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Mid-ocean (35°N 155°W) observations of the various components of radiative
clux were made from the R/P FLIP during the period 2 through 13 February 1274.
Cloud cover ranged from clear skies to overcast, and water vapour gressure
varied between 9 and 18 mb, with sea surface temperature near 15.0°C.
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the difference between simultaneous measurements of net all-wave and net solar
fluxes; and (2) by direct measurements with a net longwave radiometer
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designed by G. W, Paltridge. When observations during rain and fog are
excluded, the difference between night-time l5-minute averages by the twc method
i5 generally less than lmWem~™2. During day-time, indirect measurements are
often larger than direct by about SmWecm™2; from internal evidence we prefer

the direct values.

The albedo of the sea surface was calculated from simultaneous measurements
of downward and upward solar fluxes. The observations were analysed to
represent albedo as a function of solar altitude and atmospheric transmittance,
following the work of R. E. Payne; our results suggest that Payne's smoothed
representation is suitable for use over the open ocean. Albedo was observed
to decrease with increasing wind speed for clear skies with solar altitude
between 15 and 30 degrees but no variation was discernible at higher solar
altitudes.

Empirical formulae for calculating both shortwave and net longwave components
of the radiative flux were compared with measurements. A formula due to F. E.
Lumb for determining the incident solar flux given solar altitude, cloud amount
and cloud type, consistently yields good agreement with the measurements,
within about 1 mWem~2, Daily averages of net longwave flux calculated from
several empirical formulae using a linear correction for clouds are within
2mWem~? of the observations re -orted in this paper. Since daily radiation
balarce values were measured . only 5 mWem~™2, the limitations of the best
current empirical formulae are evident.
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Microbial decomposition of organic matter in recent sediments of the
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were identified by their chemical compositions only. The variability in compo-
sition of these solid phases and their mode of occurrence as a co-existing
assemblage constrains the conditions and solution composition from which they
precipitated. Estimates of activities for dissolved Fe, Mn, PO4, CO3 and S

in equilibrium with such an assemblage are close to those found in recent
anoxic interstitial water-sediment systems. It is important to have detailed
knowledge of the composition and stability conditions of these solid precipi-
tates in order to refine stoichiometric models of interstitial nutrient re-
generation in anoxic sediments.
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fullness and digestion of prey suggest that fish captured in deep water at night
probably did not feed exclusively in shallow water on previous nights. They
probably fed in deep water. The similarity in food habits between deep and |
shallow fish is most readily explained by daytime feeding by £fish in deep
water and by broad vertical distributions of prey.

Unclassified .
SECUMTY CLASSIFICATION OF Tmis PasE /Wnen Dere Entered)

r ————




Unclassified

SECURI Ty I_asi T CATOIN F Taiy DAGE ciWhen ile.s Fntered:
A ] = ! READ NSTRUCTIONS
REPCRT DOCUMENTATION PAGE | nEreEhD msTAUCTIoNs ]
AR IIT el 7 SOWT ACZC22icH Q4 3 SECAIENT S SATALSS nUGaza
79-22
3 T "L.E ang rudtrle S. TYRE GF REPAAT 4 SEAas ~a, EAEA
OBSERVATIONS OF UPPER OCEAN TEMPERATURE AND Peprint

SALINITY STRUCTURE DURING THE POLE EXPERIMENT

§ PEARFDAMING SAG. ILPTAT wyuBEA

T ag TRl 4. CONTARACT QR GRANT NUM3ER’ey

'{ James J. Simpson NOO14-76~C~0067

Clayton A. Paulson
3. DEAEHIUING 2ASANITATION “AME anNQ ADCRESS 10, PROCRAM T _EWENT I T2 Task
AREA & WORK T 55
School of Oceanograghy UNIT NumsEas
Oregon State University NR 083-102
Corvallis, Oregon 97331
V1 SONTS2ILLiNG SFFICE NAME ANDO AQCRESS . 12. AEAOAT DATE
Office of Naval Research 1979
Ocean Science & Technology Division T). NUMBER OF PAGES
Arlington, Virginia 22217
T4 MONIFTSAING AGZNCY NAME 3 ACTRESS 1t ditterent Irom Controliing Qlticey 13, SECURITY CLASS. 7ot tnra sspary)
Unclassified
3s. CECL ASSIE:ZATION. JSWNTRATING
SCWEsuLE

16, DISTRIAUTION STATEMENT (at :nls Report)

Approved for public release; distribution unlimited

17. SISTRIQUTISN STA TEMENT (ol !he sbstract sntered in 8Black 20, If J1ifsrent (rom Report)

19, SUPPLEMENTARY MOTES

Reprinted from Journal of Physical Oceanography 9 (5): pgs. 863-884, 1979.

19. KEY WORODS (Continue on reverse side il necessary and iIdeniily By block number)

20. ABSTRACT (Continue on ssveree side ({ necescary and idenilfy by Biock number)

Mid-ocean observations (35°N, 155°W) of temperature and salinity were .3
made from R/P FLIP during the period 28 January-l4 February 1974 as part of
the NORPAX POLE Experiment.

Autocorrelations for the time series of depth of several oy surfaces confirm
the presence of a semi-diurnal internal tide whose amplitude is about 10 m. !
The period of 12.7 h determined from the autocorrelation analysis is not
statistically significantly different from the period of the M2 semidiurnal
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tide (12.4 h). The coherence between pairs of time series of the depth of the
g, surfaces is high, ranging from 0.97 to 0.91 at the frequency of the peak
in the spectrum corresponding to the semi-diurnal tide. The coherence between
a given 0 surface and deeper lying surfaces decreases slowly with the mean
separation between surfaces. The vertical coherence scale suggests that most
of the energy of the semi-diurnal internal tide is in the low=-order modes.

The data show that the phase difference between surfaces increases with the !
mean separation between surfaces at the approximate rate of +35 ° (100 m)-1l. 1
Estimates of the vertical and horizontal wavelengths of the observed semi- 3
diurnal internal tide are 1 km and 35 km, respectively. !

One-dimensional mixed-layer deepening models fail to predict the mixed-layex
depths and temperatures observed during POLE. Horizontal advection, as
evidenced from the salinity maximum frequently occurring at the bottom of the
mixed layer and other near-surface changes in salinity and temperature not é

associated with local surface forcing, are responsible for the failure.
During the one period in which the one-dimensional models may be applicable d
a value of the mixing energy flux coefficient m = 0.0017 was obtained. 1
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Fourteen midwater trawl collections to depths of 450 m to 1.400 m were
taken at eleven stations in the Bering Sea and adjoining regions of the
northern North Pacific by the R/V HAKUHO MARU during the summer of 1975. A
total of 29 kinds of fishes were identified., Mesopelagic fishes of the
families Myctophidae, Gonostomatidae and Bathylagidae predominated in the
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Bering Sea is similar to that in adjoining regions of the northern North Pacific

Ocean: endemic species are rare or absent,

Stenobrachius nannochir was usually the most common mesopelagic fish in our
catches. Stenobrachius leucopsarus is a diel vertical migrant that is usually
the dominant mesopelagic fish in modified Subarctic waters of the northeastern
Pacific. The change in dominance from S. nannochir in the western Bering Sea

to S. leucopsarus in the eastern Bering Sea is related to differences in
oceanographic conditions,
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Midwater and bottom trawls were used at two stations (120 and 180 m depth)
in Balsfjorden during the summer of 1978 to study the feeding of fishes on
euphausiids, one of the major causes of 120 kHz sound scattering. The
principal food of cod consisted of capelin (Mallotus villosus), euphausiids
(Thysanocessa raschii, T. inermis, and Meganyctiphanes norvegica), and
shrimp (Pandalus borealis).

At the 120 m station, herring and small cod fed mainly on euphausiids.
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Because of diel vertical migrations, eurhausiids are presumably close to the
bottom during the day at this depth, and hence very susceptible to predation
by both pelagic and benthic fishes. During the darkest gpericd of the 24-~hr
day cod caught in midwater (50-70 m depth) had appreciable zuantities of
fresh euphausiids in their stomachs.

At the 180 m station euphausiids were relatively unimporzant in the food of
cod caught 1n bottom trawls but were numerous in cod caught in midwater trawls
at depths of the 120 kHz sound scattering laver. The scattering laver did
not impinge on the bottom at this station. It migrated from deptas of about
150 m by day into the upper 100 m at night; both capelin and cod were associ-
ated with the layer. Although copepods were the most numerous type Of prey
in capelin stomachs from the 180 m station, euphausiids predominated
volumetrically.
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sediments [(2 to 6 mm (1000 y)'l] of the Central Pacific, 0.1 to 2% in
moderately rapidly accumulating [2 to 13 cm (1000 y)'l] hemipelagic
sediments off northwest Africa, northwest America (Oregon) and southeast
America (Argentina), and ll to 18% in rapidly accumulating (66 to 140 cm
(1000 y)‘l] hemipelagic sediments off southwest America (Peru) and in
the Baltic Sea.

