor was calibrated with oxygen
measurements from the pump effluent at the surface and 200 m. No
temperature compensation was applied to the oxygen sensor, which
introduced some error in the measurements where the temperature
change between the mixed layer and thermocline was large. It is
probable that the measured oxygen profiles are smoothed in this
region and that the change in slope of the oxygen profile across
the mixed layer thermocline interface is larger than shown in the
pump profiles.

The vertical resolution of profiles is a function of the
mixing in the pump hose, instrument response time, and the rate
of vertical profiling. At 4 m/min, vertical features, with scales
of 10 m, are attenuated between 20 and 40%. Thus the maximum
observed concentration in a peak with a thickness of 10 m will be
20 to 40% less than its real value. Larger features are attenu-
ated less than 10% (Anderson and Richards, 1977a).

The following chemical methods were used on the DOMES
cruises: Oxygen samples taken from water bottles and from the
pump effluent for sensor calibration were measured by the method
of Carpenter (1965). Nutrient analyses from the pump cast and
water bottles were measured with a Technicon AutoAnalyzer II.
Phosphate was measured by the method of Hager et al. (1968);
nitrate, nitrite, and silicate were measured by the methods in
Armstrong et al. (1967) and ammonia was measured by the method of
Slawyk and MacIsaac (1972). Electron transport activity (ETS) is
a measure of the potential rate of microbial respiration and was
measured on particulate material collected on Gelman type-A glass
fiber filters by the method of Packard (1971). Oxygen respira-
tion, R, was calculated from ETS assuming an R/ETS ratio of 0.43
(King et al., 1978). Adenosine triphosphate (ATP) is the ubi-
quitous cellular energy currently found in all Tiving organisms
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and is typically found in a constant ratio with total cellular
carbon (Holm-Hansen, 1970). Material for ATP analysis was
collected on 0.45-u membrane filters and measured by the method of
Holm-Hansen and Booth (1966). Particulate organic carbon (POC)
and particulate nitrogen (PN) were collected on 0.45-y Selas
Flotronics membrane filters and analyzed according to the method
of Sharp (1974) on a Hewlett-Packard Model 185B CHN Analyzer.
Dissolved organic carbon (DOC) was measured on water filtered
through the silver filters used for the POC analysis. The wet
oxidation method of Menzel and Vaccaro (1964) was used, employing
an Oceanography International Corporation carbon analyzer.

The chemical and biochemical observations made on the DOMES
cruises in 1975 and 1976 are presented in reports by Anderson and
Richards (1977a and b).

Chemical Distributions

In the DOMES area, the dominant temporal and spatial patterns
in the chemical distributions are correlated with patterns in
density and current fields. Specifically, distinct chemical
regimes are evident in the vertically defined layers which
include: the mixed layer, thermocline, oxygen minimum layer
(OML), upper deep water (UDW), North Pacific deep water (NPDW), and
the Pacific bottom water (PBW). Additionally, in the oxygen mini-
mum Tayer the chemical distributions are strongly affected by
horizontal flows at the north and south boundaries of the DOMES
area. In each layer the chemical distributions are generally
smooth and close to linear. At the interfaces between layers the
chemical profiles typically have distinct and often sharp changes
in the vertical gradients. The average values of constituents at
layer interfaces are similar between the site stations and seasons
and in many cases the day-to-day variations are of the same order
as the seasonal and area-wide spatial variations. Thus the major
patterns in the chemical constituents are in the vertical di-
rection and horizontal and temporal variations are small.

Oxygen

Typical vertical profiles of oxygen have well-defined changes
in the gradients at the layer interfaces (Figs. 5 and 6). The
general features of the vertical profiles are summarized by the
concentrations at the layer interfaces given in Table 1. Differ-
ences between seasons are evident but no significant pattern
emerges.

At the top of the mixed layer, oxygen values are within 5% of
saturation and at the bottom of the mixed layer values are about
95% of the surface values. As with all chemical constituents in
the mixed layer, the oxygen profile is smooth and nearly vertical.
Through the thermocline, oxygen decreases in nearly linear
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manner although several profiles show inversions and ste
structures which are persistent for several days (Fig. 6?. These
inversions correspond with inversions and steps in the profiles
of phosphate, nitrate and silicate and with steps in the density
structure (Fig. 7). At the bottom of the thermocline a distinct
change in the oxygen gradient is associated with a change in the
gradients of temperature, salinity and density. The change in
slope is also evident in the profiles of nitrate, phosphate and
silicate and suggests that the bottom of the thermocline is a
well-defined interface between the thermocline and the OML

(Fig. 7). At this interface the lowest oxygens are found at site
C and the highest are found at site A (Table 1). This trend
corresponds with the distance of the site stations from the in-
tense core of low oxygen water in the OML.

OXYGEN
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Fig. 5. Oxygen profile from site B, April,
1976. Layers are indicated by line segments.
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TABLE 1

Oxygen at layer interfaces for site stations in winter and summer
and for all stations. Numbers are mean values and standard devia-
tions in mg-at/m3 and number of data points. N column is values
from all stations normalized to the maximum value

Interface Summer 1975 Winter 1976
and approximate A B C A B C A1l N
depth inm

Surface 393 410 - 412 470 405 418 1.0
(0 m) 43 106 20 41 12 64
2 6 5 6 4 23

Mixed layer/ 377 376 - 397 460 383 399 0.95
thermocline 42 56 77 25 18 53
(50 m) 2 6 5 6 4 23

Thermocline/OML 42 62 - 1 14 0 24 0.06
(120 m) 16 30 1 7 0 27
3 6 4 6 4 23

OML/UDW 32 66 25 74 54 17 45 0.12
(800 m) - - - - - - 23
1 1 1 1 1 1 6

UDW/NPDW - - - 209 199 191 200 0.45
(2000 m) 4 9 5 9
5 4 3 12

NPDW/PDW - - - 358 342 329 343 0.81
(4000 m) 5 3 7 18
35 35 35 105

The low oxygen core in the OML extends along about 15°N as a
tongue from the coast of Central America to well past the
Hawaiian Islands (Fig. 8). The zone is most intense near the
coast where oxygen concentrations are essentially zero and
denitrification is occurring as revealed by a build-up of
nitrite. The denitrification zone is shown as the hatched area
in Fig. 8. The lowest oxygen values in the DOMES area are found
near site C, which has evidence of denitrification. The highest
oxygen values in the core of the OML are found near site A where
oxygen values are above 20 mg-at/m® (Fig. 9). At the bottom of
the OML, about 800 m, oxygen values are about 20 mg-at/m3 at the
east end of the DOMES area and about 50 mg-at/m3 at the west end.

The oxygen profile is essentially linear in each layer below
the OML (Fig. 5). The UDW and NPDW have no consistent horizontal
oxygen gradients but at the interface between the NPDW and PBW
oxygen decreases to the northeast (Table 1).
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Nitrate

The distribution of nitrate is strongly coupled to the physi-
cal regime and, as with oxygen, distinct breaks in the profiles
are evident at layer interfaces (Fig. 10), but no obvious temporal
patterns are evident.

The mixed layer nitrate concentration is typically less than
1 mg-at/m3 (Fig. 6) and generally increases to the south (Fig.
11). This pattern is common to phosphate and silicate also.

In the thermocline nitrate increases with depth and typically
the profile is linear, as at station A, or concave, as at station
C (Fig. 6). Rarely are thermocline profiles convex upwards in
the DOMES area. The concave profiles are generally associated
with Tow nitrate concentrations in the mixed layer while linear or
convex profiles are associated with higher nitrate concentrations
in the mixed layer. At the bottom of the thermocline nitrate
values are highest at site A and lowest at site C (Table 2).

NITRATE
(mg-at/m3) 50
0 1 1 1 1 )

N - s

DEPTH (km)

5 - [)

Fig. 10. Nitrate profile from site B, April,
1976.
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TABLE 2

Nitrate at layer interfaces for site stations in winter and summer
and for all stations. Numbers are mean values and standard devia-
tions in mg-at/m3 and number of data points. N column is values
from all stations normalized to maximum value

Interface Summer 1975 Winter 1976
and approximate A B C A B C A1l N
depth inm

Surface 0 0.7 0.2 2.0 0.6 0.2 0.8 .02
(0 m) 0 0.5 0.2 0.4 0.1 0.2 1.1
4. 8 6 10 7 6 57
Mixed layer/ 13 2.4 0.5 2.5 0.9 0.5 1.4 .03
thermocline .15 1.6 0.4 0.5 0.2 0.4 1.4
(50 m) 4 7 6 10 7 6 58
Thermocline/ 37.8 35.6 33.6 37.5 36.9 33.6 34.9 .78
oML 2.7 1.2 0.5 0.7 1.7 0.5 3.0
(120 m) 4 7 6 10 7 6 59
OML/UDW 47.4 44.4 41.4 44.3 46.9 45.4 44.5 1.0
(800 m) - - - 2.8
1 1 1 1 1 1 27
UDW/NPDW 40.9 40.3 41.9 41.0 .92
(2000 m) 0.3 0.9 0.5 0.8
4 3 2 9
NPDW/PBW 35.8 36.5 36.7 36.3 .82
(4000 m) 0.4 1.4 0.7 0.5

35 35 35 105

Nitrate increases gradually through the OML except near site
C where a local minimum is evident between 150 and about 400 m
(Figs. 6 and 11). Outside of the extremely low oxygen region high
nitrate values are associated with Tow oxygen values. This
correspondence results in a horizontal nitrate maximum associated
with the core of the oxygen minimum for the waters west of site C.

The Tocal nitrate minimum at site C (25 mg-at/m3) is about
10 mg-at/m3 less than waters of the same density but with
slightly higher oxygen content. This nitrate deficit is formed
by denitrification.

The vertical nitrate maximum is between 800 to 1000 m, which
is near the interface between the OML and the UDW (Fig. 10). No
significant horizontal or seasonal variations occur at this maxi-
mum or below it (Table 2). Below the maximum, nitrate decreases
in a linear manner to the PBW where no significant vertical or
horizontal gradients are evident.
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Nitrite and Ammonia

Nitrite and ammonia are essentially zero in the mixed layer
although traces of ammonia are occasionally observed in one
profile and absent from another made several hours later at the
same location.

In 19 out of 28 ammonia profiles, made during the DOMES pro-
ject, a well-defined ammonia peak was observed near the top of
the thermocline (Fig. 6). On the average, the depth of maximum
concentration was 4 + 12 m below the mixed layer-thermocline
jnterface, but in some profiles the peak was in the mixed layer.
No persistent diurnal pattern was evident in the peaks (Fig. 12),
and the average maximum concentration was 0.31 + 0.34 mg-at/m3
as determined from 28 profiles.

A distinct nitrite peak was evident near the middle of the
thermocline in all profiles taken in the DOMES area (Fig. 6).

The peak has no apparent diurnal pattern (Fig. 12), and the
average maximum concentration from 51 profiles is 0.4 + 0.28
mg-at/m3.

1.0

NH%
NO3

T T T T T T T T v

PR NN NN TR Yol N SR AN W NN SN B |

L 1 1 1 1 Nl 1 1 1
12 24 12 24 12 24 o] 12 24 12 24 12
LOCAL TIME (hr) LOCAL TIME (hr)

N
>

Fig. 12. The maximum ammonia and nitrite concentrations in mg-at/
m3 in the thermocline peaks as a function of local sun time, for
sites A, B and C. Observations taken in Aug., Sept., and Oct.,
1975 are designated I, and observations taken in Feb., March,

and April, 1976 are designated II.
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In the thermocline nitrate, nitrite and ammonia profiles are
related. The most striking relationship is between nitrite and
ammonia, where the maximum nitrite concentration is located near
the bottom of the ammonia peak, where the ammonia concentration
approaches zero (Fig. 6). This relationship is persistent and
for an average of 24 profiles, covering the DOMES area in summer
and winter seasons, the depth of the nitrite maximum is 1.4 + 2.8
m above the lower boundary of the ammonia peak. The top of the
nitrite peak is coupled to the mixed layer-thermocline interface
and the kink in the nitrate profile near the top of the thermo-
cline. A majority of the time, the three features almost
coincide but when the kink in the nitrate profile is below the
mixed layer-thermocline interface so is the top of the nitrite
peak (see Fig. 6a and b).

Below the thermocline ammonia values were below the Timit of
detection (~0.1 mg-at/m3). According to sensitive measurements by
Wada and Hattori (1972), the deep water nitrite concentration is
on the order of 0.03 mg-at/m3. The exception is near site C where
nitrite concentrations of up to 2.6 mg-at/m3 were observed in the
core of the OML (Fig. 6¢c). These high nitrite values coincide
with a Tocal nitrate minimum (25 mg-at/m3) and oxygen values less
than 5 mg-at/m3 (Figs. 9 and 11).

Phosphate
The phosphate distribution is similar to the nitrate distri-

bution except that no minimum occurs in the extreme low oxygen
water near site C. In the mixed layer highest concentrations are
in the south. Maximum concentrations are between 800 and 1000 m
and below this level phosphate decreases linearly to the PBW in
which no vertical or horizontal phosphate gradients are evident
(see Figs. 7, 13 and Table 3).

Silicate

The distribution of silicate is similar to the phosphate dis-
tribution except that the maximum concentration is at about 3000
m, which is in the middle of the NPDW. In the PBW vertical
gradients are essentially zero but silicate increases to the
northeast (see Figs. 7, 14 and Table 4).

ETS

ETS activities are highest in the mixed layer and decrease
through the thermocline. On the average, activities in the mixed
layer were 50% higher in the summer of 1975 than in the winter of
1976. In deeper layers no seasonal variations were evident. The
activity decreases exponentially in the upper 100 m of the OML.
Below the OML ETS activity is essentially uniform (Table 5).

ATP
T The distribution of ATP is similar to the ETS distribution,
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TABLE 3

Phosphate at layer interfaces for site stations in winter and summer
and for all stations. Numbers are mean values and standard devia-
tions in mg-at/m3 and number of data points. N column is values
from all stations normalized to maximum value

Interface Summer 1975 Winter 1976
and approximate A B C A B C A1l N
depth inm

Surface 0.11 0.17 0.10 0.13 0.07 0.02 0.12 .04
(0 m) 0.06 0.08 0.03 0.03 0.01 0.01 0.08

5 8 4 10 7 6 60
Mixed layer/ 0.15 0.22 0.15 0.17 0.11 0.04 0.14 .05
thermocline 0.07 0.08 0.04 0.05 0.02 0.01 0.09
(50 m) 5 8 4 10 7 6 60
Thermocline/OML 2.58 2.56 2.69 2.45 2.42 2.43 2.51 0.81
(120 m) 0.03 0.08 0.08 0.03 0.04 0.08 0.15

5 8 3 10 7 6 61
OML/UDW 3.11 3.13 2.97 2.98 2.93 2.96 3.09 1.0
(800 m) - - - - - - 0.13

1 1 1 1 1 1 28
UDW/NPDW 2.46 2.45 2.56 2.49 0.8]
(2000 m) 0.09 0.13 0.03 0.06

5 4 4 13
NPDW/PBW 2.11  2.11  2.18 2.13 .69
(4000 m) 0.05 0.03 0.04 0.04
35 35 35 105

with the major change occurring in the upper few hundred meters
of the water column (Table 5). Mixed layer values are Tower than
in Southern California coastal waters east of the DOMES area.
Typically, ATP concentrations in the coastal waters are between
100 and 300 ng/% (Holm-Hansen, 1969), while mixed layer ATP values
in the DOMES area average 62 ng/%.

POC, PN, DOC

The distributions of particulate organic carbon, particulate
nitrogen and dissolved organic carbon have maximum concentrations
in the mixed layer and decrease through the thermocline and upper
100 m of the OML. Below the OML the concentrations are
essentially uniform throughout the water column (Table 5).

In general, the POC, PN, and DOC values in the DOMES area are
similar to values observed in other parts of the oceans. For DOC
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TABLE 4

Silicate at layer interfaces and in middle of NPDW layer for site
stations in winter and summer and for all stations. Numbers are
mean values and standard deviations in mg-at/m3 and number data
points. N column is values from all stations normalized to maximum
value

Interface Summer 1975 Winter 1976
and approximate A B C A B C A1l N
depth inm

Surface 0.7 2.4 0.7 3.1 2.0 2.6 2.2 0.01
(0 m) 1.0 0.7 0.6 1.1 0.3 0.3 1.3
5 6 4 10 7 6 56
Mixed layer/ 1.4 4.5 1.4 3.3 2.6 2.6 2.8 0.02
thermocline 1.1 1.1 1.1 1.0 0.3 0.3 1.4
(50 m) 5 7 4 10 7 6 57
Thermocline/OML 27.3 28.9 32.9 32.0 31.4 29.5 30.0 0.19
(120 m) 1.6 1.4 2.5 1.5 2.2 3.1 2.6
5 8 3 10 7 6 58
OML /UDW 76.8 80.2 84.3 83.8 92.7 81.4 83.4 0.53
(800 m) - - - - - - 6.5
1 1 1 1 1 1 28
UDW/NPDW 146.6 147.9 148.2 147.6 0.94
(2000 m) 8.7 3.2 2.7 6.8
5 4 4 13
Middle of NPDW 157.0 157.5 157.0 157.2 1.00
(3000 m) 11.8 3.2 2.5 8.8
3 3 2 8
NPDW/PBW 137.5 144.0 147.2. 142.9 0.91
(4000 m) 4.4 2.0 2.1 4.9
35 35 35 105

the observed range of 0.5 to 1.5 mg/% is within the range reported
for other regions of the Pacific and Atlantic (Holm-Hansen et al.,
1966; Sharp, 1974; Menzel and Ryther, 1968 and 1970). The

range of POC is similar to the ranges observed by Wangersky (1976)
along 150°W, which is in the DOMES area, and Gordon (1971) near
Hawaii. Wangersky reported a mixed layer range of 20 to 34 ug/2
and a thermocline range of 12 to 19 ug/%. Gordon reported sur-
face water values between 5 and 35 ug/%. For PN, Gordon reported
an average surface water value of 2 ug/% and a range of 0.1 to

3.5 ug/% over the water column.
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TABLE 5

Biochemical properties through the water column. Mean values, x,
are averaged over both summer and winter cruises, s is standard
deviation and n is number of samples. The bottom of the thermo-
cline is taken as the 26 to 26.5 sigma-t interval

mg-at  ng g g ug
m 2 2 2 2
ETS ATP DOC POC PN
Mixed X 0.47 62 1.03 23 3.3
layer s 0.33 42 0.23 16 1.7
n 100 63 117 95 106
Bottom of x 0.08 39 0.83 14.2 1.8
thermocline s 0.07 44 0.22 7.6 1.2
n 40 37 43 53 51
Middle of X 0.05° 14 0.73 10.0 1.2
OML s 0.03 8 0.24 3.5 0.7
(400+50 m) n 90 40 29 24 24
- *
OML/UDW x 0.02 6 0.68 7.6 1.1
(800 m) s 0.02 3 0.22 3.4 0.7
n 30 30 24 20 20
UDW/NPDW X 0.004 3 0.55 6.7 0.56
(2000 m) s 0.004 2 0.12 3.6 0.27
n 8 8 8 12 12
PBW x 0.002 3 0.70 8 0.72
(bottom s 0.001 2 0.23 4 0.62
500 m) n 35 35 35 35 35

*
Values are uncertain and possibly high

Discussion

In general the vertical distributions of chemical constitu-
ents have simple shapes within the layers defined by T-S charac-
teristics. At the interfaces between layers the profiles have
distinct changes in slope. Horizontal variations in the distri-
butions are Tess distinct and are generally of the same order as
the seasonal variations, so in most cases both seasonal and hori-
zontal patterns are small compared to the well-defined vertical
patterns.

To investigate the controlling processes we will define the
distribution of a chemical constituent S in terms of a balance
of mixing and net in situ reactions as
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aS _ , 2a%S 32s 32s 3S 3S Ky 3S
st - Ktz tR e Ut vyt W) 7R

where u, v and w are velocities in the x, y and z directions. Ky
and K are horizontal and vertical diffusion coefficients and R

is the rate of in situ reaction and is positive for net production
of S and negative for net consumption.

To investigate the processes controlling the shapes of the
profiles the dominant terms in (1) will be considered for a
particular layer. To investigate the flux and concentration at
the interfaces between layers equations for the layers will be
coupled by concentration and flux requirements. The analysis will
proceed first with the oxygen distribution. Nitrate and phosphate
will be considered together and the silicate distribution will be
considered separately. Processes controlling the peaks of
nitrite and ammonia in the thermocline will be discussed briefly.

Oxygen
We begin by considering oxygen in the mixed layer. Typical

distributions for the DOMES area (Fig. 6) show nearly linear
profiles with slight increases in slope near the bottom of the
mixed layer. To explain this shape we will assume the distribu-
tion is at steady state and mixing and reactions are uniform
throughout the mixed layer. The main features are in the vertical
direction and thus the significant processes are vertical dif-
fusion and reaction, so equation (1) reduces to

32§ _
KEZ'+R‘O (2)
which has the solution
S(z) =$(0) + Cz - RE%/2K 0 <z<1y (3)

where S(0) and C are the oxygen concentration and gradient at the
sea surface and Z; is the depth at the bottom of the mixed layer.
The shape of S(z) is nearly linear near z = 0 and as z approaches
2y the profile changes as a function of z. These characteristics
are qualitatively the same as are observed in the oxygen profiles
in the mixed layer and if the concentrations at the top and
bottom of the layer are given, then the mixed layer profile in
Fig. 15 is fit with R/K = 0.028. Supplying the boundary condi-
tions S(0) and S(Z;) and the center point concentration S(Z,/2)
equation (3) can be rearranged to give the reaction-diffusion
ratio as

R/K = - 4[S(0) - 2 S(Z1/2) + S(21)1/2} (4)

At the surface the oxygen concentration S(0) is controlled
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Fig. 15. Fit of model to pump profile of
oxygen and nitrate from site B, April,
1976. Profile in (¢) model fit in (—).
Units are mg-at/m3.

by the exchange across the air-sea interface and in the DOMES area
S(0) is within + 5% of the saturation value. From equation (3)
the concentration at the bottom of the mixed layer is

$(Z1) = S(0) + S'(Z1)Z; + RZ3/2K, (5)

where S'(Z;) is the gradient at the bottom of the mixed layer.

The reaction term R is positive with photosynthesis, so increasing
R increases the concentration at the bottom of the mixed layer.

To determine the factors that control S'(Z;) we can define an
equation for the thermocline and couple this to the mixed layer
equation.

In the thermocline a scaling of equation (1) suggests that
vertical advection, diffusion and reaction are all potentially of
the same order of magnitude while horizontal terms are less im-
portant. Observations indicate the oxygen distribution in the
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thermocline is relatively stable, so assuming a steady state,
equation (1) for the thermocline reduces to
2

KIS -w L +R(2) =0 (6)
where w* = w - 3K/3z is the combined vertical transport resulting
from vertical velocity and a depth variable diffusion coefficient.
The reaction term is the difference between photosynthesis and
respiration and if the distribution of all respiring organisms
follows the distribution of phytoplankton or if the effects of
phytoplankton are dominant, then R is expected to decrease with
depth as Tight intensity decreases. Upwelling w is expected to
decrease towards the top of the thermocline while 3K/3Z is ex-
pected to increase, as K decreases in response to an increasing
density gradient towards the top of the thermocline. The net flux
from upwelling and the changing diffusion coefficient are both up-
wards and as one increases with depth the other decreases. Thus,
qualitatively, there are grounds for assuming w* is approximately
constant through the thermocline and the solution of (7) with
R(z) = Rye~Z is

S(z) = Cp + Cpe?Z - C3eP2 0<z<1, (7)
where R
a = W*/K, and C3 = mgm

The depth coordinate is relative, with z = 0 being the top of the
thermocline, and Z, the bottom, Rp is the net reaction rate at the

top of the thermocline and b describes the exponential decrease in
R. The constants C; and C, control the concentrations at the top
and bottom of the thermocline.

The shape of the profile from (7) can assume concave or con-
vex forms. Convex upward profiles result when upwelling (w < 0)
or respiration (R < 0) dominate. Concave downward profiles result
when photosynthesis (R > 0) or downwelling (w > 0) dominate the
equation. A Tlinear profile suggests that vertical diffusion is
the dominant process controlling the distribution of S. If photo-
synthesis is large at the top of the profile and upwelling is
large at the bottom, then the profile can assume a concave shape
at the top and a convex shape at the bottom of the thermocline.

Observations suggest that linear or concave downward profiles
are most typical in the DOMES area (Fig. 6). These types of
profiles can be fit with the parameters K = 1 m?/d, w = - 1 m/y,
RO = 0.1 mg-at/m3d corresponding to a net primary productivity of

about 30 mg_C/mzd and b = 0.03 m~! corresponding to a 90% change
in R over the thermocline.
We can further reduce the thermocline equation by
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eliminating the features of equation (7) that the profile is least
sensitive to as measured by the concentration at the center of the
thermocline, S(Z,/2). If w* is made vanishing small and the rest
of the parameters are retained, then S(Z,/2) changes by only 5%.
Thus, to a good first order approximation upwelling can be elimi-
nated from the thermocline equation. The effect of the exponen-
tial rate term also has a small effect on the profile and if the
exponential rate term is replaced by a depth constant term, which
is the depth integrated average of the exponential rate expression
such that R = 0.39 RO’ then S(Z,/2) remains unchanged. Thus a

good first order approximation of the essential thermocline
balance can be expressed with a reaction-diffusion equation of the
type given by (2) with the solution given by equation (3) where
the reaction term R is the depth averaged net rate.

The thermocline oxygen profile in Fig. 15 is fit using R/K =
0.014 obtained from equation (4).

The mixed Tayer and thermocline can be coupled using equation
(3) for each layer requiring concentration and flux continuity at
the interface, so

S1(1) = 5,000 and Ky $53{Z1) - i, 952(0) (8)

where the subscripts 1 and 2 refer to the mixed layer and thermo-
cline parameters.