The empirical expression:

0.0030 - R - g0-30
P_(1-0)

% Org-C =

implies that the sedimentary organic carbon content (% Org-C) doubles -with
each 10-fold increase in sedimentation rate (S), assuming that other -
factors remain constant; i.e., primary production (R), porosity (@) and
sediment density (P_). This expression also predicts the sedimentary
organic carbon content from the primary production rate, sedimentation rate,
dry density of solids, and their porosity; it may be used to estimate
paleoproductivity as well. Applying this relationship to a. sediment .core
from the continental rise off northwest Africa (Spanish Sahara) suggests
that productivity there during interglacial oxygen isotope stages 1 and 5
was about the same as today but was higher by a factor of 2 to 3 during
glacial stages 2, 3, and 6.
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Irradiance and Beam Transmittance Measurements off the
West Coast of the Americas

RICHARD W. SPINRAD. J. RONALD V. ZANEVELD. aND HaASONG Pak

School of Oceanography. Oregon Siate L nwwersitv Corvallis. Oregon 97331

Measurements Of ‘otal irradiance versus depth ind deam transmission -&rsus depth were made st
stations near shore along the west coast of :he North and South American conunents. 7 he water tvpes 4t
each stauon were opucaily classified according 10 the svstem of Jerlov 19761, thus providing Jaditionat
information for the descripuon of 'he distaibution of he world's ocean water ivpes. {n adaition. ine
parameter k. ¢ where « is the irradiance aitenuauon coeficient ind ¢ s the seam attenuation cveticient.
has been shown t0 0e 1 Jserul parameter 1or Jetermining the refative parucie concentrauons Hi Jceun

water.

[NTROOULCTION

Opticai classification of ocean water is in important means
of disunguisning water types. Jerfov (1951] presented a
method of classification according to specirai transmittance of
downward :rradiance at high solar aititude. Downward irra-
diance 1s defined as the radiant flux on an infinitesimai element
of the upper face (0°-i80°) of a honzontal surface con:aining
the pont being considered. divided by the area of that ¢lement
[Jerioe, 1976). Jerlov's (1951] classification defined three dii-
fereat oceanic water types and tve coastal water tvpes, but
turther experimentation [Jerlov, 1964: Aas, (967. {969: Wat-
suike, 1967, 1973. Matsuike and Sasaki. 1968: Hojersier. 1973,
1974a, 5. Matsuike and Kishino. 1973; Shimura and [chimura,
1973: Moref and Caloumenos. 1973; Rutkovskava and Khaiems-
kiy, 1974] has shown that the world's ocean waters may better
be classified by |0 ditferent curves of irradiance iransmittancs
versus depth (Figure | shows the approximate curves of irra-
diance versus depth for sach of the water types from Jerfov
(1976]). Unfortunately, measurements of irradiance pene-
tration are lacking 'n many areas of :he world.

In this experiment, irradiance penetrauon measurements
were made in conjunction with measurements of the water
transmissivity. These measurements yield a parameter which,
when used with the irradiance attenuation coefficient. can
define water types ¢ven more clearly than the irradiance atten-
uation coefficient alone. The more parameters used to identify
waler types, the more accurately the water type can be de-
scribed. [t is shown in this paper that the method of water type
identification by irradiance penetration measurements alone
may yield untrue conclusions about the similarities in particle
content or yellow matter content of the two water masses.
That is, two water masses may have nearly 1dentical values of
an irradiance attenuation coefficient (thereby classifying them
as the same water type, opticaily, according to Jerfov {1976])
but may in fact have very different profiles of light transmis-
sion versus depth. An explanation for this discrepancy s pre-
sented.

EXPERIMENTAL PROCEDURE AND RESULTS

Measurements with the irradiance meter and transmissivity
meter were taken once a day at 1200 hours local time approxi-
mately 250 miles apart from Newport. Oregon, to Chimbote,
Peru (Figure 2). Observations were made to depths of approxi-

This paper ts not subject to U.S. copynght. Pubiisned :n {979 by the
Aamencan Geophysicai Cnton.
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mately 75 m. At two stauons (8 ind ). equipment mafunc-
uons prevented measurements ;rom deing laken.

The irradiance meter ased nhad 2 dat opai g:ass aifuser 2s 2
s0sine collector and contained 1 signai iog ampiifier 10 provige
an output signal between =4 V dc. The spectrai response of the
irradiance meter 1s shown n Figure 3. The transmussivity
meter :onsisied essentiaily of a lignt-emutting dioge 'wave-
jength = 330 am). coilimating leases. and 1 pnotodioge. The
opucal path length of the meter was 0.23 m.

The irradiance meter :ndicated values of the 'ogariihm of
the irradiance versus depth. From this .nrormaton ne vaiue
of the :rradiance attenuaton coerficient < couid e Caiculated
as foilows [Jerfou, 1975

< = 4log £) - dilog £)
dz Az

where £ is the measured irradiance and : s the depth deiow
the ocean surface. Vanauions in soiar ¢levation due to changes
tn latitude were considered in the calculation of .

The transmussivity meter ndicated the ratio of the radiant
flux transmitted through 0.25 m of seawater to the incident
radiant fux. The totai attenuation coerficient ¢ zan oe ootained
from the measured transmissivity 1s toliows [Jertov, 1376

T =g

where T s the percent transmussion. ¢ 1s the total attenuation
coefficient. and 7 1s the geometricai path length of the meter.
In this experiment. » = 0.2 m; therefore

PERCENT OF SLURFACE RRADIANCE
= 9%
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Fig. 2. Map showing !vcations and dates of stations taken. The water types ire snown in darentheses.

T = -d8
or
c==4InT

The high degree of accuracy obtained (rom the ¢ meter 15
attributed to the precise collimation of the main beam and the
small solid angle of detection (see Bartz e al., 1978).

In Table | the measured vaiues of k. T, and ¢ and the
quaantity k/c are shown for each of the stations. Variations in

29e=

50—

% HELAVIVE RESPONSIVIT Y

25

200 500 300 000 1206
WAVE LINGTH nm)
Fig. 3. Spectral response of the irradiance meter.

4.

transmussivity with depth ndicaced that for 3 given decrease :n
transmission (corresponding 10 an in¢rease :n ¢) ihe irradiance
attenuation coefficient « increased proportionally Therefore,
neglecting slight vanauons iless than 3%). the values of «. ¢
were quite constant with depth beiow the 3 or 4 m of surface

TABLE 1. Irradiance and Transmussivity Resuits From All Stauons

Percent
Stauon k.m-'  Traasmission c.m-t kic
1 0.063 310 0.843 T Ix {0
2 0.02t 32.0 0.794 2.6d x 10
3 0.031 38.5 0.489 6.37 x 10
3 0.055 35.5 0.627 3.7 x {0
5 0.022 329 2750 298 x {0~}
6 9.029 855 0.628 466 x (0!
? 2032 330 Q9 748 434 x 107
i0 0.053 32.3 2770 5.39 x 10}
1 2.039 3.3 0770 307 < {0
ie 0.013 340 0.597 132 x 10
13 7024 32.0 1794 302 < {07
14 0.029 573 .23 132 x 107!
i3 0.022 210 5.24 )37 % 107!
16 0.068 50.3 7 352 <10
" 0.023 52.0 ] RSN ST R
13 2.034 333 J 4°3 <0
) 3.027 s .63 192 <07
0 1.043 "3 .03 319 x 0!
M 2052 T3 .38 3.33 x .0

..,_,‘,.-__N

oo
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TABLE 2. Classification of Water Tvpes ov irradiance Attenuation

Coeffictent <

Water Type Stauons of
Jertov. 1976] «m This Water Type

! 2016 Lol

la 0025 S003 it

o 2930 B R

it 2033 210008

m J.083 4010, 2!

0.068 16

3 0.095

3 0134

N 0.22

] 3.282

water. Tabie 2 shows the vaiues of X used to define water types
opucally (Jerfov. 1976]. This table aiso shows ihe classification
of the water types rom this expenment as identified soiely oy
the :rradiance attenuation coetficient .

In Figure 4 the values of & {or each stauon have Seen piotted
against the values of ¢ for the same station. Constant values of
x:¢ are shown 1n the figure. and the vaiues of & lor vanous
water types are snown along the abscissa.

BEAM ATTENUATION COEFFICIENT , C {m™")

A S BTN 1.3
' 5 0
IRRACIANCE ATTENUATICN CJEFFICIENT |
k (x 10‘2 mh)

Fig. 4 frradiance atenuation :oerficient ind seam ittenuation
coerficient measured at 2ach stat:on. “umoers cocrespond o station
fumoers.

RELAT'VE PRACIANCE Normanzed 0 mw . :m’ 3t suriace.

peiel] P s b

bY;

DE P It (neiers)

Q4=

Fig. 3 [rradiance orofiles with depth at stations 5 ing i

OBSERVATIONS aND CONCLUSIONS

As Table | shows, a gtven water coiumn may have a simiiar
ar idenuical value of k as another water coiumn. dut the vaiue
of ¢ may be quute dirferent. This is aiso seen n Figures 3 and 6,
which show tvpical profiles of irradiance and transmussivity at
stauons 6 and 4. An important factor to consider 1s that c. :n
this expertment, was measured at a single waveiength of lignt
1650 am), wnereas x was measured or :he range of wave-.
iengths {rom approximately 400 nm to 1000 am. The ract :hat
the vaiue of ¢ at 630 nm may oe difersnt [or :wo water
columns having 1dentical values of & 1s an :ndication that :he
types of material in the two sampies may cufer significanily
The existence of veilow matter .n the seawater couid not Je
detected by the transmussivity meter 1ione, since :he 10sorp-
uon of light Yy veilow matter 1s negiigibte for iignt of wave-
iength 650 am [Jerfouv. 1976]. However. particulate iight atten-
uation at that wavefength s quite sign'ficant [Burr, 1933]. AL
the shorter wavelengths of light. both particuiate matter ina
vellow substance contribute significantly o iight attenuauon.

The parameter . ¢ 15 a usefui :ndication of relative amounis
of particulate matier ind vetlow substance .n seawater Tae
Aigher the value of 4. ¢ is, the more yeilow mattsr or the ess
particulate content there 1s :n the sampie. The vaiue of < ‘or
wavelengths of 400-{000 nm may oe :he same ;or i faruc:e-
laden sample as for a sampie of water contarming much vetiow
matter. The two samples would be quite difereat in nature and
s0 should be classified as such. The use of a ‘ransmussivity

% TRANSMISSICN IF 33Cam _.Gm7
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Fig. 5 Transmussivity srofites with Jeoth it stations » ing <
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meter in conjunction with an irradiance meter ailows such a
classification. For example, stations 1. 3. 4, and 10 ail have
high vaiues of «/¢. The hypothesis that this represents :arge
amounts of vetlow matter may ne justified by the fact that 2ach
of these stations 1s near 3 [arge river cr Sity (possibie sources of
vetlow matter). Staton ! s near the mouth of the Coiumoia
River: statton 3 s near the mouths of the Sacramento ing
American rivers at 3an Francisco: station 4 .s offshore of Los
Angeles. and stauon (0 1s near the mouth of the Rio Balsas.
one of the fargest rnivers on the west coast o Mexico. Con-
versely, the stations with the lowest values of k. ¢ are :n the
region of the Guif of Panama, an area which contains very ‘ew
rivers and which may act as a depository tor paruculate matter
being transported by the Equatonal Countercurrent.

The results of this experiment, as shown 1n Figure 4. indicate
the use of the parameters < and ¢ 1s water tvpe .dentiiers.
U nfortunately, these were the only oceanographic measure-
ments iaken at these siations., 50 corretations between (ne
values of k/c and other hydrographic, chemical. or dioiogicai
measurements are unootainable. [ would appear. however,
that the values of  and &/ c together proviae usetul parameters
for water type :deatificauon. The measurement of < aione
gives an ndication of soiar energy penetration :nto the sea: 3
measurement useful for mixed iaver studies and dtoiogtcai
analysis. The measurement of &, ¢ indicates the lype of mate-
nal suspended or dissoived :n the water

The 'mpiications of this experiment are twotold. Firsi, Jfer-
fov's {1976] chart of water (ypes has been 2xpended t0 inciude
measurements off (he west coast of North, Centrai. and South
America. Second. the use of the parameter <. ¢ together with
the parameter < has deen shown to ne of value :n the ‘denur-
cation of ocean water lypes according o matenai suspended
or dissolved within the water.
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Nitrous Oxide Producuion in the Ocean
YoivaL COHEN
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Examinauon 3 verucar grofiles of N,O, oxvgen. ana <utrate ‘rom ‘ne Northeust :ng Norinwest
Atiantic, Northeast Pacific ing zastern :;oowai Norta 21ciAc reredis 1o sLnKing Sonsiiency A lie
selationsatps imong them. Wil ine excsplion 0 ones i ictve deninincaucn. MO 3 tegativen
corretated with dxvgen ind Jositively orrelated »th MLriie 1rougnoul (ne »aler SO0iumn 4na 1 a.
therefore, conciuded nat N;O Produciion ia e OCEAN L3 1SSOCIALEd Mild (e Juddalive egenerilion DI
Aasate. {a doth ne Adanuc and Paciic Oceans. ne lirference cetwesn 'he Measured M,0 soncentranon
ing s squilibnium sowoility 5 anearlv corretated ~ith ipparent oxvgen sL.uzalign ing@ rom s
retationsip 1nd e Redtistd Zianxion JecOMPOSIION OGS L 1§ $LMALEd (NAL NO-Mtrogen Jomarses
100ut ). 10 0.4% of tie nutrogen regenerated (o ‘e oczan. From ine rauo o N0 O Mutrate Jrocuction
Juring autrate cegeneration angd ssumates Of 1ne Overasl r=generaton Of Arate n oine ycean. s
conciuaed *hat :ae 1otal Tanne production of N.O s :a the range o413 .0 Tg-N ;1™ 510 0 T2-N:0

¥yeo7) Thus estimate :5 10 30od 1greement ~1th esumaltes of the N.Q :0ss 10 the aumospaere leriveg [rom

N.Q measurements it :ne sea surrace.

INTRODLCTION

{nterest . :he sources ind sinks Jf atmospheric Atrous
axide 1 N,O), ansing ‘rom :the ceaiizauon that N,O catalyzes
ozone reduciion in tne stratospners (Cruczen, (970], Aas stumu-
‘ated a livelv debate on :ne rote of the oczan :n the giobai N.O
Jycie, However, onty one aspect d1 tne manne N,O Jvile,
namely the net N.O dux icross :ne ocean-atmosphere :nter-
Tacs, s retevant 10 he vzene depieton probiem, tencs in this
sonnecuion ihe ocean nas deen :reated 15 a simple sysiem
which acts either 15 1 net source {Aaan and Junge, (977, Liu et
2., 1977} or a5 1 aet sink (McEiroy et al., 1976] for aumo-
spheric N,0.

Basicaily. two 2pproaches, often vieiding conflicting results,
Jave deen used o calculate the N;O :xchange detween the
Jcean and the atmospnere. The idrst involve, extrapoiaung '
3lobal scale duxes caiculated from the resuits of N,O measure-
ments it the sea surface combined with modeis for gas 2x-
change {Hahn. 1974a; Hahn and Junge, 1977, Liss and Siater,
1974]. The second approach i3 based on the assumption that is
in soils, N,O production in seawater arises pnmaniy from
denitrification and that therefore it can be e¢valuated {rom
estimates of marine denitrification multiplied by some numen-
cal value for the N,O vieid in the process (M cElroy ¢t al.. 1977,
Councit for Agricui:ural Science and Technology. 1976]. The
recent studies of Coken and Gordon {1978)] and Cohen [1973],
however, clearly demonstrated that unlike the situation com-
monly encountered :n souls, denitrification in the marine eavi-
ronment results 11 N,O consumption rather than productuon.
and. therefore. "he second approach :s .avalid.

From N,0 and oxygen measurements in the North Atlanue
and ‘rom the results of 1ssays in natural seawater ncupated
with ammomnmia and various Jrganic substrates. Yosmnarn
{1973} concluded :hat N,O production in seawater arises prl-
marily from awnicaton. This conclusion was .ater supporied
by the N,0Q, oxygen 1nd autrients data of Coken and Gordon
"1973] from the 2astern ‘ropical North Pacific. 8remner und
Blackmer (1978 have cecently demonstrated :he refease 2f
N,O from soils during aerooic aitrification. !f this appiies 10

Cooynght D 1979 by :he American Geoonysical Unton.

Paoer rumper 3C.N31 3
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‘N 0C2an as 4 whote fien il snouid 2e Jossible 1o 2sumate ne
marine progucton of N,O rom .aformation on the recicuny
Sf mitrate ~ithin the ocean.

Taus saper oresents an 2xamination of N0, oxvgen, and
Qtrate data ;rom (he Atantc and 22ciic Oceans :n in atemot
"3 2S120U5R the T2latonsips umong these caradies ing W0
sumate tle overail production of N,O :n the ocean.

Data

N,O data ‘rom :he Northeast Ailantic iNEA) are 3
Hahn 7i974a, 1975] and oxvgen cata ire ‘rom Roetner ¢f Xt
(1974]. In these reports only graphic presentanons ot 1he waler
:olumn data are niven. Surface N,O oncsntrawons a ihe
Norta Atjantic are iisied .n Aaan (1974a). His N.O measure-
Tments ~ere made 1t 583 HY thermal sencuctiviy 2as Jnroma-
rograpny - GC) with 1 precision of aoout %, The accuracy of
these N,O measurements will de discussed .ater.

N,O and oxygen data ‘rom e Northwest Adanuc: NW A,
and the Cariobean are from Yosawnart (1973, appencix]. MO
sampies were analvzed on shore bv helium .omizauon GC
ibout one month after collection. The orecision If measure-
ment was about 3.3% and the ssumated accu.dcv ibout 1%
Since neither Haan [1973a, 1975) nor Yosawmart 'i973) m=a-
sured mitrate, some Geosecs North Atlanuc ntrate gata Sgin-
briage. 1975] was used here.