The oxygen gradient at the top of the thermocline can be
expressed

C, = [S3(0) - S1(0)]/H - ©1/H + 0y/H (9)

where $;(0) is the concentration at the air-sea interface, S3(0)
is the concentration at the thermocline-OML interface,

o, = RyZ2/2K; with i = 1,2 and H = Z, + Z1Ka/K

From the flux continuity given by equation (8) we can write
S'(Z1) = C,Ky/K; and equation (5) for the oxygen concentration at
the mixed layer-thermocline interface becomes

$1(Zy) = $1(0) + Ay[S3(0) - S1(0)] + Ajep + 01(1-A1) (10)

where A; = (KpZ1/K1Z2)/(1 + K2Z1/K1Z5). The 6; terms in equation

(10) can be obtained from oxygen profiles using equation (4) and
Z,. By rearranging equation (10), A; is given as

_S1(Z1) - S5(0) -
Ao 53(6§’E)sl(o% -)91 3192 (1)



DOMES NUTRIENT CHEMISTRY 141

For the oxygen profile given in Fig. 15 ©; = 50 and 6> = 29 and
A;= 0.20, so the numerical expression of equation (10) showing the
contributions to the oxygen concentration at the mixed layer-
thermocline interface is

S1(Zy) = 384 = 418 - 79 + 6 + 40

The oxygen concentration at the air-sea interface (+ 418) sets the
general concentration of S;(Z;) and the flux of oxygen into the
thermocline (- 79) decreases its concentration in proportion to
the ratio of the diffusion coefficients in the layers. Photo-
synthesis in the mixed layer (+ 40) has about half the effect of
the flux and reactions within the thermocline (+ 6) have a small
effect on the oxygen concentration at the interface.

The oxygen concentration at the thermocline-OML will be
investigated by coupling the thermocline form of equation (3) to
a reaction-diffusion equation describing the vertical distribu-
tion of oxygen in the OML.

Wyrtki (1962) suggested that advection is weak or absent
within an oxygen minimum layer and in the DOMES area this
situation appears to occur with the core of the Tow oxygen water
lying within a shear zone of zero or weak currents. Currents
can cause deformations of the shape of the core, but the intensity
and basic shape is dependent on the distribution of respiration -
in the core and the shape of the boundary conditions, which are
presumably maintained by circulation at the edges of the core.

In the DOMES area the thermocline limits the diffusion of
atmospheric oxygen into the OML and is a significant boundary to
the layer. The lower boundary concentration at the OML-UDW inter-
face is presumably fixed by the circulation, which also maintains
the Antarctic salinity minimum. The zonal flows near 10 and 20°N
establish the horizontal boundaries with oxygen concentrations of
about 90 mg-at/m3(1 mse/2).

The distribution of respiration in the OML decreases with
depth in an approximate exponential manner (King et al., 1978).
The rate is.1ikely to decrease to the east in response to a
decrease in primary productivity away from the coast of Central
America as observed by Owens and Zeitzschel (1970).

To investigate how the boundary conditions and respiration
distribution might interact to produce the distribution of oxy-
gen in the OML, we will separate the vertical and horizontal
regimes and investigate separately the balance of vertical ad-
vection and diffusion with respiration, and the balance between
horizontal diffusion and respiration.

The justification for the separation of the equation was
discussed by Wyrtki (1962). He suggested that a location in an
oxygen minimum layer can be selected where horizontal effects are
minimum and thus the vertical distribution can be described in
terms of a balance between vertical fluxes and the vertical
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distribution of respiration. In a similar manner the condition
for the application is d2S(x,y)/dx2 + d2S(x,y)/dy? -~ 0, which is
approached at the center of the tongue-like core of the OML at 15°
N. The horizontal distribution can be described in terms of a
balance of horizontal diffusion and respiration. The condition
for the application is d2S(z)/dz2 » 0, which occurs at the verti-
cal minimun of the OML, at about 400 m.

The vertical distribution of oxygen will be defined by equa-
tion (7) with the solution given by equation (8) where the top of
the OML is z = 0 and the bottom is z = ZQ‘ To investigate the
dominant parameter we begin with K = 6 m%/d (0.7 cm?/s) and
w = 0.02 m/d (6 m/y), in accordance with studies by Wyrtki
(1962), Munk (1966) and King et al. (1978), b = 3.5 x 10-3m~1, as
obtained from ETS data of King et al. (1978); and Ry = - 0.013 mg-

at/m3d. With observed boundary conditions S3(0) = 25 and S5(Z3) =
40 mg-at/m3, the resulting profile has a minimum value of 6 mg-at/
m3 at a depth of 210 m. This is within the range of the observed
profiles which have minimums between O and 20 mg-at/m3 at depths
of between 200 and 400 m. If the advection and diffusion para-
meters are of the right order, then because we expect the vertical
model to account for only a portion of the flux into the OML, with
horizontal flux accounting for the rest, the respiration rate
needed to balance the vertical flux should be less than the ob-
served rate that balances both vertical and horizontal fluxes.

The rate given by R0 is less than 30% of that observed by King et

al. (1978), thus on a first order basis we expect that the verti-
cal flux should be less than 30% of the total flux into the OML.

If the vertical velocity is made vanishing small and respira-
tion rate is set constant with depth, while still retaining the
same depth integrated rate, then a minimum concentration of 3.5
mg-at/m3 occurs at a relative depth of 280 m (Fig. 16). Thus the
principal features of the vertical profile are insensitive to
vertical advection or the manner in which the respiration term
changes with depth and the basic oxygen profile can be described
in terms of a reaction-diffusion balance, given by equation (3),
where the rate term is the average rate over the layer. With this
equation the profile has a mid-depth minimum and the gradient of
the profile increases with depth. With S(Z3/2) = 3.5 equation (4)
gives R/K = - 5 x 10~"mg-at/m>d for the profile in Fig. 16.

To determine what processes are important in controlling oxy-
gen at the thermocline-OML interface we can couple the two layers
in the same manner that the mixed layer and thermocline layers
were coupled. The thermocline-OML interface concentration, S;(0),
can be expressed in terms of the air-sea interface concentration
S;(0) and the OML-UDW interface concentration, S,(0), by combining
mixed layer-thermocline and thermocline OML forms of equation (10)
to give
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5(0) = (1-A1)(Q AZ}ISJ§0}+Q_1 1+Al,(1 A2)er , Az03 + AZSQ(O)
B

(12)

where B = 1 - A;(1-A,). For the oxygen profiles given by Figs.
15 and 16 0; = 50, 0, = 29, 03 = -122 A; = 0.20 and A, = 0.78.
Taking boundary conditions S;(0) = 418 and S4(0) = 40, then the
numerical expression of the contributions to S3(0) is

S3(0) =25 =84 +8 - 100 + 33

This calculation suggests that S3(0)(+25) is principally es-
tablished by a balance between respiration in the OML (-100) and
the flux of oxygen from the mixed layer via the thermocline (+84).
The oxygen flux at the bottom of the OML (+33) is of secondary im-
portance. Additionally, photosynthesis in the thermocline (+8) is
insignificant in controlling the concentration at the thermocline-
OML interface.
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Fig. 16. Oxygen profile from site B, April,
1976 shown in (e). Line is model fit using
equation (3).
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To investigate the horizontal distribution of oxygen in the
OML we define a balance between horizontal diffusion and respira-
tion so

325 | 33%S|_ -ax
Kh[SYZ ' ay'f} Re (13)

The horizontal plane is taken along a density surface within the
core of the OML, with x positive north and y positive west. The
term, RO, is the respiration rate at the east end of the OML,

which is the coast of Central America and, a, describes the res-
piration decrease to the west. Boundary conditions are set at 10
and 20°N in accordance with the locations of the subsurface zonal
flows. We assume the sediments on the Central American shelf have
negligible respiration and that the western side of the ocean does
not affect the distribution in the central and eastern Pacific.
These boundary conditions are expressed

S(x,0) = S(x,Y) = S(»,y) = Sg = 90 mg-at/m3

and
ds(0,y)/dx = 0

where x = 0, y = 0 is the southeast corner of the layer (approxi-
mately 10°N, 90°W) and x = 0, y = Y is the northeast corner of the
layer (approximately 20°N and 90°W)(see Fig. 17). Equation (13)
is nondimensionalized with S' = (Sp - S)/Sg, x' = x/Y, and y' =
y/Y, where Y = 10° lat is the distance between zonal flows. The
solution of the nondimensional form of equation (13) is

—-ax"'
$e _ cosay' + cosa(y'-1)
o? (1 1 + cosa )
1 - cos i 'o- ! 14
+ 2a¢ 2] { nzig(ngzl 51223”1 e ™ (14)
n:

where o = aY¥Y and ¢ = - YZRO/SOKh is the ratio of horizontal diff-

usion and reaction time scales.

A representative distribution of S is shown in Fig. 17 along
with the oxygen distribution on the 125 c1/t isanosteric surface,
which is approximately the core of the OML. The hatched area in
the model distribution has negative oxygen values averaging 0.1
me/% (9 mg-at/m3). The negative concentration reaches 0.2 me/2
(18 mg-at/m3) at the coast. The hatched area in the observed dis-
tribution map is a region of denitrification, with near zero oxy-
gen concentration and about 1 mg-at/m3 of nitrite. A representa-
tive nitrate deficit in the hatched area is 10 mg-at/m3
(Codispoti and Richards, 1976) and is equivalent to a negative
oxygen concentration of 25 mg-at/m3.

S'(x'sy")
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Fig. 17. Oxygen distribution (me/2) along the

125 ce/ton density surface, which is the core

of the oxygen minimum zone. Upper figure is
predicted from equation (14). Lower figure is
observed distribution (From Reid, 1965). Hatched
area indicates anaerobic space.

The distribution of S or S' according to equation (14) is
dependent on o« and ¢ . For Fig. 17 o« = 0.1 and ¢ = 10 and the
corresponding dimensional parameters are Y = 10°m, K = 8.6 x 107

m2/d (107cm?/s), Ry = - 0.007 mg-at/m3d (30 ue/2 y), Sp = 90 mg-

t/m3 (1 me/2) and a = 107%m™ 1, which gives a 1% decrease in R for
every degree longitude away from the coast. The diffusion co-
efficient is within the range used in other studies of oceanic
distributions while the respiration rate R0 is slightly Tower
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than the respiration rate at 400 m as inferred from ETS by King
et al. (1978).

Equation (14) suggests that the distribution of S' down the
axis of the core (15°N) follows the zonal distribution of respira-
tion as described by o. Thus the zonal gradient of respiration
as controlled by surface layer primary productivity might control
the zonal oxygen gradient. Equation (14) also indicates that the
size and intensity of the region of negative oxygen has a one tc
one correspondence with ¢. Thus, an increase in ¢ by a factor of
2 will increase the maximum negative concentration by 2 and will
cause the westward extent of the region to increase by 2.

These models on the vertical and horizontal distribution of
oxygen show that with typical values for diffusion and respiration
the OML will contain a substantial reagion of denitrification.
Important in maintaining the region are, first, the sharp thermo-
cline, which Timits the diffusion of oxygen to possibly 30% of
the total flux into the layer, and, second, the absence of signi-
ficant currents. In the DOMES area the geostrophic currents
suggest the core of the OML has zero or weak currents associated
with a shear zone in the horizontal and possibly vertical direc-
tions.

Below the OML the oxygen profile has three nearly linear seg-
ments corresponding with the UDY layer (800 to 2000 m), the NPDW
layer (2000 to 4000 m) and the PBIl layer (4000 m to bottom at
about 4500 m) (Fig. 5). It is difficult to establish a simple
balance for the profile because the terms in equation (1) may be
of equal importance in the DOMES area. The problem is not un-
tenable though and in a qualitative manner several features of
the deep water balance can be postulated. The most important
and well-defined feature of the deep water is the northeastward
current in the PBW, which has its origins in the Antarctic surface
water. This flow maintains a well-mixed high oxygen regime with-
in about 500 m of the bottom. Because the North Pacific has no
deep water outflow passage, the return flow, driven by the PBY,
must rise vertically in the high Tatitudes of the North Pacific
and return to the South Pacific probably through the NPDW. In
this scenario then, in the DOMES area, the NPDW layer has a south-
ward flow and no vertical velocity. The distribution of tempera-
ture and salinity in the NPDW layer have convex upward curvature
suggesting that upwelling is important in establishing the profile.
Oxygen in the same layer is essentially linear suggesting a
balance between upwelling, vertical diffusion and respiration
(Wyrtki, 1962; Munk, 1966; Craig, 1971). These profiles can be
reconciled with the assumed circulation pattern if the form of
the vertical profiles is produced in the high latitudes of the
North Pacific and is transported south intact in the NPDW Tlayer.
This assumes that a profile can acquire its vertical shape in one
region and this shape can be transported into another region with
horizontal currents.
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In the UDW the temperature and salinity profiles are convex
upward and the oxygen profile is linear or concave down. King
et al. (1978) were able to show these forms can be produced in a
balance between vertical advection, diffusion and respiration in
the UDW of the eastern tropical North Pacific. As assumed for the
NPDW layer, the features may have been produced in higher lati-
tudes and through horizontal diffusion or currents essentially
transported to the equatorial region. It is also possible that a
significant vertical velocity component exists in the UDW in the
equatorial Pacific.