N,O. oxygen and amrrate data from the zasiera :ropwcai
North Pacific (ETNP)Y are from Cohen 2t 2. 719771 ang Conen
and Gordon [1978]; N,O data ‘rom e Northeast *acific
tNEP) 1s first reported here 1nd :he Sxvgen ind mitrate Jai
are ‘rom Murray ¢ 26 ©1977). The N,O measurements ~ers
made by electron capture GC [Conen, (977" wun 1 orecision of
1bout 1% and estimatea accuracy of 3%

The soiubiiity coerficients 2t N.O in seawater rere :aicu-
lated 9y dtung Wewss' [1970] squation, wnich :xpresses ne
Bunsen sotubility coerficient of 1 3as as 2 Junction Jf temoer-
ature and saiiquty, 0 the data of Warkaam and Kooe 941 or
“he soiuotitty of N,O n 1queous sodium IniOrIde 50iLLONS.
Junge 2t af. [i971] ssumated :hat ‘ne Bunsen coetfaents so

Jbtained are accurate (0 apout =7 sut R. F Weass  personu

ttar
[ @43+

communicauon, (977 sstimates :heir iccuracy 1o Je o
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inan 3%. Weiss' [1970] oxygen solubiinty soerficients vere used ERWTR =

- " . NOL M = 3 3
10 caicuiate uxygen saturation. o T S S S
-

RESLLTS =0

?

in amost il the marine 2nvironments wnere N,O measure- oo - R K -

Tents nave oeen Mace (s AISIHDULION ApPears 10 3¢ inverse:y \ '<f \\\. -

sorrefated witn that of Jissoived oxvgen sunge z¢ 2i., 97!, N ™~

Hann, (974a, 1973, Yosatnar, (973, 1976 Conen. 1978, 1977, o

Exceptions :0 'fus patiern nave deen ‘ound daly .n dxygen r

zetictent snvironments whnere oxyvgen-based respiration was i

not the major dioiogical respiratory mecnanmism (Conen, (97%, ;

1977). As an ilustration of inese reiauonships, tvpieai verucai 2000 - )

protiles of N,Q. oxygen, ind nitrate ‘rom tne Ngrth Adantic, . t
|
1
e}

s
o

LEFIIE Gn)

NEP and ETNP are shown in Figure i. [n both the Norta 2500
Atlantic and the NEP the N,O prodles are essenually mirror ‘
images of ihe oxygen profiles with maximai N.O conceatra- {e) 3 o)) "13'.:*-0'3 >
tions in ihe oxygen mimmum. {n the ETNP N.O s .nverseiy RS e ;
correiated with oxygen throughout the water coiumn except

‘or the oxygen defictent iaver at ca. 130 to “00 m where

consumpuon of N,O by denitnificaton results in minima in the )
N.O orodles [Conen and Gordon, 197%]. The orofies rom :he ,;3‘_‘::‘,..:
ETNP shown n Figure | ire exameies of maximal (station i2) -«,a‘ -
and mummai (stagon 3 Jdemuriicauon as cedecied oy the
.ntensity of e N,O ind mitrate mimima.

Among iie nvironments considered nere, ‘nNe .0wer the
oXxygen concentration at the depth corresponding o the N,O
maximum, :he mgher :ie N,O conczaatrauon at ine N.Q maxi- oocH R -
mum (Taole {}. This appears to be the case aiso when N,O and < ] ’ . .
OXxygen saturations ratner than ibsoiute concentrauons ire T oecon ;
considered. For each snvironment the N.O saturation value in =
Tabie ! s reiative 10 (e amotent atmosoaenc N.O conceatra- =
uon. While :he different atmosphenic N,O toncentrauons = : ¢
listed (n Table | most prodadty reflect sotn rear variauions n "\ :
N,O and svstemartic caiibration errors imong :he anaivucal 2500+ \
procedures used, the differences in the N,O saturation values
among the varnous environments are considered real since .n BOCOXE) )
each case the same method was used for the N,O measure- NEP 3T 3
ments i 1c and water. '

From the joregotng, :t appears that N,O congentrations (or
saturations) progressively increase with decreasing oxvgen e
concentrations (or saturations) :hroughout :he Northern ».o‘-i\,...-'\ 2
Hemusphere. This s remimscent of the relationsnips between V3™ |
oxygen and the nutrient siements which are regenerated at the
expense of oxygen, and as shown n Figure 1. the verucai
distribution of N,O closely resembies that of nitrate except in
the uppermost nitrate-depleted part of the water column.
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The N,O-oxygen reiationships differ in the NWA_NEP, and 1000} S

ETNP above a2nd below the oxygen minimum. This is tilus- z

trated for selected representative stations in Figure 2. For a - ook -

given oxygen concentration N,O levels in the NW A are higher < !

beiow the vxygen minimum than ipbove it while the reverse s ] ‘ ‘

true for the NEP and the ETNP. The variations :n the N,0-O, 2000 L=

slopes may anse {rom regional vanauons in the rates of N,O

production and oxygen onsumotion and aiso from muxing 3f 2500 - PR

diferent water masses containing different :mitiat concentra- N0, i

uons of N,O and axygen. 1000 )
Simular 10 :he definition of “appareat dxvgen utlizauon’ ITNP ST 2 3

(AOL) by Redfield et al. {1963]; Fig. . Verticat profifes of N,0. oxvgen 1ng ulracte rom o oo che i

AOU = O gtesrmion = Qyommrm (1 L340 o, Jorneas, Pt na o) By o

) , ; R . , ¢r 2., 973, Nurate 3212 rom Geosecs siauon 1° Bamorage. <"
. . " N . . i ; - -
apparent N,O production’ {AN10) was Jefined 0y Yoshinart ;' Sanon C.i6  Yosmnar, 1973] Nitrate data rom Geosecs wation
{1973} as: 19 {Banondge, 3757 o0 T G. Thomoson cruise TT-oll staton o
od. ¢y "Wecoma' iruise Wetoc 7.l siauons () (2 ana e 9 Conen o
AN-;O - _\‘1Omomuc - NeOt;,m‘“u""on ‘:) al.. :97-1'
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Mean N0 1nd Oxygen Concentrauons and Percent N.O i1nd Oxvgen Saturanions it the MO Muxima a Some Muarine Exvronments

Aimosprers

N:O D3y gen N0 Juigen NS
Concentration, Conosnrriion, Saturauon, Sdlerition. Coneentraten

Locat;on “moi i~ amon T ™ E o0
Northeastern Aantc? 03 =i3 T2y si=l b
Noripwestern Atanuc® =170 90 = .3 ez R |
Cariboean® 279 =99 240 = il
Northeastern Pac:fic? 363 (1) 321 i o3
Castern Tropicat North acuic! 9.5 =339 497 = 33 4z 87

Percent N0 saturations are celanve (0 the Atmospneric N,Q concentrations tsied 1 olumn 9. Numoer ‘n darentheses > tumoer o

ons

7Average values jor stanons 213, 114, 113, ‘Meteor cruise 13 Hann 19751 3otn V.0 ina dxvgen 14fa ire rOM Jrasnica: 3resentilions

.a the arginal reports.

Average values for stations C-~, C.1}, C-16, C-20. Yosmnar: ©.973. ippendixj.
T Average values 'rom Yosmnan 11973, ippendix). Oriv an iverage value Tor the JXvgen JONCSRLIALON N ¢ JNREN THTIMLTM M ne

Canboean s 3tven.
TStation 3. T G Thomopson’ cruwse TT-i2!

*Average values Jor siation 3-12, "Wecoma' iruise Weloe-"7-[ ‘Conen er ai..

977 The relauvety .arge 5iancard lev:aiidn > tng sxvgen

measurements rerdects the :naccuracy of the Winkler procedure at wery Ow oxygen concentrauons.

Thus, AN;0/A0U s the ratio of N,Q produciion 10 oxygen
sonsumpuon. Yosmngrr 11973] round 1 iinear relationsnip oe-
tween AN,0 and AQU :n the NWaA. The reiationsaips de-
:ween AN,O and AQU at Yosatnart's four stauons ‘rom ‘ne
NWA, one stauon rom ne NEP and :en statons rom :he
ETNP are snown :n Figure 3. tIn the ETNP oniy samoies
containing more :han i~ umoi O, i ' were considersd since at
iower Q, zoncentration :ne esfects of Jdennrntcauon ars
dominant [Coaen and Gordon, i97%].)

A comparison of Figures 2 and 3. noting that 20tn 2moioy
the same scaies reveals that :n the NWA the 'wo slopes. ioove
and beldw the dxvgen mimmum, on the N,0-0O, diagram nave
merged 1nto one on the AN,0-A0CU diagram. The Jeep sam-
ples (ca. > 1400 m), however, do not fatl an this trajestory sut
cluster around :a. 30 umoi AQU i-% [a tne Pacific, on ne
Jther hand. the separation oetween the sampies ‘rom ipove
and pelow the oxygen minmimum 1s greater on the AN,0-A0U
diagram than on the N,0-0, diagram.

Resuits of iinear regressions of AN,;0 versus AOU for ail
the groups of points 1n Figure 3 are listed :n Taole I and the
corresponding regression .ines are plotted 1n Figure 3. As can
he seen from the hugh corrsiauon coefficients for the regres-
510as. 1 linear function idequately describes the reiauonships
netween AN,;O and AOU in ihe Pacific also, provided that
samples from above and Selow the oxygen mimmum are
grouped separately. (The regression coetficients in Table 2 {or
Yoshinari's data ‘rom the NWA are slightly diferent :han
those he obtained for the same data, probably because of smali
differences :n the :alculauons of the N,O solubiity coefi-
cients.)

The rauos of N,O production to oxygen consumption
1AN;O/7AQU on 1 moiar basis), referred 0 aere as the "N,O
oxidative ratos,” for :ne different groups of samples n Figure
3 vary from ~6-10-% 20 2,13 (0"* (Taoie 2). The N,0 oxida-
tive ratios for the 0 to (000 m depth range:a the NWaA and for
the 0 20 300 m depth range 1n the NEP are quite similar and
hoth are about 1ail the oxidative ratio in shailow waters of the
ETNP. The regression 'ines 'or ‘hese three suites of samples
have aear zero intercepts. The N,O oxidative rauos .n Jeep
waters of the NEP and the ETNP are higher than those founa
:t shallower waters iand the corresponding regression ..nes
have large negative .ntercepts.

Because AN,Q w~as ‘ound :0 be 1 linear funciion Kt AOU
ind since nitrate regeneration 1s 3iso lineariy ceiated 0 oxygen

sonsumpuon (Redfieid 21 at., 3637 t .5 pOssiCIe 10 sacuiate
:he rauo of N,0 oroduction :0 aitrate srocuciion. Ascsraing
t0 the Redfieid er al. (19631 s1ankton Jecomposition moast

iCH0 ) t Ny jis H PO, - (280,

= 06CO, - .2IH,0 = HSHNO, = H,PO, KN

16 moies of nitrate ire Jormed it e 2xpense Of |38 moies of
oxvgen. Exiensive iesi3 Jf :ne Tode! :n varicus ireas of tne
ocsan [divarez-Borrego 2t 2. 9731 snowed nat 1 s lonsise
tent with detd data. THus. tne 7auo of N,C 1o nirate 2rocuac
uen s (ANLO-AQU) 1138, 9y, Vajues of this -ato or ne
navircnments considered in Figure 3. where N,O ‘armation s
axpressed as a percentage of 1€ ~itrate ‘ormauon on 1 g
1tom-N hasis vary ‘rom ) .3 10 )37 Tabie

DiscussioN

The Refauonship Berween Oxvgen
Consumption and N,0 Production
inthe Ocean

Examinauon of verticai pronies of N3O 2xsgen. anc mitrate
irom the Atlanuc ancd Pacific Ocsans reveais 1 »rx:ng con-

4
NO {(nmol 1)

~ 0
4
b] oC 200 e
Oy {4 mol =
Fig. 2 N;Q-oxygen reiauonsmos COf slauons a he Northwest

Allanuc inangles. Yosaimart 973, stauon C-ono, Norneast 2acific
circles, stauon Ji. ind Easiern Troorcal North Pacind s squdres. Jonev
2t 20 11977 Sraton ' The otted ine covers lhe -egion vhere
»dMmoles contained .ess *han " M O,y . °
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Fig. 3. AN;0-AQU retationships for four stauons {rom the
Northwest Atlanuc [ Fosainart. 1973, statons C-7, C-11, C-16. C-20],
one stauon from the Northeast Pacific (stauon 3). iand ten statons
‘rom :he Eastern Tropical North Pacific {only samples coataiming
more chaa 17 uM Q, [°') [Cohen et ai., 1977, stauons 1-{2). a}
Northwest Atlantc 0-i000 m. (5) Northeast Pacific 0-800 m. t¢)
Eastern Tropical North Pacific 0-123 m. (@) Northeast Pacific 1000-
2500 m. (¢) Eastern Tropicat Nocth Pacific 600-3000 m. The dotted
\ine encircles the Northwest Atlantic samples (rom depths greater than
1400 m. Arrowheads indicate increasing Qepth.

sistency 1n the relationships among them. N,O is positively
correfated with nitrate and negauvely correiated with oxygen
throughout the water column in both oceans excspt where
Jdenmitnification occurs in the ETNP. Like nitrate production,
N,0 production was found to be lineariy related to oxvgen
consumptron 1n ail the marine environments studied (Figure 3)
and this supports the conclusions of Yosmnari {1973] and
Cohen and Gordon [1978) that N,O production in the ocean
primarily anises from nitrification, the process wheredy nitrate
is regenerated. )
The overall vanation in the ratos of N,O production to
oxygen consumption, and hence to nitrate production, among
the environments investigated is rather small (less than a factor
of 3, Table 2). However, :he differences n these ratios !or
waters deeper and shallower than ca. 300 to 1000 m in both the
Atlantic and Pacific are significant. We do not tully under-
stand these differences, but a possible ciue can e derived from
examination of the temperature and salinity distributions of
the NWa, NEP and ETNP (Figure 4). In the NWA and NEP,
variations in the AN,O to AOQOU racios (Figure 3) occur at
approximately the same depths where singularities appear on
the temperature-salinity diagrams. These singularities indicate
the :ransition {rom the locally formed central water masses to
the deep water masses of aorthern and southern origins [Sver-
drup et al.. 1942). The situation is more compiicated in the
ETNP because there, the two regression lines in Figure 3
represent waters separated by the oxygen deficient zone where

AN,O s not lineanly related 10 AQL. The water seiow ca.
500 m n the ETNP s comprisea of 2 mixture of [ntermediale
Water (charactenzed 5y 3 saitity minumum; and Deep Paciic
Water. [n sotn the Atlantic and Pacific. the noniineanty of ia
apper part of *he 3-S diagrams apparentiv joes a0t afect tne
AN,0 10 AQU rauos. [t :s thus possiole that vanations in the
AN;O 0 AOU rauos redect different :naracienisucs. with
respect to N,O ‘ormaton, of the refativeiy warm, central water
masses and the cold, deep water masses. The abundance of
mtnfying microorganisms, the fraction of these wiiich contrib-
ute 10 N;O formauon and the availabiiity and compositicn of
the oxidizaole organic matter mignt be some of the disunctive
properties of water masses of different ongins. The limited
data base of this work does not permit a detatied discussion of
this hypothesis and clearly, measurements of N;O. oxygen and
autrients in the southern and northern source regions ol the
deep waters of the ocean are required for this purpose.

Estimates of N:0 Production in the Ocean
and [ts Escape 10 the 4tmosphere

Given the reiative constancy of the N,O oxidative ratios anc
assuming that the N,Q-nitrate reiationships established here
are representative of the whole ocean, an attempt can be made
1o estimate the rate of N,O production :n the ocean. A modet
for the marine mitrogen cycie, taken from the giobai modei of
Liuet al. {1977), 1s shown in Figure 5. The reader is referred to
the original paper for detaiis on the ¢sumauon of the various
anumericai values but some relevant points wiil be mentioned
here. The large nitrogen reservoir in manne sediments was
negjected because the transfer rates between this reservorr ind
the others were considered to he verv smail: the vaiues for
alrogen (nput 1nto the ocsan are independent esuimates 3ut
the output value for marine genitnfication s a ‘orcea vajue
based on a steady state assumption: similarly, the mitrogen
mineralization rate 1s a forced value determined rom :nde-
pendent estimates of the rate of mtrogen assimilation in the
ocean. Taking the 2000 Tg-N yr=' i1 Tg = [C'?g) munerai-
ization rate as a maximal estimate of the cxidative production
of autrate in the ocean and an average value of 0.2% for the
AN,0 10 ANO,;- rauo 1n the process (Table 3). ine :otai
oceanic N,O production rate wouid be 4 Tg-N ve-i or 5.3 Tg-
N,O yr-'. Because of all the vaiues in Figure 3 the ssumated
N,O production rate depends only upon the nitrogen minerai-
1zation rate, it is important to note that a somewhnat independ-
ent estimate of this rate by WcElroy et al. {1976], 1500 Tg-N
yr-', is quite similar to that of Liu et al. [1977].

Assuming a steady state N,O distribution, N,0 production
must be balanced by N,O loss {rom the ocean. The only
known oceanic sinks for N,O are its escape :0 the atmosphere
at the air-sea interface and its Jochemical consumption :n
oxygen deficient and anoxic waters {Coaen. 1978, 1977]. Since
the magnitude of the latter sink 1s at the present :ime unknown
and its areal extent {imited 1t wiil be negiected ‘or the moment

TABLE 2. Regression Equauons of AN,O (amol {-*) on AOU (umai i~") for Some Marine Eavironments

Location Depth Range. m Regression Equation r n
Northwestern Atlantic 100-2500 AN,O = =0.437 «10.089 = 0.001 A0L 0972 36
Naortheastern Pacific 0=-300 AN,O = =0,928 - (0.076 = 0.003)AQU 0.993 3

1002500 AN,O = =d6.248 - 10.218 = 0.026)A0U 0.988 b
Eastern Tropical North Pacific® 0-125 ANGO = 0,909 - (0.140 = 0.00)AQ0U 0.986
“00-3000 ANO = =30.330 = (0.152 2 0.01HAOUL 1.957

*Qnly samples wiek O, > i7 umol |-,
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TABLE 3. N,O Production in Some Manne Eavironments Expressed
as a Percentage of Nitrate Producuon an 3 «g tom-N Basis

Eavironment AN:0. ANO, B

North Atlantc

=1000 m DR
Northeast Pacific

0-300 m 2.3

1000-2500 m 2.37
Eastern Tropical North Paciic

0=125m ’ 0.24

“00-3000 m 0.26

and the ¢stimated N,O production rate given nere wul de
compared to available data on :the rate of N,O loss 0 the
atmosphere. The procedure will be to calculate an average
oceanic surface supersaturation of N;O required 1o produce an
N,Q dux into the atmosphere of 4 Tg-N yr=' and 10 compare
thts calcuiated value with ihe resuits of N;O measurements at
the sea surface.