Nitrate and Phosphate

In general, the nitrate and phosphate distributions in the
DOMES area are mostly inverse to the oxygen distribution because
nutrient uptake in photosynthesis is accompanied by oxygen pro-
duction and nutrient regeneration in respiration and nitrifi-
cation is accompanied by oxygen consumption.

In the mixed layer the distribution of nutrients can be
described with the reaction-diffusion balance given by equation
(2). Because nutrients are in an ionic form no significant flux
occurs across the air-sea interface, so C = 0, and the vertical
profile of nutrient S in the mixed layer is given by

S(z) = S(0) - Rz2/2K 0<z<1 (15)

The shape of the profile is dependent on RZZ/ZK and with uptake
exceeding regeneration, R < 0 and the concentration increases
with the square of the depth. A fit of equation (15) to nitrate
in the mixed layer is shown in Fig. 15.

In the thermocline the nutrient profiles respond to advection
and diffusion in the same manner as does oxygen, so the essential
features of the nutrient profile can be described in terms of a
reaction-diffusion balance described by equation (3) with the
thermocline depth interval defined z = 0 to z = Z, and R being
the average net reaction rate of the nutrient over the thermo-
cline. A fit of equation (3) to nitrate in the thermocline is
shown in Fig. 15.

The concentration of a nutrient at the mixed layer-thermo-
cline interface can be expressed with equations (10) and (15) to
give

S1(Z;) = S3(0) + 20,(1/A4-1) + o, (16)

where the first term is the concentration at the interface with-
out reactions in the thermocline and mixed layer, the second term
is the contribution of mixed layer reactions to the interface con-
centration and the third term is the contribution of thermocline
reactions.
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As was done for oxygen, using equation (11), A; can be esti-
mated by arranging (16) to give

Ay = 201/[S1(Z1) - S3(0) + 201 - 0,] (17)

For nitrate at station B (Fig. 15) o; = - 0.61, 0, = -23.4,
S;(0) = 0.9, and S3(0) = 35.5 giving A; = 0.98. This estimate of
A; is a factor of 2 smaller than A; estimated from oxygen using
equation (11). With the smaller value the conclusions about
processes controlling oxygen at the interfaces are unchanged.

The nitrate concentration at the mixed Tayer-thermocline
interface given by equation (16) can now be expressed numerically
as

S1(Z1) = 0.9 = 35.5 - 11.2 - 23.4

This suggests that S;(Z;) is controlled by diffusion across the
thermocline (+35.5) and reactions within the mixed layer and
thermocline, where the thermocline reaction (-23.4) dominates
over the mixed layer reaction (-11.2) in Fig. 15.

The concentration of a nutrient at the thermocline-OML inter-
face can be expressed by using equations (15) and (16) in equation
(12) giving

S3(0) = 2(1-A;)(1-Az)e1/A1A, + 2(1-A2)02/A1 + 05 + S4(0) (18)

The first term is the contribution from uptake in the mixed layer,
the second term is the contribution from uptake in the thermo-
cline, the third term is the contribution from regeneration in
the OML and the fourth term is the contribution from the concen-
tration at the OML-UDW interface.

For nitrate at station B, 6, = 3, SH(O) = 46.9 and the numer-
ical expression of equation (18) is

S3(0) =35==-3-12+ 3+ 47

This suggests that at thermocline uptake (-12) is the most impor-
tant negative contribution and regeneration in the OML (+3) ac-
counts for about 10% of the input. The concentration at the OML-
UDW interface is the dominant term (+47) and is the maximum con-
centration in the water column. Thus vertical diffusion away
from the OML-UDW interface must be balanced by horizontal advec-
tion and diffusion along the interface. This conclusion is sup-
ported with the observation that the interface is also associated
with a salinity minimum that can be traced along density surfaces
to the surface waters of the Antarctic.

A similar analysis for phosphate indicates it is controlled
by the same processes controlling nitrate in the upper layers.

Below the thermocline the phosphate and nitrate profiles are
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essentially linear in each layer and at the layer interfaces the
profiles change slope (Figs. 7, 13, 14). A local nitrate minimum
occurs at site C as a result of nitrate uptake by denitrification.
The maximum nitrate and phosphate concentrations lie between 800
and 1000 m and are typically about 100 m below the salinity mini-
mum demarking the interface between the OML and UDW.

The position of the nutrient maximum is due to the super-
position of two chemically indistinguishable but distinct nutrient
fields--the oxidative nutrient field and the preformed nutrient
field. The oxidative nutrient is produced in respiration and is
related to the apparent oxygen utilization (AOU) by a fixed ratio,
known as the oxidative ratio AS/AAOU where AAOU is a unit amount
of oxygen consumed in the water since it left the surface and
AS is a unit release of nutrient for the unit consumption of
oxygen. The surface oxygen value is calculated from the satura-
tion value as determined by the temperature and salinity of the
water sample. The preformed nutrient is the amount in oxygen
saturated water at the surface and is independent of respiration.
In this manner it is a conservative property like salinity. The
observed nutrient is related to the preformed nutrient and AOU
according to the relation

AS

pre + A—A—G—U—AOU (]9)

S=S

The oxidative ratio AS/AAOU is essentially constant throughout the
oceans and AOU increases when oxygen decreases. Thus the oxida-
tive nutrient has a minimum at the surface and a maximum in the
oxygen minimum, about 400 m. Between 400 m and the bottom it de-
creases with depth following the oxygen distribution in a reverse
manner.

The vertical profiles of the preformed nutrients in the DOMES
area increase with depth and are connected to a poleward increase
in the surface concentration of preformed nutrients. The mechan-
ism required to connect the two preformed distributions is mixing
along density surfaces which are continuous between the surface in
high latitudes and depth in low latitudes (Redfield et al., 1963).
The superposition of the depth increasing preformed nutrient and
depth decreasing oxidative nutrient fields, below 400 m, produce
a maximum in the observed nutrient field that is deeper than the
oxygen minimum.

Silicate

The silicate distribution in the waters above 800 m is
qualitatively similar to the distributions of phosphate and ni-
trate. In the deep water the silicate distribution is different
in that the maximum concentration is at about 3000 m (Fig. 14)
instead of 800 m (Fig. 13). The deeper maximum appears to be
produced by a combination of a more uniform regeneration rate
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with depth and the southward flow in the NPDW layer. Fiadeiro
(1975) used a three-dimensional numerical model of the deep Paci-
fic to investigate the distributions of silicate, nitrate, phos-
phate and oxygen. The model balances advection and diffusion in
three-dimensions with fluxes from the sediments and an exponen-
tially decreasing regeneration rate with depth. To fit the sili-
cate distribution the rate has to attenuate about 80% between 1 knm
and 4 km depth. By contrast, to fit the distributions of oxygen,
nitrate and phosphate the rate attenuation is on the order of 97%.

With this scenario PBW flows north into the high latitudes
of the North Pacific and upwells into the NPDW acquiring addi-
tional silicate. The NPDW flows south over the PBW creating a
silicate maximum at 3000 m.

Ammonia

The concentration of ammonia is near zero throughout the wa-
ter column except near the top of the thermocline where a peak is
frequently observed (Fig. 6). This distinct peak requires that
ammonia production exceed uptake within some depth interval near
the top of the thermocline. Observations support this hypothesis
and indicate that in the tropical ocean zooplankton congregate
near the mixed layer-thermocline interface (Longhurst, 1976;
Hirota, 1977; Anderson, 1978) and excrete ammonia while grazing
(Eppley et al., 1973; Biggs, 1977).

The sharp vertical gradients in the peak suggest that ver-
tical diffusion is the major flux mechanism. The peak has sharp-
er boundaries than is expected from diffusion alone suggesting
that uptake occurs outside the interval of net production. This
uptake can be driven by bacterial oxidation of ammonia to nitrite
(Carlucci and Strickland, 1968; Carlucci et al., 1970) and assi-
milation in phytoplankton photosynthesis (Dugdale and Goering,
1967). Both of these mechanisms have been documented in numerous
other studies. Thus the sharp peak suggests a depth interval
where net ammonia production is imbedded in a larger interval with
net uptake. The top of the ammonia peak often coincides with the
mixed layer-thermocline interface and suggests that rapid diffu-
sion in the mixed layer is also responsible for maintaining the
sharp gradient in the upper part of the ammonia peak.

To obtain a first order estimate of the magnitudes of
reaction and diffusion needed to produce the peak we can esti-
mate the balance at the depth of the ammonia maximum by defining
the second derivative with a three point approximation

d%s

dz2

|

L [5(0) - 25(H/2) + S(H)] (20)

x
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where H is the thickness of the peak and the concentrations S are
taken at the top, middle and bottom of the peak. The peak is

nearly symmetrical, so the maximum concentration occurs at about H/2,
and S(0) = S(H) = 0. Thus, the reaction-diffusion balance at the
maximum concentration is essentially

R - BKS(H/2)
8KS (H/2)
H

where R is the net rate of production at thg ammonia maximum.
From observgtions S(H/2) = 0.3 mg-at/m” and H = 20 m.
Assuming K 5 1 mAd, then at steady state the net production is
R =6 x 10-"mg-at/m d. Eppley gt al. (3973) estimated a gross
production rate of 5 to 9 x 10-"mg-at/m d in the North Pacific
mixed layer in November. Eppley et al. (1973 and 1977) also
found the uptake of ammonia to be of the same order of magnitude
as the production. Thus we expect the ammonia peak is formed in
a precarious and uncoupled balance between zooplankton production
and phytoplankton uptake.

(21)

Nitrite

The concentration of nitrite is essentially zero throughout
the water column except for a stable peak in the thermocline and
a secondary peak in extremely low oxygen waters (Fig. 6).

The peak in the thermocline can be produced by bacterial oxi-
dation of ammonia and consumed by bacterial oxidation of nitrite
to nitrate (Wada and Hattori, 1971, 1972; Miyazaki et al., 1973).
Phytoplankton can also produce and consume nitrite. In phyto-
plankton production, nitrite is an intracellular intermediate
in the photosynthetic reduction of nitrate to ammonia. Part of
the nitrite is leaked to the environment when the reduction of
nitrite to ammonia is reduced or blocked by environmental factors
(Kiefer et al., 1976). In consumption, nitrite is apparently
assimilated competitively with nitrate to meet the nitrogen
requirements of photosynthesis (Eppley and Coatsworth, 1968).
Phytoplankton biomass in the thermocline is expected to exceed
that of bacteria, so phytoplankton should be responsible for
producing the nitrite peak.

A first order estimate of the net production rate required
to maintain the nitrite peak against diffusion can be estimated
from equation (21). From observations the average maximum ni-
trite concentration in the DOMES area is 0.4 mg-at/m” and the
thickness of the peak is about 20 m. Taking K = 1 m?d, then the
net production rate at the nitrite maximum is 8 x 1073 mg-at/m3d.
Wada and Hattori (1971) measured a net rate of 6 x 1073 mg-at/m3d
within the nitrite peak in the North Pacific.

In the OML at site C a secondary peak of nitrite is pro-
duced by denitrification. Because the distribution has a peak-
like form, we can use equation (21) to estimate the order of the
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reaction rate at the peak center. For the peak at site C,

S(H/2) = 0(1) mg-at/m3, H = 0(300) m, and with K = 0(10) m2/d,
then R = 0(1073) mg-at/m3d. By comparison the oxygen respiration
or the equivalent nitrate reduction rate in denitrification is on
the order of 10-3 mg-at/m3d as estimated from ETS measurements by
King et al. (1978) and by Devol et al. (1976). Thus, with the
assumed parameters the net production rate of nitrate is on the
order of the rate of reduction of nitrate in denitrification.

1]

Nutrient Flux into the Mixed Layer

The flux of nitrate and phosphate into the mixed Tayer can be
defined by coupling equation (3) and (15) using equation (9).
Noting that Z; = Z2, S3(0) >> S1(0) and Ki; >> K,, then the flux
of S from the thermocline into the mixed layer is approximately

Kz
F = 7;'[53(0) + 05] (22)

where 6, = R,Z%/2K, is the relative contribution to F from
reactions in the thermocline and S3(0) is a relative contribution
of F without reactions. For station B (Fig. 15) the numerical
expression of (22) for nitrate is

Ko

F= 7;—(35 - 24)

which indicates that the thermocline nitrate uptake (-24) substan-
tially reduces F.

If the nutrient 1imits photosynthesis in the mixed layer,
then the net rate of primary productivity integrated over the
mixed layer can be defined

Py = a;53(0)K2/Z, - Pray/2a, (23)

where P, is the integrated net rate of primary productivity in
the thermocline and a; and a, are nutrient recycling coefficients
for the mixed layer and thermocline. Defining P; and P, in terms
of carbon, then the recycling factor is defined

*
N o (24)
i T R,

where 6C/sN is the carbon to nitrogen ratio in phytoplankton and
R¥/R; is the ratio of net rate of total nitrogen uptake in

photosynthesis (including nitrate, nitrite and ammonia) to the
net rate of nitrate uptake alone.
The first term of equation (23) gives the potential P; and is
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controlled by the physical characteristics of the thermocline.
The second term gives the decrease in P, from productivity in the
thermocline, P,.