According to the ‘stagnant dlm' model {Bolin. 1960], the
rate limiung step in gas exchange across the air-sea interface s
moieculiar diffusion through a laminar layer. The gas dux (F)
across the interface is:

D a
I3 E-A ()

where D s the gas motecular diffusion coefficient. Z is the
thickness of the laminar iayer and J s the difference cetween
the measured concentration of the gas at the bdase of the
laminar layer and its equiliorium soiubility. Taking i8°C as
the average surface temperature of the ocean {Bialek. 1966. p.
34} a N,0 molecular diffusion coedicient of 2- i0-* em? 5! at
this temperature (interpolated rom the vaiues given in
Broecker and Peng {1974]), a Z value of 50- i0~* <m {Broecker
and Peng, (973}, a fux of 6.3 Tg-N;O yr=* {4.5- 10** amoi N.O
s~'), and multiplying the right hand side of (4) by the total
area of the ocean (361- 10'* cm?), 2 A value of 0.32 amol N,O
{~' is obtained. Taking an average atmospheric N,0 concen-
wraton of 290 ppbv. the N,0 equilibrium solubdity at i3°C
and 335% salinity would 2e 7.29 amoi |~ Combining this
value with the above resuit for 1. the surface water of the ocean
would on the average be 105% supersaturated with N,O. [t is
important 10 note that this caiculation is retatively insensiive
t0 changes in the atmospheric N;O concentration. Taking the
lowest (250 ppbv) and highest (328 ppbv) atmospheric N,O
concentrations listed in Table | instead oi 290 ppbv would
change the final result for the average oceanic surface super-
saturation by less than 1%.

The above results will now e compared to the results of
direct N,O measurements at the sea surface. Tabie 4 includes
all the preseatly availabie surface N,O measurements with the
exception ol one data set, that of Rasmussen et al. [1976), {rom
the Eastern Pacific. The data of Rasmussen er al. [1976] is not
included because of the large scatter in the N,O saturation
values, especially south of the equator. For exampie, their
surface N,O saturation vajues at 5.7 and 7.6°S were 105 and
280%. respectively (see aiso Cohen and Gordon (1977, Figure
6]). The other data sets in Table 4 were grouped with respect to
latitude and replicate observations at one location were aver-
aged. With the exception of the data from the “Meteor' cruise
16 which will be discussed in detail below, surface N,O satura-
tions in both the Atlantic and Pacific Oceans ire quite low
with an average value of 109%. This average supersaturation is

mgner than the [05% :caiculated above dut :n light of the
Jncertainties invoived in the calculauons voth resuits are com-
paubie. Considening the range of the AN,O ANO; - values in
Taoie 3, an uncertainty of 1 factor of 115 Juite ~easonaoie 1o
the dux caiculated ‘rom tne N,O-atrate ssrauonsaos. Taking
3 rather than 4 T2-N yr~* for the dux vaiue :n .4, »ouig r1eid
an average surface N,O supersaturanon 3t [09%

Other estimates of the N,O 2xchange across :1e dcean-
atmosphere interface :an de ¢xamuned :n terms ot i4) and
Table 4. Maximai estumates are those of Haan [1974a. (975}
ind Hahn and Junge (1977] who conctuded that the ocsan :s 2
net source for atmospheric N,O with a magnitude of 16 o 160
Tg-N yr~' and a most likely vaiue of 43 Tg-N yr=':"0 Tg-N,0
yr=), and 3 mumimal estimate 1s that of McElroy et al. [1976]
who argued that the ocean s a net sink for atmospaeric N.O
with a magnitude of 40 Tg-N vr~* (63 Tg-N,0 »r=).

Haan's [1974a. 1973) and Hahn and Junge's [1977) esuumates
of the aceanic N,O fux were obtained dy extrapowatng 0 3
glooal scale the resuits of N,O measurements .n surface ind
shallow waters of the North Atlantic made dunng :ne "Meteor’
cruises in 1969 o 1971 (Table 4). On ine dasis of inat data,
Hahn (1974a] concluded that "our measurements yietd an aver-
age N,O saturation of [80% for the North Adanuc suriace
water. Appareatly, as was pownted out Sy McEirov et ac.
119767, :fus conclusion was neavily weigited sy :he lew mea-
surements from the {969 :ruise. Of -hese measurements. one
{293% saturation) was not 3 suriace sampie ang Jf the suriace
samples oniy one was more than i$0% supersaturateg with
N,O. Furthermore, the analyucai method for :he seawater
N,;0 measurements smpioved in 969 was much 25§ Drecise
than :hat used in 1970 and i971. and 1t ;s 2iso signuicant :nat
Yoshinart's [1973] data from the Northwest Atiantc reveals
surtace N,O supersaturations much iower than those founa by
Hahn 2t approximately the same lautudes in the Northeast
Atlantic in 1969. inserting Hchn and Junge's {1977 most uxery
value for the oczanic N,Q ffux into the atmospneret "0 T2-N,0
yr=t, denved {rom i) with Z = 30107 em) :nto ($) without
:hanging the numerical values of the other parameters used
above wouid yieid an average |30% N,O supersaturauon for
ihe whole surface of the ocean. Taote 4, however, shows that
with the sxception of the results from the “Meteor’ cruise n
1969, not a single surface sample, ‘rom anywiere 11 the ocean.
was more than 133% supersaturated with N;O.

The conclusion af McElroy er al. [1976] that the ocean s a
net sink for atmospheric N,O 1s also incoasistant with the data
in Table 4. [nserting their fux esumate ot =63 T3-N,O +r-*
into (4) vieids an average oceanic N,O saturation of 567, 1
value not suppocted by any feld data. (t shouid de mentioned
that, in part. McEiroy 2t ai.’s conclusions were dased on

s — - . .
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Fig. 4. Potenuai temperature-saiinity diagrams Jor :q) the North-
west Atlantic {Yosainari, 1973], 16) Eastern Troowcal North Pacitic
[Cohen et al.. 1977], and (¢c) Northeast Pacitic {Murray er a1, 377).
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Fig. 5. The marnne nitrogen

N per year for transier rates.

cycle (part of Figure 2 of Lw er al.

{1977]). Unuts arein Tg-N (t Tg = (0" g) for reservour conteats or Tg-

comouaiag thetr own nterpretaton of Haan's {1974a] data
with eartier N,O measurements by Craig and Gordon [1963].
However, the data of Craig and Gordon were composites of
N;O sampies irom various geographic locauons and depths

which 1n light of Figure | cannot oe considersd representative
of surface data.

CONCLLSIONS

Neither Hahan's [(974a] and Haan and Junge's {97! nor
McElroy et 21”5 {1976] esumates of the N;O exchange netwesn
:ne ocean and ine atmosphere are supported Yy the presents
availabie surface N,O data. On the other hand. :he ssumate
nresented here of an oceanic sourcs of atmospheric N.O with a
magmitude of less than 10 Tg-N yr=' 16 Tg-N,O vr~+) which
was derived from :nformation on the lycling of nitrogen
within the ocean is in good agreement with the resuits of N0
measurements in surface waters. [n spute of this agreement
should be clear that the analysis presented here s 'ar rom
being a complete N,O budget for the ocean. First. N,O Jata
from the Pacific Ocean are very Limited and no data are avaii-
able for the Indian and Southern Oceans. Data from the
Southern Ocean are especially :mportant osecause ey provide
insight into the N,O-oxygen-nitrate relatonships 4t the ume
the butk of the ocean’s deep waters ire formed. Second. f
Hahn's [1975] proposition that N;O might be ‘ormed as a3
pyproduct of nitrate assimtiation »v phytopiankton s true, in
addiuonal N,O source. which was not accounted for :n ‘he
present anaiysis, might sxist i1n the euphouc zone. Aithough
the data ot Cohen and Gordon (1978} from ine ETNP. and N,O
profiles from different seasons :n the Northwest Atlanuc
Yoshinari, 1973] indicate that if this source exists 1t5 contriou- ‘
tion 1s rather small. the possibiiity has to de nvestigateq. ‘
Third, the quantitative significance of denitrification sites in
the ocean as sinks for N,O needs t0 be zvaluated. Oxygen
deficient and truly anoxic waters comprise oniy 1 small irac-
uon of the total voiume of the ocean dut these are the primary
marine sinks for combined mtrogen {Codispot, 1973]. Fourth,
1t 15 possibie that :n the present inaiysis the overail rate of

TABLE 4. Surface N,O Saturauon in the Qcean
Numper of’
Range of Samples
Meuan N,O N.O with N.O
Numbper of Saturation, Saturauon, Saturaton. Reference. Atmosonenc
Crutse. Date Location Samples? B B >120% NLO Concentrauon
‘Meteor' cruise 16 Apnl (969 0.6°N, 32°W i 232 ! Hahn (1974a, Tuole ).
10.3°N, J2°W | 293¢ : 230 ppov
15.6°N. 30°W l 175 !
36.6°N, Jo*W | 157 !
59.9°N, J0°W t 125 !
"Meteor' cruise 20b June (970 62.0°-65.1°N,3.2%-19.3°W 8 113 108133 3 250 ppov
‘Meteor' cruise 23c June 1971 38.5°«18.52N, 11.3°33.0°W 7 124 120130 5 270 ppov
Feb.-Oct. 1972 34.7942.3°N, 61 .4°-74.6°W 5 102 93-114 0
Feb.-March i972 27.49-32.7°N. 69.57-79.4°W 3 1i0 100=-i26 : Yoshinart {1973, Ap.
pendix A ¢ 328 poov
Feb.-March 1972 11.3%~18.6°N, 60.2°-74.6°W i0 113 109-123 2
‘T.G. Thompson cruise 46.8° N, 126.8°W ! 105 3 this work. 278 poov
TTi21, July 1977
"Wecoma' sruise Wetoc 77-{ 34.2°N, 120.2°W { 1035 D]
Jan. 1977 28.0°N, 116.0°W l 100 D] Conemerat. (1977,
287 opbv i
3.79-19.8°N .7 (05.9%-112.0°W 9 Y 96-124 !
s6(totah? 109 (meanr 13totar e |
*Repiicate measurements at one locauon were averaged and counted here us one sampie.
*Sample taken at 4 depth of 25 m.
“These stations were grouped decause il are within the oxygen deticient zone of ihe ETNP [(Cohen ana Gordon i973)

1Excluding the “Meteor cruise |6 data.

miimdadiate : ad
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marine mtrification was overestimated. This rate was taken 1s
equai to the nitrogen muneralizauion rate which :n ‘urn was
sstimated rom the rate of mitrogen assimiiauon in the acean
1Figure 3). Because part of the mitrogen issimilated by piants
15 10 the form of ammonia reieased by he Hio0ta and iormea
from the degradauon of organmic anrogen compounds. :ne
present ¢stimate of mtrification and accordingty the sumate
of N,O production are prooabiy maximai.
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R. V 'T. G. Thompson. Qur research was supported 5y the Otfice ot
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Biological production and the exchange of oxygzen and
carbon dioxide across the sea surface in

Stuart Channel. British Columbia!

Kenneth S. Johnson® and Ricardo M. Pytkowicz
School of Oceanography. Oregon State Universiey, Corvailis 97331

C.S. Wong

-

Ocean Chemustry Division, [nsatute of Ocean Sciences,

Sidney. Brinsh Coiumbia V8L 4B2

Aostract

The rates at wiuch concentrations of oxvgen and carbon dioxide :n Sruart Channei changed
due to blologxczl production and to exchange wien the atmosphere were determined rom
medsuremencs of the simultaneous changes in oxygen, pr{ 4and titranoa aikairniey over a i3-
day peniod in july 1976. Carbon dioxide was consumed bv piankton at a rate of (0.3 amoi
CO. hter'-47'. CO; entered the surface laver bv armosphenc exchange at a sate of 0.49 umoi
CO. iiter™'-d~'. The piston velocity was cuicuiated 0 de 2.2 x {073 cm-s™' Oxvgen was
produced at a rate of l4.! amol O,-liter™'-d~'. due 0 pnotosvnthenc achoviry. The rate of
oxygen loss to the atmospnere was 3.8 amol O, liter-*-d~ . The piston veiocity was 1.5 x

10=* ¢m-s .

The cycles of CO-: and O: from the at-
mosphere to the surtace laver of the
ocean and within the surface laver are of
great interest, particularly because of the
roie that the ocean may play as a sink for
anthropogenic CQO,. Some of the major
fluxes in these cvcles are the production
and consumption of O, and CO, by bio-
logical activity and the exchange of these
gases from the atmosphere o the ocean.
We present here a snort term studv of
these fluxes.

The exchange of O, across the air-sea
intertace and the net amount of biclogicul
production were determined in the Gulf
of Maine by Redfieid (1948) from consid-
erations of the simultaneous changes in
O: and PO, concentrations with time in
the water column. A similar study was
made by Pytkowicz ( 1964) off the Oregon
coast. More recent studies of gas ex-
change have tended to emphusize CO,
because of the concermn over the fate of
anthropogenic CO,. The diiference in the
“C activity of the ocean and the atmo-
sphere has been used to determine the

' This research was supported in part by the
Oceanography Section of the National Science
Foundation and bv the Otfice of Naval Research.

¢ Present address: Mar. Sci. Inst, Univ. Calif..
Santa 3arbara 33106.

rate of CQO. exchange .Park and Hood
1963; Broecker and Penyg 19741 The re-
sults of these measurements provide :n-
formation oniy about the rate of zas ex-
change and not biological uptake. Other
studies on gas exchange have be-n sum-
marized by Kester {1G73) and Skirrow
{1973,

Methods used to estimate primarv pro-
duction in seawater have been summa-
rized by Strickland [ 1963). Primarv pro-
duction is npically measured in a water
sample isolated in 1 container. which
may introduce systematic errors. Sew
measurements of production have been
based un determinations of in situ
changes in chemicul properties. Smith
(1973) calculated the rate of biologicai
uptake of CO. on a coral reef trom
changes in the total inorganic curbon con-
tent \TCOy of ocean water as it jowed
across the reef. Atmospheric exchange
was ignored becuuse Smith estimated it
to be <10% of the total chunge. A later
studv showed that atmospheric CO, ex-
change could be important in areas of
lower productivity :Smith and Pesret
1974).

QOur study of the cveles of O, and CO,
in the surface iaver of Scuart Channel s
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VANCIUVER ' =
1SLANG

Fig. I. Sampiing stattons in Setuart Channel.
Duta shown in Fig. 2 abtuined at station 12,

based on observed chunges in che in situ
concentrations of O, and CO, with time.

C. A. Curtis and D. Plath assisted in
Jathering field data. Y. Cohen and C. T.
Chen mede valuable suggestions.

Hydrographic conditions in Stuart
Channel

QOur studv was made from 3-22 July
1976 in Stuwrt Chunnel (Canadian Gulf
[slands about 45 km north of Victora,
B.C.: Fig. 1). The distribution of chemi-
cal properties in the channel was studied
extensively from 1934=1965 (Waldichuk
etal. 1968b). During summer months the
channel is strongly strutified in both tem-
perature und salinitv. The conditions in
Julv 1962 at a statioa within 0.5 km of our
sampling site (Fig. 2) show a well mixed
surface layer betiveen 8 und 10 m deep.
Below the surfuce luver there is a strong
gradient in all properties that inhibits any
mixing between the deep wuter and the
surface laver. Horizontal gradients with-
in the channe! are small; tor example. sa-
linity variations across the channei and
along the centrul uxis are usually <1.0%
at a constant depth in the surtuce laver
{Waldichuk et 4], 1968b).

The low salinity of the surface laver of

m T3

Jp 3AT % C
TIMPERATURE (%2 30
SALNITY (Yees 290

200

10+

DEPTI (imetes)

Fig. 2. Hvdrographic data votained at seation 12
in Stuare Channel on .9 julv 1362, Daea trom Va4
dichuk et ai. (1568b). Lucation of station shown in
Fig. i.

the adjucent Strait of Georgia is main-
tained by runoff from the Fraser River,
which has a high rate of fow during sum-
mer Waldichuk 1564: Takahashi et al.
1977). However, in Saanich [nlet. about
20 «<m to the south, the surface water
shows an occusionul increase in salinity
of several parts per thousand which has
been uttributed to upwelling « Takanashi
et al. 1977 and references cited therein).
Here we show that a similar phenome-
non probably occurs in Stuart Channel.

Theory

The change in the oxvgen concentra-
tion of seawuter over some period of time
can be expressed as

AO-; = Ao-:n - AO:, \l)

where superscript a indicates the change
due to invasion or evasion of gas from or
to the atmosphere and superscnpt b re-
fers to changes due to bioiogical process-
es (Redfield 1948). Chunges due to mix-
ing are considered below.

o
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The change in the TCO, concentration
over a period of time cian be expressed as

ATCO. = ATCOy® ~ ATCOY
= ATCOy (2

where superscripts @ and 5 have the
same meaning as in £q. 1 and superscript
¢ refers to the change due to dissolution
or precipitation of carbonate minerals
{Smith 1973). Although we are primarily
concerned with the cvele of CO. in sur-
face waters. the total inorganic carbon
concentration is used in Eg. 2 because
CO, participates in a number of rapid
equilibrium reactions with HCO," and
CO,*-.

The quantities on the left-hand sides of
Eq. | and 2 can be found directly from
the difference in nwo measurements of
the 0. or TCO. concentration of seawa-
ter. [n order to resoive these total
changes into the individual compenents
on the nght-hand sides of Eq. | and 2 we
need additionai equations to reiate
-\TCO:” t0 AO:'. -\TCO;’ 0 AO‘:, and
ATCO, to the change in utration alkalin-
ity and ATCOZ.