If P, » 0, then P, approaches a maximum value of

Pi(max) = a,53(0) Ky/Z,

and the thermocline nutrient profile is nearly linear. In this
condition the thermocline acts as a nutrient filter and P; is
controlled by the physical properties of the thermocline.

As P, increases, P, decreases and the thermocline nutrient
profile is concave downward as in Fig. 6a and b. In this condi-
tion the thermocline acts as a nutrient sink. The maximum thermo-
cline productivity occurs when the nutrient uptake in the thermo-
cline equals the flux into the thermocline. This implies P; = 0
and the maximum thermocline productivity is then approximately

Pa(max) = 2a,S3(0)K;/Z,

Goering et al. (1970) measured nitrate and ammonia uptake in
the mixed Tayer and thermocline of the eastern tropical North
Pacific and determined in the mixed layer 95% of the nitrogen
used in photosynthesis comes from ammonia while in the thermocline
less than 50% comes from ammonia. Thus assuming a carbon to
nitrogen ratio in phytoplankton of 7 to 1 by atoms, then for
station B (Fig. 15) with Z, = 64 m equation (23) becomes

P, = 919K, - 5P, (25)

where K, is in m?/d and P; and P, are in mg C/m2d. This equation
suggests that a relatively small amount of thermocline photosyn-
thesis can significantly depress photosynthesis in the mixed
layer.

Reaction Rates and Diffusion Coefficients

From the chemical distribution model estimates of the ratio
of reaction to diffusion, R/K, can be estimated for the mixed
layer, thermocline and oxygen minimum layer. Essentially the
model couples the three layers and establishing a reaction rate
or diffusion coefficient in any layer establishes the rates and
coefficients of all the layers. We have individual estimates of
rates and coefficients so a test of the model can be made by
comparing predicted and observed rates and coefficients.

The respiration rate in the OML, R3, is the Teast compli-
cated term in the model in that it is essentially measured by
ETS. Thus, R3 will be used to establish temporal scales of the
layers. For an average respiration in the OML R3 = -0.01 mg-at/
m3d. This value is obtained from King et al. (1978) and repre-
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sents an order of magnitude estimate of the rate that is balanced
by vertical fluxes into the layer. We assume the vertical flux
accounts for about 30% of the total flux of oxygen into the layer
and that the rate is probably within a factor of 2. From the
oxygen profile and equation (4) R3/K; = - 5 x 10-%,for station B,
K3 = 20 m?/d. From oxygen and nitrate we obtain the ratios

of diffusion coefficients between layers and for station B

K1/K§ = 6, Ky/K3 = 0.022 and the vertical diffusion cgefficients
in m/d are K; = 2.7, K, = 0.45 and K3 = 20, or in cm"/s,

Ky = 0.31, Kz = 0.05 and K = 2.31.

With these coefficients net reaction rates can be inferred
from the reaction:diffusion ratios in the layers. For oxygen at
station B,R;/K; = 0.028 and R,/Ky, = 0.014, so the predicted reac-
tion rates for oxygen are R; = 0.07 mg-at/m3d for the mixed layer,
and R, = 0.006 mg-at/m3d for the thermocline. These rates are the
difference between phytoplankton photosynthesis and respiration by
bacteria, phytoplankton and nekton.

In the DOMES area the average primary productivity in the
mixed layer is 66 + 52 mg C/m°d and for the thermocline the value
is 73 + 42 mg C/m?d, as computed from C-14 uptake given in El1-
Sayed et al. (1977). These values represent the difference be-
tween phytoplankton photosynthesis and respiration, and assuming
a carbon consumed to oxygen produced ratio of 1/2, then an average
oxygen production rate for either layer is R(phyto) = 0.19 + 0.13
mg-at/m3d. It follows that R (phyto) > R; or R, and because
the predicted values of R; and R, are smaller than R(phyto) by
factors of 3 and 32 if the estimates are correct, a close balance
may exist between photosynthesis and respiration, especially with-
in the thermocline.

The diffusion parameters and primary productivity can be
used with the distribution of nitrate to evaluate the model. For
station B the reaction diffusion ratios for nitrate are Ry/K; =
- 0.0003 and R,/K, = - 0.013, so the nitrate uptake rates are
Ry = - 0.0008 and R, = - 0.006 mg-at/m3d.

To estimate the nitrate uptake in photosynthesis we will
assume a carbon to nitrogen uptake ratio of 7/1 by atoms. The
nitrogen uptake rate in either layer is then on the order of
R(phyto) = - 0.013 + 0.009 mg-at/m3d. Using the ammonia nitrate
uptake ratios of Goering et al. (1970) the uptake computed from
C-14 mi%ht be R; = -0.001 for the mixed layer and R, = -0.007
mg-at/m3d for the thermocline, and the chemical model and C-14
predicted rates are within a factor of 2 for both the thermocline
and mixed layer.

Equation (25) gives the primary productivity in the mixed
layer from K, and primary productivity in the thermocline. Using
K, = 0.45 m2/d and P, = 73 mgC/m?d, then P; = 48 mgC/m2d. The
average observed rate is 66 + 52 mgC/m2d, so the estimate of P,
is of the right order and thus it appears the mixed layer pro-
ductivity is significantly depressed by thermocline productivity.
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For another comparison between the thermocline diffusion
coefficient and a rate we note that using K, = 0.45, S(H/2) =
0.4 mg-at/m3 and H = 20 m, then equation (23) gives a maximum net
nitrite production in the thermocline peak of 3.6 x 10-3 mg-at/
m3d. An observed net rate determined by Wada and Hattori (1971)
for the North Pacific is 6 x 10-3 mg-at/m3d. Further, the rate
for ammonia production is of the proper order if K = 0(1) m2/d.

Thus, generally within a factor of 2 the chemical distribu-
tion models are in agreement with the vertical distributions of
oxygen, nitrate, nitrite, ammonia, and observed rates in the
upper layers of the DOMES area.

The diffusion coefficients predicted from the model can be
compared to estimates of diffusion established from Tritium and
radon distributions. The vertical diffusion coefficient can be
estimated from a relationship with the density gradient developed
by Sarmiento et al. (1976) using radon measurements near the ocean
bottom. The relation is

K= (4 x 107%)/[(g/p)(dp/dz)] (26)

where K is given in cm?2/s with 1 cm?/s = 8.64 m2/d. From the
density gradient at station B equation (26) gives the approxi-
mate diffusion coefficients in m2/d; K; = 2.16, K, = 0.07, K3 =
2.33, or in cm?/s K; = 0.25, K, = 0.008 and K3 = 0.27. These co-
efficients are about a factor of 10 lower than the coefficients
that fit the chemical distributions with the rates.

Rooth and Ostlund (1972) estimated a thermocline vertical
diffusion coefficient of 1.73 m2/d (0.2 cm?/s) using Tritium dis-
tributions in the North Atlantic. Their estimate is 3.8 times
larger than that determined in the chemical model and estimates
of rates with this larger number are within the range of rates
observed in the DOMES area. The lower value of K, predicted from
equation (26) gives unreasonably low rates for the DOMES area.

Peng et al. (1974) estimated a winter mixed layer diffusion
coefficient from Radon distributions in the North Pacific. The
value, K; = 1728 m2/d (200 cm?/s), is two orders of magnitude
larger than K; from chemical model or equation (26). This differ-
ence could be real and reflect two different mixing environments
or the diffusion coefficients estimated from the chemical distri-
butions in the mixed layer are in error. An error is probable,
because the estimate of K; is obtained from concentrations at the
top and bottom of the mixed layer, and these are near the resolu-
tion of the analytical methods. Thus the vertical gradients might
be less and the vertical diffusion coefficient more. In this
manner the mixed layer rates required to balance diffusion would
remain unchanged and the conclusions of the chemical model
remain essentially unchanged.
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Summary

In summary the distributions of nutrients and oxygen in the
water column of the DOMES area are strongly controlled by the
density structure and currents. The most pronounced features are
in the vertical direction and are associated with six layers in
the water column which include; the mixed layer, thermocline,
oxygen minimum layer, upper deep water, North Pacific deep water,
and Pacific bottom water. These layers are defined by segments
of the T-S diagram and represent distinct physical regimes.

Within each layer the chemical profiles deviate slightly
from linearity with either convex or concave curvature while at
the layer interfaces the profiles have pronounced changes in
slope. Horizontal gradients are weak with a slight increase in
nutrients to the south in the mixed layer and a possible increase
to the north in the Pacific bottom water. In the oxygen minimum
layer oxygen and nutrients have a tongue like distribution ex-
tending west along about 15°N. A temporal-spatial pattern in
the depth of the upper layer interfaces is associated with the
development of a thermal ridge along about 10°N in the winter,
but no clear pattern is evident in the concentrations when oxy-
gen and nutrients are referenced to density surfaces.

In the mixed layer the vertical profiles of nutrients and
oxygen can be modelled with a balance of depth-independent
reactions and vertical diffusion. In the model and observations
the profiles show Tittle curvature at the air-sea interface and
an increase of curvature near the bottom of the mixed layer. In
the model this is a function of the ratio of reaction to dif-
fusion in the layer.

The vertical profiles in the thermocline have increased
curvature with depth and the same model fits the profiles sug-
gesting that upwelling and depth variations in the reaction rates
are of secondary importance in controlling the shape of the ther-
mocline profiles.

In the oxygen minimum layer both vertical and horizontal
flux are significant in balancing consumption of oxygen in bac-
terial respiration. The vertical profiles of oxygen and
nutrients in the oxygen minimum layer can be fit with a reaction-
diffusion model with depth independent coefficients while the
horizontal distribution of oxygen can be modelled with horizontal
diffusion balancing a respiration rate that decreases westward in
an exponential like manner. These models are applied to the cen-
ter of the oxygen minimum tongue where symmetry conditions sug-
gest that diffusion in the unaccounted for dimension should be
minimum. The oxygen modelling suggests that the position of the
tongue is controlled by the position of the zonal subsurface
flows of the North Equatorial current and counter current while
the intensity of the tongue is controlled by diffusion through
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the strong tropical thermocline and from the subsurface zonal
flows and respiration in the tongue.

By coupling the reaction-diffusion models in the individual
layers according to flux and concentration requirements, the
dominant processes controlling the chemical concentrations at the
interfaces between the mixed layer, thermocline and oxygen mini-
mum Tayer can be inferred. The analysis suggests that the inter-
face concentrations of oxygen are principally controlled by the
surface saturation value, the thermocline diffusion rate and res-
piration in the oxygen minimum layer. The interface concentra-
tions of nitrate and phosphate are primarily controlled by ther-
mocline and mixed layer uptake and the horizontal flux of nu-
trients near the interface between the oxygen minimum layer and
the upper deep water.

The phosphate and nitrate maximums between about 800 and
1000 m are produced by a depth decreasing oxidative nutrient
profile and a depth increasing preformed nutrient profile. Hori-
zontal advection and diffusion are important in maintaining the
maximum,

The silicate maximum at about 3000 m is produced by a com-
bination of deep water circulation and a high silicate dissolution
rate at depth. A high silicate content is acquired as the Pacific
bottom water flows north into the high latitudes of the North
Pacific and upwells into the Tevel of the North Pacific deep
water. This flows south out of the North Pacific directly over
the bottom water and produces the maximum.

If the level of primary productivity in the mixed layer is
limited by nitrate then nitrate uptake in thermocline photosyn-
thesis can affect mixed layer photosynthesis via the nitrate flux
through the thermocline. If thermocline photosynthesis and ni-
trate uptake are small then the thermocline acts as a nitrate
filter and mixed Tayer photosynthesis is dependent on the thermo-
cline diffusion coefficient and thickness. If thermocline photo-
synthesis and nitrate uptake are appreciable then the thermocline
acts as a nitrate sink and mixed layer productivity is limited in
direct proportion to thermocline productivity. Because a ma-
Jjority of productivity in the mixed layer uses nitrate-nitrogen
recycled as ammonia, for a given unit of thermocline productivity
the mixed layer productivity is decreased by about 5 units. 1In
the DOMES area this amounts to a significant depression of the
mixed Tayer primary productivity.

An ammonia peak near the top of the thermocline is produced
by zooplankton grazing. The intensity of the peak is limited
by diffusion away from the peak and uptake of ammonia primarily
by phytoplankton. A nitrite peak in the thermocline is probably
produced by Teakage of nitrite from phytoplankton. In the ex-
tremely Tow oxygen waters, nitrite is produced as an inter-
mediate in the reduction of nitrate to molecular nitrogen in de-
nitrification.
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CHEMICAL COMPOSITION, SIZE DISTRIBUTION AND PARTICLE MORPHOLOGY
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Edward T. Baker and Richard A. Feely

Pacific Marine Environmental Laboratory
National Oceanic and Atmospheric Administration
Seattle, Washington 98115

Kozo Takahashi3

Department of Oceanography
University of Hashington
Seattle, Washington 98195

Abstract

Detailed measurements of the concentration, composition,
size, and morphology of suspended particulate matter (SPM) in the
eastern equatorial Pacific Ocean were made during separate cruises
in 1975 and 1976. SPM concentrations in the surface waters
(0-300 m) were highly variable (~30 + 18 ug/1) and primarily depen-
dent on the concentration of biogenic material which accounted for
> 90% of the total SPM. Mean Si/Al, K/Al, Ti/Al ratios were sig-
nificantly higher than the corresponding values for the underlying
sediments, indicating probable concentration of these elements in
biogenic matter and other nonaluminosilicate phases. Mn/Al ratios,
however, were close to or even less than the sediment values.

1Contribution No. 391 from the NOAA/ERL Pacific Marine
Environmental Laboratory.

2Contribution No. 1052 from the Department of Oceanoaraphy,
University of Washington.

3Now at: Department of Geology and Geophysics, Woods Hole
Oceanographic Institution, Woods Hole, Mass. 02543.
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Particle concentrations, mean size, and Si/Al, K/Al, Ti/Al,
and Fe/Al ratios all decreased from the surface waters to the top
of the bottom nepheloid layer (BNL), indicating progressive disso-
lution and a concomitant remineralization of associated elements.
However, nonaluminosilicate phases still accounted for more than
40-70% of the Si, K, Ti, and Fe in the deep water zone. After
deposition, most of this nonaluminosilicate phase is either trans-
formed into authigenic smectites or dissolved and released back
into the water column. .

Within the BNL (approximately the bottom 400 m of the water
column), concentration increases of Al, Si, K, Ti, Mn, and Fe
averaged 201%, 74%, 46%, 78%, 200%, and 119%, respectively,
greater than the overlying waters, whereas total SPM increased
only 20-40%. Chemical mass-balance calculations suggest that this
BNL concentration increase is due to resuspension of aluminosili-
cates and hydrogenous Mn from the = 1 um fraction of the local
bottom sediments.

Introduction

Present-day sedimentation processes on the ocean floor cannot
be fully understood without a thorough knowledge of the dynamics
and character of the suspended particulate matter (SPM) in the
overlying water column. Compositional and textural factors of SPM
can be sensitive indicators of benthic processes and thus consti-
tute sedimentological tools complementary to more established
techniques such as current velocity measurement, bottom photog-
raphy, acoustic stratigraphy, and analyses of bottom sediment
texture, fabric, and composition. In addition, studies of SPY
unlike companion sea floor studies, have the advantage of being
unequivocally related to modern processes.

In the course of making an extensive baseline survey of SPM
in the eastern equatorial Pacific manganese nodule province for
NOAA's Deep Ocean Mining Environmental Study, we have had the
opportunity to make detailed measurements of the concentration,
composition, size, and morphology of particulate matter in the
waters overlying this region. Our objective in these studies has
been to relate these properties of the SPM to the dynamics of the
ocean, particularly in the relatively active regions adjacent to
the upper and lower boundaries of the water column. OQur ultimate
goal is to quantify the vertical transport of SPM in the ocean,
from input and generation in the surface layers, along its down-
ward course through various transport stages, to final removal
from the system by dissolution or deposition.

Study Area

This paper covers samples and data collected during DOMES
cruises RP-8-0C-75 (August 24-October 16, 1975) and RP-8-0C-76
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(February 11-April 17, 1976) aboard the NOAA sh1p OCEANOGRAPHER
Stations were occupied every 1° of latitude (RP-8-0C-75) or 1.5°
of 1at1tude (RP-8-0C-76) along three north-south transects extend-
ing for 6° of latitude and centered at stations A, B, and C
located in three representative manganese nodule mining areas
(Table 1). Transects A, B, and C are all underlain by siliceous
clay, although transects A and B have a higher proportion of bio-
genic silica than transect C (Piper et al., this vol.; Bischoff
et al., this vol.). Water depths increase from 4500 m at C, to
4900 m at B, to 5000 at A. Data were collected from the upper
1000 m at all stations during both cruises. In addition, the
entire water column (to within 10 m of the sea floor) was sampled
at stations A, B, and C durina cruise RP-8-0C-76.

TABLE 1

Station Locations

Sta. Location Sta. Location Sta. Location
Cruise RP-8-0C-75, Aug. 24-Oct. 16, 1975

A+3  11°27'N, 150°47'W  B+3  14°42'N, 138°28'W C+3  18°02'N, 126°00'W
A+2  10°28'N, 150°48'W B+2  13°42'N, 138°27'W C+2  17°00'N, 126°20'W
A+l 9%27'N, 150°47'W B+l  12°44'N, 138°24'W C+1  15°58'N, 126°02'W
A 8°27'N, 150°47'W B 11°47'N, 138°26'W ¢ 15°02'N, 126°02'W
A-1 7°22'N, 150°38'W  B-1  10°43'N, 138%24'W C-1  14°10'N, 125°59'W
A-2 6°26'N, 150°41'W  B-2 9%40'N, 138°25'W C-2  12°58'N, 126°21'W
A-3 5°29'N, 150°47'W B-3 8%46'N, 138°24'W C-3  12°01'N, 125°55'W
Cruise RP-8-0C-76, Feb. 11-Apr. 17, 1976

A+3  11°26'N, 150°47'W B+3  14°45'N, 138°24'W C+3  17°59'N, 125°54'W
A+1.5 9°48'N, 150°51'W B+1.5 13°16'N, 138°24'W C+1.5 16°41'N, 125°57'W
A 8%22'N, 150°43'W B 11°42'N, 138°22'W ¢ 14°59'N, 126°21'W
A-1.5 6°36'N, 150°35'W B-1.5 10°12'N, 138°23'W C-1.5 14°09'N, 126°14'W
A-3 5°30'N, 150°24'W  B-3 8°46'N, 138°21'W C-3  12°21'N, 126°06'W
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Methods

The 1ight scattering measurements recorded during this study
were made with an integrating nephelometer designed after a prin-
ciple introduced by Beutell and Brewer (1949). The nephelometer
consists of a flashing 1light source, a scattered 1light detector
system, and the necessary battery power mounted in a self-
contained, easily portable, deep-sea housing. As the instrument
is Towered through the water column, it continually measures the
1ight scattered from the SPM. The nephelometer information is
fed into the mixer of a CTD unit and recorded in real time on
deck. A complete description of a slightly earlier version of
this instrument is given by Sternberg et al. (1974).

The nephelometer output was calibrated in terms of the mass
concentration of particles. The most appropriate and simplest
method of calibration appeared to be an empirical technique of
comparing the relative light scattering values to the total mass
concentration of simultaneously collected SPM samples. Using
the relationship described by the data in Fig. 1, the light scat-
tering transects discussed below can be interpreted in terms of
the absolute concentration of SPM. Absolute quantification of the
1ight scattering data is a complicated and necessarily inexact
procedure, however, because the total scattering value of a parcel
of water is a complex integral of all the properties of all the
particles, of which particle mass concentration is only one,
albeit major, factor (Jerlov, 1976).

Discrete sample collection occurred concurrently with CTD-
nephelometer rosette casts so that the SPM distributions could be
related to the hydrography. Water samples were collected in 30-
liter PVC sampling bottles and filtered through preweighed 0.4 um
pore size Nuclepore filters. The filters were washed with three
10-m1 aliquots of deionized, buffered (to pH 8), filtered water,
dried in a desiccator, stored in plastic petri dishes, and re-
turned to the laboratory. At the Taboratory, the filters were
reweighed on a seven-place electrobalance.

The elemental chemistry (A1, Si, K, Ti, Mn, Fe) of the
particulate matter was determined by x-ray secondary emission
(fluorescence) spectrometry utilizing the thin-film technique
(Baker and Piper, 1976). The inherent broad band of radiation
from a Ag x-ray tube was used to obtain a series of characteris-
tic emission Tines from a single element secondary target which
then more efficiently excited the thin-film sample. A Se secon-
dary target was used to analyze the samples for both major-and
trace elements. Standards were prepared by passing suspensions
of finely ground USGS standard rocks (W-1, G-2, GSP-1, AGV-1,
BCR-1, PCC-1) and NBS trace element standards through a 37 um
mesh polyethylene screen followed by collection of the < 37 um
fraction on filters identical to those used for sample acquisition.
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LIGHT SCATTERING INTENSITY

Fig. 1. Plot of nephelometer 1ight scattering intensity
(relative units) vs. the concentration of
suspended particulate matter for the DOMES
samples. Dashed lines show envelope of + 1
standard error of estimate. Symbols show the
depth intervals of different calibration
samples. Note that the surface samples, high
in particulate organic matter, show a relatively
poorer correlation between particle mass and
1ight scattering intensity than the deeper,
more refractory samples.

Particle size distributions of selected sample filters were
calculated using photomicrographs (1000x magnification) taken on
a scanning electron microscope (SEM). Particles in each field
were then sized and morphologically classified (coccoliths,
diatoms, aggregates, and unidentifiable fragments) on an operator-
controlled particle size analyzer. This device measured the area
of each particle as it appeared on the photomicrograph and ex-
pressed it in terms of an equivalent circle radius (r). At 1000x
magnification, particles of at least 0.5 uym (i.e., 0.5 mm on the
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photomicrographs) were routinely discernible, provided their
contrast with the filter background was sufficiently distinct.
The particles counted from each of the 30 samples analyzed from
stations A, B, and C represent the total population (for r 2
0.65 um) from a volume of sea water ranging from 0.60 to 2.34 ml
(X =1.38 £ 0.54 ml).

Results and Interpretations

Suspended Particulate Matter Concentrations

Surface waters (0-300 m). Figure 2 shows the Tight scattering
data for the upper 300 m of transects A, B, and C for cruise
RP-8-0C-75 (herein designated as summer). Superimposed upon the
scattering contours are the 26.0 o4+ contour and the bottom of the
surface mixed layer (0ztergut gg_gi., in press) as representative
of the hydrography, and the location of the (fluorometric) chloro-
phy11 maximum as measured by E1-Sayed and Taguchi (this vol.).
Figure 3 illustrates the same observations from cruise RP-8-0C-76
(herein designated as winter).

In the surface waters of the open ocean, far removed from
significant terrestrial input sources, the concentration of parti-
culate matter is a function of the standing crop of phytoplankton.
Vertical and horizontal gradients, on the other hand, are con-
trolled primarily by the physical processes of advection, diffu-
sion, and gravitational settling (e.g., Ichiye et al., 1972; Lal
and Lerman, 1973). Observations of the SPM throughout the DOMES
region illustrate these distribution functions, since temporal
and spatial variations in the regional pattern are apparently
linked to seasonal and geographical changes in the local hydrog-
raphy.

Throughout the study area, the depth of the maximum light
scattering value agreed closely with the depth of the (fluoro-
metric) chlorophyll maximum (Figs. 2 and 3). The light scattering
maximum occurred below the surface mixed layer, generally at the
point within the thermocline of the stability maximum (where ver-
tical diffusivity is minimal) (Fig. 4). The highest light scat-
tering gradients were consistently found within the thermocline.

Measured values of the SPM concentration closely followed the
light scattering pattern. The regional average concentration
within the surface mixed layer was 47 + 20 ug/1. Within the parti-
cle maximum just below the mixed layer, values increased to
50-70 pg/1, with occasional values up to 110 ug/1. Within the
thermocline concentrations rapidly decreased to 10-20 ug/1 at 200 m.
These concentration trends are similar to those measured during
the Atlantic GEOSECS program (Brewer et al., 1976) and by Betzer
et al. (1974) in a transect across the Atlantic at 11°N.
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Fig. 4.
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Relationship between stability (1073 75;) and light

scattering maximums for summer (open symbols) and winter
(closed symbols) cruises. Triangles denote stations
where the stability maximum was below the euphotic zone;
squares denote stations with more than one prominent
scattering maximum. Most stations (circles) show a
close correlation between stability and scattering since
the scattering particles (mainly biogenic) tend to con-
centrate at the top of the pycnocline. The regression
line shown is for the circle stations only.
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The actual depth and intensity of these scattering features
varied geographically and seaonally. The density field (as
described by the 26.0 ot contour and depth of the mixed ]ayer)
during the summer cruise (F1g 2) suggests an upwe111ng in each
transect centered at ~8°25'N in transect A, ~10°N in B, and
~13°N in C. This feature was probably related to the d1vergence
between the westward flowing North Equatorial Current and the
easterly Equatorial Counter Current (Sverdrup et al., 1942).

Two distinctive features of the SPM distribution are associ-
ated with the inferred upwellings:

(1) High light scattering intensities with steep horizontal
gradients (particularly along transect B). The elevated SPM con-
centrations may be the result of both increased particle produc-
tion due to increased (i.e., upwelled) nutrient levels at these
locations (Anderson, this vol.) and to longer retention of parti-
cles in the upper water layers due to an increase in upward water
velocity. Comparison of the 1light scattering data with transects
of chlorophyll a and primary productivity (E1-Sayed and Taguchi,
this vol.) suggests that the inferred upwelling regions, although
not necessarily correlated with high chlorophyll a concentration
values, do show a close association with high levels of primary
productivity. Yoshida et al. (1953) constructed a mathematical
model of upwelling in diveraent zones of the equatorial current
systems and deduced upward velocities of 1073-10"% cm/sec, similar
to the Stokes settling velocities of particles in the 2-6 um
diameter size range.

(2) Subsurface (120 m-150 m) 1light scattering maxima. These
maxima were invariably found below the inferred upwelling region
during the summer cruise, and generally corresponded to high
levels of phaeo-pigments observed by E1-Sayed and Taguchi (this
vol.). The significance of these maxima is unclear, since the
phaeo-pigment maxima are not correlated with any other hydro-
graphic or chemical property (E1-Sayed and Taguchi, this vol.).

Transect C was unique during the summer cruise in that sig-
nificant scattering maxima were present below 150 m in the center
of the transect (Fig. 2). This region also showed the most in-
tense development of the 0, minimum zone encountered in any of the
transects (Anderson, this vol.).

The basic light scattering features along each transect
during the winter (Fig. 3) were largely similar to those observed
in the summer. North-south gradients in the density field, except
for transect C, were subdued and the mixed layer was 20-30 m
deeper a]ong each transect. Transect A ma1nta1ned the discernible
up11ft in the scattering contours centered at 8°25' N The shoal-
ing of the light scattering contours observed at ~10°N along tran-
sect B during the summer migrated north to ~13° during the winter
cruise, although the high subsurface maxima found at the south end
of the transect remained there during the winter observations.
Transect C continued to show a shoaling of the light scattering
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contours and intense subsurface maxima at its southern end, but
the complex scattering structure within the 0, minimum zone (150-
300 m) at the center of the summer transect was not observed dur-
ing winter. This change may be related to a slight increase in
the dissolved 0, values during winter (Anderson, this vol.).
Waters below the surface zone (> 300 m). Compared to the
surface layer, the distribution of SPM in the water column below
300 m was very uniform. SPM concentrations averaged 9.0 + 2.3 ung/1
between 450 m and ~400 m above the sea floor, where a slight in-
crease in particulate concentrations (to a regional average of
12 + 6 ug/1) occurs at all three stations (Fig. 5). The concen-
tration increase within this bottom nepheloid layer (BNL) was not
uniform among stations A, B, and C. Station B showed the most
pronounced increase, from 9.3 + 2.0 ug/1 above to 14.1 + 4.5 ug/1
within the BNL (significant at p < .01 Tevel), whereas at C the
increase was only from 8.7 + 2.2 ng/1 to 11.9 + 8.0 ug/1 (signifi-
cant at p < 0.20 level). Station A showed almost no variation:
9.0 + 2.5 nug/1 above to 10.5 + 4.8 ug/1 below. The nephelometer
profiles indicated a correspondingly slight increase in light
scattering intensity at each station in the bottom 300-500 m.
These indications of a weak BNL agree with earlier measurements
taken in the east central Pacific by Ewing and Connary (1970) and
?ith Teasurements previously recorded at station C by Amos et al.
1976).

Elemental Composition of the Particulate
Matter

There is very little published data on the elemental composi-
tion of suspended particulate matter in open-ocean waters of the
North Pacific Ocean. A large body of chemical data from the North
and South Pacific exists as a result of the GEOSECS (Geochemical
Ocean Section Study) project. However, most of these data have
not yet been published. Therefore, the following summarizes
available published Titerature on the chemical composition of sus-
pended matter in the oceans.

Little information is presently available on the concentration
of particulate aluminum (PA1) in open waters of the North Pacific
Ocean. Sackett and Arrhenius (1962) found PA1 concentrations which
ranged from 500-120,000 ng A1/1 on two transects normal to the
Southern California coast and concluded that the aluminum in the
SPM consisted of aluminosilicate material derived from coastal
runoff. Toyota and Okabe (1967) reported that concentrations of
PAl in the western North Pacific were high and variable in surface
waters (2,000-6,000 ng A1/1 between 0 and 100 m) and decreased to
low and constant values averaging about 1,300 ng A1/1 at depths
below 150 m. Chester et al. (1976) measured PA1 concentrations in
open-ocean and coastal surface waters from the North and South
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Suspended Particulate Matter (1g/¢)
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Fig. 5. Concentration of suspended particulate matter
throughout the water column at stations A, B, and
C during winter. Note the change in the depth
scale between 1000 and 4000 m.

Atlantic, Indian Ocean, and China Sea. Concentrations of PAl
ranged from < 150 ng Al1/1 in the South Atlantic to > 50,000 ng
A1/1 in the China Sea. The authors concluded that these widely
varying PA1 concentrations were directly related to the supply of
aluminosilicate material, primarily from aeolian and riverine
sources.

Available data for particulate silicon (PSi) in the North
Pacific Ocean are even more scarce. Toyota and Okabe (1967) re-
ported vertical distributions of PSi ranging from 3,000-37,000 ng
Si/1 in samples from the western North Pacific. Kido and
Nishimura (1975) determined PSi concentrations in samples col-
lected from the Oyashio and Kuroshio areas of the western North
Pacific and found concentrations ranging from 3,000-50,000 ng Si/]l
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in surface waters and 3,000-7,000 ng Si/1 at depths below 3,000 m.
The authors stated that the high concentrations of PSi in the sur-
face waters were due to a relatively high production of organic
matter in this region.

The concentrations of particulate iron (PFe) and manganese
(PMn) are also poorly known. Betzer and Pilson (1970) reported
values averaging about 180 ng Fe/1 in shallow open-ocean water
and 255 ng Fe/1 in deep water in samples from the western Atlantic
and Caribbean Sea. Concentrations of PFe in Targe volume surface
samples from the western North and South Atlantic ranged from
58-581 na Fe/1 with a mean of 230 na Fe/1, whereas PMn concentra-
tions ranged from 0.6-23 ng Mn/1 with a mean of 7 ng Mn/1
(Krishnaswami and Sarin, 1976). Krishnaswami and Sarin estimated
that about 40% of the PFe in the surface waters was associated
with aluminosilicates, 30% of the PFe and 50% of the PMn was
associated with organic matter, and the remaining 30% of the PFe
was associated with other undetermined particulate phases, pos-
sibly including goethite and hematite. Along a transect from
Rhode Island to Bermuda, concentrations ranged from 52-350 ng/1
for PFe and 1.5-29 ng/1 for PMn in the surface waters (Wallace
et al., 1977). The authors stated that from an analysis of Fe/Al
and Mn/A1 ratios nearly all of the iron and half the manganese
was associated with aluminosilicate material from aeolian sources,
and that associations of PFe and PMn with organic matter accounted
for most of the remaining iron and manganese in the suspended mat-
ter.

The data on the elemental composition of the suspended matter
from the three transects discussed in this paper are given in
Appendix I, summarized in Table 2, and graphically represented as
depth profiles in Fig. 6. For convenience, the data in Table 2
have been grouped into four depth ranges: 0-300 m (surface),
450-1000 m (midwater), 2,000 m -< BNL (deep water), and the BNL,
which encompasses approximately the bottom 400 m of the water
column. Uncertainties are expressed as the standard deviation
(+ 1 S.D.) of the mean. For some elements, especially aluminum
in near-surface samples, these uncertainties are large because
filter loadings are low and the minimum detection 1limit of the
procedure is approached (Table 3).

The PA1 and PSi distribution patterns showed distinct
differences between transects which are related to regional varia-
tions of the production of biogenic matter and to regional differ-
ences of the atmospheric input of terrestrial aluminosilicates.

In the surface waters of the DOMES area, PAl and PSi concentra-
tions were high and variable, with concentrations ranging from
50-1,020 ng/1 for PA1 and 420-7,590 ng/1 for PSi. Concentra-
tions of PA1 and PSi were somewhat higher along transect C than
either transect B or transect A (Table 2, Fig. 6).

In contrast to the surface samples, mid- and deep-water
concentrations of PA1 and PSi were Tow and constant at about 200



*(LL61) sp4eydLy pue uosuapuy wo.dj

e3ep UOQURD dLuebu0 3IR[NDLIURG,

-
<
T
w (o1) ve1  F €L (e) 2s 012 (11) £8 ¥ €l (st) o918 ¥ G2 aid
o (or) € F 01 (€) ¢ 79 (11) 2 P EW v F 6 UNd
_.V_M (o1) o1 ¥ 0¢ (€) 9 ¥ 6l Ew 11 ¥ OI2 (s1) 91 F 9¢ tid
< (o1) s8 7 o2z (€) 82 ¥ 951 (11) 2v 7 691 (s1) eg2 ¥ 8Ly Ad
o (or) 209 ¥ p29°‘t :W g2 ¥ €08 (11) 926 ¥ S@EI‘T (1) £Sp°1 £50°€ 1Sd
- Mo: 69T ¥ 92b . (€) 9¢ F 651 (o1) 8¢ 66 (¥1) o2 892 Lvd
. 2) 056°L MB 066°T + 095°9 (05) 096°c * OL1°L (2v1) 0e5L ¥ 08G°ST 190d
w (12) ovo*s * 068°IT 9) 062°T + 06I°L (8€) o21°c * 08p°Il (85) 09tv*L1 * 019°62 WSL
J 3J3sued]
(8) s6 ¥ 26b (2) 922 (6) 2s EICTA ¢ (1e) es1 ¥ 68€ aid
(2) et F 91 (2) € (6) 1 ¥ o€ (1) ¥ 8 Und
(6) § o2 (€) o2 ¥ o8 (6) 6 ¥ 02 (1) st ¥ o9 tld
(6) st ¥ LS2 (€) +s F ol (6) 2¢ 161 (1) 612 T L6E Ad
6) v8¢ ¥ $0§°2 GW 0£9 ¥ pEE‘l (6) t62 ¥ 222t (1e) cee T $99°2 1sd
6) S8 ¥ S (¢) ee1  * €02 (6) 22 ¥ 68 (1€) ¥ FOLET Lvd
(11) 069‘v * 0LE°L (ST) o/8°c * 0859 (21) 020°z * o098 (c¥) 0L0‘8€ * 06¥°82 130d
(22) 09%‘y F 090°¢1 (9) o18‘c * 0L1‘6 (e€) oge‘y * 086°T1 (6L) 06L°61 =+ 026°2¢ WSL
g 3Jo9sued]
() 201 =+ 9s€ :W GET (6) 98 ¥ pee (ve) €82 7 G6p aid
QW S F 01 (2 S aw 1 oy (ve) ¢ T8 UNd
(v) 8 ¥ €€ (2) 81 (6) 9 7 6l (ve) 22 8¢ t1d
Qw 15 g2l aw 951 (6) ot 602 (ve) e€2 O9b 3d
(v) ses =+ sgee‘l (2 200°1T (6) 265 ¥ 60E‘T (ve) e6v‘1 * 1£2°2 L1sd
(b) 11t ¥ 2s2 (2) 18 (6) s€ # 101 (2¢) €6 FOLET Lvd
(21) o16°c * 0Sp‘8 (ST) ovS‘T * OTvL (25) ovs‘e * o0S1°L (921) 09T°€T * 066°ST 190d
(21) 0g6°L + OLp*O1 (9) 0961 * o0Sv°8 (1€) 00L°2 * 096°01 (s8) 0228t =+ ogz‘ce WSL
Y 3J3sued]
(1/6u) (L/6u) (1L/6u) (1/6u)
INg jo doL-w 000°2 w 0001-05% w 00£-0 $9103dS |®OLWAY2039
uoL3eUAJUIDUOC) uedly uoL3eUJUIIUO) U uoL3eJdluaduo) uesy UOL3IRAJUIIUO) uedy pue uoL3ed07 u_.QEow
J pue ‘g °y s3o3sued} SIW0d Buole sabuea yadap pards|as wod} sa|dues
93e|noL3ded JO SUOLIPAFUDIUOD |RJUSS|S JO 3ZLS d|dues pue UOLIBLASp pJdepuels ‘ueay
0
N ¢ 319yl



DOMES SUSPENDED PARTICULATES

DEPTH (m)

DEPTH (m)

DEPTH (m)

PARTICULATE Al CONCENTRATION (ng/1)

PARTICULATE Si CONCENTRATION (1000 ng/1)

177

0O 300 600 O 300 600 O 300 600 o 1 3 501 3 501 3 5
. ; ! -
o Ke By w» %N TS -
. 3 l. ®e o é .ﬁ:.‘ § ,.o o §
. L]
500 %* : *% I 500 * * N . N
- - L] - e
10004 = . . 10004 o
~
20004 ® . & 20009 ¢
N
3000 e . L 30007 ¢ .
Q
4000+ - 4000
;- . } .
) % . o o ‘s
4500 . . o 4500+ . i
) °s s {
A
50001 —a e B ¢ 50001 —° A e B ¢
PARTICULATE Ti CONCENTRATION (ng/1) PARTICULATE K CONCENTRATION (ng/1)
O 40 80 O 40 80 O 40 80 O 400 800 O 400 800 O 400 800
4 1 1 le. 1 1
0 o v 4 g < 7 X SN
) : . . Q‘ . ‘ a» .‘: -’
L]
5004 ®* . . o. L] 5004 *°* o. na.
L_J - e - e - - -
10004 = . L 10004 | o | o
T 1 T
-~
20004 . S 20004 * .
x
~
3000 ¢ . & 30004 * .
Q
4000 4000 b4
...O x :w :'5 °
4500+ =y L 4500 * :( .
[ o .
. A 3 B [¢ ° A B
5000—=> . 500012 ot c
PARTICULATE Mn CONCENTRATION (ng/1) PARTICULATE Fe CONCENTRATION (ng/1)
0 8 16 0O 8 16 O 8 16 O 400 800 O 400 800 O 400 800
b 4 1 1 1 1
-?—‘——'—. —Jﬁﬁw': e ¥ . —!"""T‘*- wss ®
. o oo . or. r . § r e
5004 °** : :00 5004 *° g : 0.. .
- LX) - o L L4 L1 J
10004 = . . 10004 o o . .
~
20004 & 20004
N
30004 o . & 30004 * .
Q
4000 :.a. . 4000 .' .
.‘ ‘.
45004 o o § @® oo 45004 . . ()
] s 3 o*
C A B c
5000l —a ¢ A o B 5000—2*— :
Fig. 6. Vertical profiles of particulate aluminum, silicon,

titanium, potassium, manganese, and iron along
Note the change in depth

scale between 1000 and 4000 m.

transects A, B, and C.



178 E. T. BAKER ET AL.

and 1180 ng/1, respectively. PSi concentrations were higher at
these depths along transects A and B than along transect C.

TABLE 3

Minimum detection Timits for elements analyzed by secondary emis-
sion x-ray fluorescence spectroscopy using a selenium secondary
target

Al Si K Ti Mn Fe
(ng) (ng) (ng) (ng) (ng) (ng)
398 257 20 12 5 31

In the BNL, all samples were significantly enriched in PAl
and PSi. Enrichments of PAl over mid- and deep-water samples
ranged from increases by a factor of 2.6 at site A to a factor of
5.0 at site B, whereas PSi enrichments ranged from 1.1-2.0. These
enrichments are sianificantly higher than corresponding enrich-
ments for the SPM (1.1-1.6), which suggests that the solid phase
composition of suspended matter within the BNL must be somewhat
different from the suspended matter in the overlying water. A
plot of the relationship between PA1 and PSi (Fig. 7A) dindicates
that these elements are highly correlated (» = 0.89) in the BNL.
The average Si/Al ratio (4.29) of the suspended matter in the BNL
is only slightly higher than the Si/Al ratio (3.49) of the under-
lying sediments (Table 4), indicating that these elements are pri-
marily associated with aluminosilicate minerals. Mean values of
surface, midwater, and deep samples nearly all fall above the
standard error of the regression of the data for the BNL-and
illustrate the predominance of biogenic Si in the water column
above the BNL.

From similar suspended matter studies, Price and Calvert
(1973) and Feely (1975) suggested that if the Si/Al ratio of
pelagic clays is known, an estimate of biogenic Si content of
the suspended matter could be obtained by assuming that any Si in
excess of the amount expected from the Si/Al ratio of the sus-
pended clays was biogenic. Bostrom et al. (1972) suggest that the
Si/A1 ratio in pelagic clays varies only slightly from a value of
about 2.65. The mean Si/Al1 ratios from all depth intervals in the
DOMES region were > 2.65 (Table 4), indicating that the SPM was
composed of varying relative amounts of aluminosilicate minerals
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TABLE 4

Comparison of mean element:aluminum ratios for DOMES particulate
samples to ratios from the underlying sediments

Sample Underlyin?
Description 0-300 m 450-1000 m 2000 m-<BNL BNL Sediments
Transect A
POC2/A1 116.42 74.26 91.48 33.53 .09
Si/Al 19.26 13.71 12.87 5.31 3.72
K/A1 4.42 2.28 2.14 0.49 0.40
Ti/Al 0.33 0.22 0.20 0.14 .06
Mn/Al .09 .05 .06 .04 .06
Fe/Al 4,51 2.77 2.36 1.51 0.63
Transect B
POC2/A1 207.96 99.53 32.27 12.81 .05
Si/Al 18.72 14.67 7.12 4.35 3.64
K/Al 2.87 1.83 0.84 0.45 0.41
Ti/Al 0.27 0.23 0.13 .07 .05
Mn/Al .06 .04 .03 .03 .06
Fe/Al 2.82 2.08 1.20 0.87 0.58
Transect C
POC2/A1 58.02 75.47 41.26 18.66 .03
Si/Al 14.61 13.47 5.53 3.84 3.11
K/Al 2.18 2.14 1.23 0.53 0.35
Ti/Al 0.18 0.24 0.10 .07 .06
Mn/A1 .05 .05 .04 .02 0.16
Fe/Al 3.13 2.53 1.50 0.89 0.72

1pata from Bischoff et aZ. (this volume).
2pata from Anderson and Richards (1977).

and biogenic Si. These ratios are combined with the data from
Table 2 to estimate the concentrations of aluminosilicate matter
and biogenic Si and silica in the suspended matter (Table 5).

The relative proportion of biogenic Si was highest in the surface
waters (75-86% of total Si) and gradually declined through the
midwater levels (76-82% of total Si) and the deep waters (50-80%
of total Si), probably due to slow dissolution of siliceous tests
as suggested by the data of Kido and Nishimura (1975). The rela-
tive amount of biogenic Si dropped sharply within the BNL (28-45%
of total Si) due to an increase in the concentration of alumino-
silicate minerals.
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TABLE 5

Comparison of mean estimated aluminosilicate matter and biogenic
silica of particulate samples from selected depth ranges along
DOMES transects A, B, and C

Sample Location and 450- 2,000 m-
Geochemical Species 0-300 m 1,000 m <BNL BNL
Transect A
Total suspended matter (ng/1) 33.2 11.0 8.4 10.5
Total aluminosilicate
matter (ug/1) 1.2 0.9 0.7 2.1
Total biogenic Si (silica)
(ng/1) 1.9 (4.0) 1.0 (2.2) 0.8 (1.8) 0.6 (1.4)
% aluminosilicate fraction 3.6 8.2 8.3 20.0

% biogenic Si (silica) fraction 5.7 (12.0) 9.1 (20.0) 9.5 (21.4) 5.7 (13.3)

Transect B
Total suspended matter (ug/1) 32.9 12.0 9.2 14.1
Total aluminosilicate

matter (ug/1) 1.2 0.7 1.7 4,9
Total biogenic Si (stlica)

(ng/1) 2.3 (5.0) 1.0 (2.1) 0.8 (1.7) 0.7 (1.5)
% aluminosilicate fraction 3.6 5.8 18.4 34.7

% biogentic S1 (silica) fraction 7.0 (15.1) 8.3 (17.5) 8.6 (18.4) 5.0 (10.6)

Transect C

Total suspended matter (ug/1) 29.6 11.5 7.2 11.9
Total aluminosilicate

matter (ug/1) 2.3 0.8 1.4 3.6
Total biogenic S1 (silica)

/1) 2.3 (5.0) 0.9 (1.9) 0.4 (0.8) 0.5 (1.1)
% aluminosilicate fraction 7.8 6.9 19.4 30.2

% biogenic Si (silica) fraction 7.8 (16.9) 7.8 (16.5) 5.5 (11.1) 4.2 (9.2)
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The distributions of PK, PTi, PMn, and PFe in the DOMES area
are generally similar to the distributional patterns for PAl1 and
PSi (Fig. 6). Concentration of these elements were high and vari-
able in surface waters with concentrations ranging from 155-

1,040 ng/1 for PK, 18-112 ng/1 for PTi, 3-22 ng/1 for PMn and
194-1,560 ng/1 for PFe. There were no significant concentration
differences between transects in this region of the water column.
At mid- and deep-water depths, concentrations of these elements
decreased to values averaging about 170, 37, 4, and 213 ng/1,
respectively, for particulate K, Ti, Mn, and Fe. In the BNL all
samples were significantly enriched in these elements (Table 4

and Appendix I). The highest enrichments were found at stations B
and C, where the bottom nepheloid layers were most intense.

The relationships between particulate K, Ti, Mn, and Fe and
PA1 are represented as scatter diagrams in Figs. 7B-7E. Individ-
ual values from the BNL are plotted for stations A, B, and C. In
addition, mean values for all stations from each transect are
also plotted for surface, midwater, and deep water. The diagrams
show that K, Ti, Mn, and Fe are highly correlated with Al in the
BML, indicating that these elements are primarily associated with
aluminosilicate minerals in this region of the water column.

Above the BNL, however, they appear to be associated with other
solid phases in addition to the aluminosilicate minerals. The
pattern of PK resembles that of PSi in the region above the BNL,
indicating that it is closely associated with biogenic matter.

The sharp decrease in the concentration of PK in the upper 500 m
of the water column (Fig. 6) particularly supports such an asso-
ciation. The positive intercepts on the scatter diagrams of PTi
vs PA1 (Fig. 7C), PMn vs PA1 (Fig. 7D), and PFe vs PAl (Fig. 7E)
indicate that at least one other nonaluminosilicate phase in the
suspended matter contains these elements. For Mn and Fe this
could be oxyhydroxide particles and coatings. Another possibility
is that these elements are associated with biogenic tests. For
example, Martin and Knauer (1973) found elevated concentrations of
Ti, Mn, and Fe in the silica fraction of phytoplankton samples
collected between California and Hawaii. Similar results were
found by Riley and Roth (1971) from studies with cultured phyto-
plankton.

Particle Size and Morophology

Particulate samples for size and morphological studies were
collected at all stations during the winter cruise, but discussion
in this paper will be limited to stations A, B, and C where samp-
1ing extended down to the sea floor.

Cumulative percentage curves were plotted from the size
distribution data and an average of 96.6 + 1.5% of the total num-
ber of particles counted were < 3 um (expressed as the radius of
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the circular area equivalent to the actual particle area). The
median radius of each sample is plotted in Fig. 8A and the mean
median radius of the particle population at seven horizons in
the water column, plus the (dispersed) bottom sediments, is
given in Table 6. The mean median radjus uniformly decreased
from 1.22 + 0.14 at 300 m to 0.72 + .07 ym within the BNL; the
bottom sediments were even finer at 0.43 + 0.14 ym. Within the

TABLE 6

Variation of the mean median particle radius with depth

Mean Median

Depth Radius + 1 S.D. Number of
(m) (um) Samples
0-100 1.11 £ 0.15 5
100-200 1.00 £ 0.18 3
300 1.22 £ 0.14 3
800 1.06 + 0.18 3
2000 1.01 £ 0.11 3
3000 0.88 + .04 3
<400 above bottom 0.72 £ .07 5
bottom sediment 0.43 £+ 0.14 3
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COCCOLITH CONCEN- PARTICLE NUMBER
MEDIAN RADIUS (um)  TRATION (NXI10%L) CONCENTRATION (N X 10%L)

S00

DEPTH (M)
:

4500

5000

Fig. 8. Particle size and concentration characteristics for
stations A (&), B (O), and C (O). A. Decrease of
median size with depth. Closed symbols indicate the
bottom sediment sample. B. Decrease in coccolith con-
centration with depth. Note that the subsurface maxi-
mum at 300 m is expressed as an increase in the median
radius plot. C. Total particle number concentration
against depth. Note that the bottom nepheloid Tayer
increase is not reflected in the coccolith concentra-
tion but is reflected as a decrease in the median
particle radius.
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surface layers (z < 300 m) median particle size fluctuations were
apparently influenced by variations in the concentration of cocco-
liths (Fig. 8B). The low value of the mean median radius between
100 and 200 m occurs at a regional coccolith minimum in the sur-
face waters, and the high value at 300 m is associated with a
prominent subsurface coccolith maximum.

Bader (1970), Carder and Schlemmer (1973), Carder et al.
(1974), Lal and Lerman (1975a), Brun-Cottan (1976), and Lerman
et al. (1977) have used a power law relationship of the following
type to describe the distribution of fine-grained particles in
the sea:

dv/dr = Ar-b, (1)

where 4 and b are constants, ¥ = particle number, and r =
equivalent circle radius of the particle in um. Starting with

the smallest particle counted on the photomicrographs (» = 0.65 um),
the number of particles (Av) was determined for each of 11 size
intervals (Ar) ranging in width from 0.17 to 0.48 um and extend-
ing to particles as large as » = 4 um. The ratio AN/Ar (particles
cm=3 ym=1) for each size interval was plotted at the midpoint

(r, um) of that interval on log-log graphs (Fig. 9). A least
squares estimation of the best-fit Tine for all points with values
of » > 1.47 uym was calculated for each sample on the basis of
equation (1). The value of the constants 4 and b for each sample
are given in Table 7.

The good fit of the data to the above relationship and the
mean value of » for all samples (4.04 + 0.49) agrees well with
other data derived from Coulter Counter measurements of oceanic
SPM (Brun-Cottan, 1976; Lerman et al., 1977) and microscopic
measurements of oceanic SPM and bottom sediments (Lal and Lerman,
1975a). Lower values of » (=3) have been identified with high
productivity waters, such as regions of coastal upwelling (Carder
and Schlemmer, 1973; Carder et al., 1974). The only discrepancy
in the present data is the curvilinear trend for values of
r < 1.47 ym, which will be discussed more fully below.

Although the total concentration of particles remains
relatively constant throughout most of the water column (Fig. 8C),
significant variations in both concentration and size distribution
occur within the surface waters and the BNL. The particle concen-
trations in the surface waters at stations A and B are about 2x
that of station C. Most of this deficiency is apparently in the
finer grain sizes, as illustrated by the relatively low dwv/dr
values at station C, particularly for » < 1.47 um (Fig. 9), as
well as the lower » values (Table 7).
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dN/dr (particle cm™3um™) dN/dr (particle cm> um™)
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