We can relate ATCO.’ 0o 304 in the
following manner. The average chemical
composition of marine plankton has been
determined o be :CH.O'..a NHy H PO,
{Redfield et ai. 1963). The production
and decomposition of particulate organic
matter, theretore, proceeds according to
the formula

devumonsnon

'\CH‘!O)IM\-\.H‘I)ICH]POC = "380': pr—

106C01 - lGH.\Og - HgPOq - lﬂH,O
(3

This scheme of production and decom-
position has been verified by several
workers. Specificaily, it has been shown
that the changes in TCO, and O, due to
biological processes cun he modeled by
the equation

30MATCO, = -138/106 = -1.30 ¥

when the concentrations of both species

are expressed in units of moles per liter

iCulberson and Pyvtkowicz 1970).
ATCOy and 30, can be related to

each other by means of the stagnant &lm
mode! of zas exchange. [n this model the
Jux of a gas across che air-sea interface
is given by

Fluxiumol-cm=*-5=1 = DiC* - C¥z '3

where D is the molecuiar diffusion coef-
fcient of the gas, = is the thickness of the
surface film. and C” and C are the aqui-
librium and buik concentrations tn the
weil mixed surtace laver Bolin 13960:.
A04 and ATCO.? are related 0 the Jux
by
hld
AO:“ = " ED():\O:-‘ - Oy:l"l' d¢ 3)

ity

and

.\TCO-;" = j iDQQ.‘,CO-;’ - CO:)/::‘I! 4t
PN

: Y
where h is the depth of the surface mixed
laver and ¢ is :ime. [a *his squation the
concentration of molecuiar CO. actualiv
CO. = H.COy 15 used rather than TCO,.
The molecular dirfusion coefficients of
CO. and O, :abulated bv Broecker and
Peng 1974 are related bv the equation

D, = 126D $
over the temperature range (+°-17°C}
that we encountered in Stuart Channei.

The molecuiar diffusion coetBeient of
CO. may be erfectively increased bv owo
factors. Chenncal reaction of COa. 1n the
laminur surface Gim will enhance the rate
of diffusion. This effect 15 negligibie for
surface films <100 4 thick :Bolin 1960
We found from our meusurements that
the surface ilin was 46 u thick. und we
have therefore ignored chemical e¢n-
hancement of CO, diffusion. The pres-
ence of the enzvme carbonic anhvdrase
will also tncrease the rute of CO. ex-
change Berger and Libby 1969, \We
have no way to evaiuate :his etfect, ind
our results will nave to be considered as
a tower limit on the possible rate of CO.
exchange.

[f the quantities :n the integrais ot Eq.
6 and T varv linearly over short penods
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. time, and further, if the changes 1n O,
nd CO, are greater than those of z. 7,
ad the diffusion coetficients, then we
in rewrite these equations as

A0, = Du,[(o‘!" = Od,
= (04" = Oy, JAti2zh (9)
ad
TCO." = Din [(COy” = CO4,
-1 COy ~ COYp,1A822R. (1O

‘he equation relating 30:* to ATCO."
.a now be tound from Eq. 8, 9, and 10:

-0443TCOY"

(O = Ouy, = 04" = O,
{(COy = COwy, = CO,' = COue.!
=Q. (ln

The change in TCO, due to precipita-
“lon or dissolution of curbonute minerals
an he obtained from :the meusured
_hande in the titrution alkalinity and
ATCO;’,:

ATCO. = 0.3{ATA
-t lt-l 106) ATCO‘!”] it 12)

vhere ATA s the chunge 1n ntration al-
xalimity. The first term on the right-hand
vide of Eq. 12 arises simpiv because the
removal of curbonate ions trom seawater
causes a change in TA thut v hwice as
large s ATCO. (Skirrow [973). The de-
compaosition of biomass by reaction 3 re-
sults in the release of 16 molecules of
nitric acid and one ot phosphoric acid tor
every 106 molecules of CO, (Brewer et
al. 1973), and the acid releused will neu-
trulize a portion of the titrution alkalinity.
The second term on the rignt-nand side
is therefore cresent to correct ATA for
that portion of it which was neutmalized
by acid released during decomposition or
generated durineg production.

Equations 1, 2. 4. 11, und 12 can be
used to solve for each of the terms of the
neht-hand sides of €. 1 and 2. For ex-
ample. rearruniinyg these =quations vields

= 1.26

13TCO, - 0.34TA
; -i1.081.300A0.)
A Al N
O = o =Towis0 (13)

where Q is defined in Eq. 11. All of the
quantities in this equation can be ob-
tained from feld measurements of Q.
pH. TA. temperature, and salinity. A :ime
series of these measurements will thus
allow the amount of primarv production
and exchange ot O, and CO, with the it-
mosphere 0 be caicuiated.

Method

Water samples were ootained at station
1, on the end of 1 80-m-iong pier Fig. L.
Additional sampies were taken ! km ori-
shore istation 2) to check honzonwai van-
ability. All samples were taken at a descth
of about 0.5 m.

Oxygen was determined bv :he Car-
center 1 LG63) modidcaton of the Winkler
method. The precision |1 SD! of renlicate
analyses bv this method was estimated o
be =0.6%. pH was measured with a
Beckman pH meter having a1 dispiuv zre-
cise o =0.01 pH. Revnlicute Zetermina-
tions had a standard deviation of =0.013
pH. We measured utration aikaiinity bv
the method of Culberson et al. 1S7TD),
using the Beckmun pH meter: the accu-
racv of the meter limited precision o
=0.8%. T2mperature was measured :n
situ to the nearest 0.1°C. Salinity was
meusured with an (nductive salinumeter.
All analvses were done within | h of sam-
pling exceot !or the salinitv measure-
ments.

The TCO. and CO, conceatrations
were calculated tfrom the pH and TA data
using the appuarent erjuilibrium conatants
of Mehrbuch et . (1973) tor the carbon-
ate svstem and the equation of Edmond
and Gieskes 19701 tor the horate svstem.
The concentrations of CO;' and O, were
calculated using the Bunsen coetficients
given by Weiss (1970, 1974,

Results

The data tor salintty and TCO, ‘rom 3-
29 July 1976 und Q. from T=22 Julv at
station | are shown in Fig. 3. O, data de-
tore T July are not availabie. The salinity
shows a maximum . ~26.5%¢ over the pe-
riod from 9=15 lulv. This is simiiar %0 the
changes tound by Takahasht e ul. 1977
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in neardbv Saanich Inlet and is prooabiv
the result of upweiling of deep water.
Since the mixing of upwelled deep water
and surface water causes conservative
changes in Oy and TCO, that obscure the
nonconservative changes in which we
are nterested, all of the data were nor-
malized o a constant saiinitv of 26.8%..
The normalization procedure, discussed
below, takes into account the effect of the
TA, TCOs, and O concentranions of the
freshwater.

\We have assumed. as discussed eariier,
that the low salinity of the surface water
in Stuart Channel is maintained by runoff
from the Fraser River. The TA and TCO,
of the Fraser River are about 0.73
meq-liter™' during summer, although
variations are large (Waldichuk et ai.
1968a). The saiinity is zero and the oxv-
gen concentration is within 4 few percent
of equilibnum with the itmosphere. The
data were therefore normaiized with the
following equations:

TA" = {TA «(§/26.83 - 130.73]
26.8/8, (14)

TCO," = 'TCO, - 15/26.8 - 110.73]
-26.8/S, 13

JULY 1978

Fig. 3. Surtace saiinity (@), O; . 4i, and TCO, M} concentmanons at staton L. juiv ($75.

0. =0, - 5263 - 1.0."}
26.3:5. &

0" 15 the equilibrium concentration of
Q. in freshwater having the same em-
perature as the seawater in which the
measurements were macde. The second
‘erm in each equation removes the con-
tribution of the river water to 2ach juan-
v

The normalized values TA", TCO..
and O." have been substiruted into Zq.
13 to calculate the change in O, concen-
tration cdue to atmosphenc exchange be-
tween each pair of measurements. The
value of Q in Eq. 13 was zalcuiated from
Eq. 11 bv using the actual concentrations
of O, and CO, measured in the water col-
umn. as the gas exchunge was deter-
mined by In situ conditions and a0t the
normalized vaiu s. The quantnties ACy.
ATCOL. ATCOY. and ATCO, were then
calculated for each successive pair of ob-
servations. The totai changes in each
component of Eq. | and 2 since T Juiv
were obtained by summing ail :he
changes between successive sDserva-
tions. \WWhen we henceforth refer o anv

e e
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Fig. 4 Towl change of O relattive 0~ Julv

4TA plotted (zuinst nme. Soiid line s reyression
AN e o dutd.

quantity AU now we will meun the total
Jhange in that suantiey relacve o 7 Julv

The vaiues or 302", 30, ATCO,' and
ATCO. ire piotted igainst the Zate .n
fuiv in Figs. 4 tArougn 7. Clear svstem-
wie wends i afl s these siots indicate
that there have heen yvstematic increases
in the wnount of purticuiate drganic ar-
hon POC) 1n Stuarr Channel and that
*here have heen net 3uxes of CO,and O,
4cross the air-sea interfuce.

Lineur regression zquations were it 2o
thé data !o quantitv their rends  Tadie
17. The siopes ot 2uch zquation Zive-the
rate of change 1n =acn juantty. The data
‘or ATCO, uire indepeandent of time, in-
dicating thut there was no detectabie pre-
cipitation or solution ot CaCOs.

The data from station 2 were indistin-
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Tiz 4 Ay Figoo+ for TCO. Firse four Zaca
Jotnts nave Jeen zcciudeq rom -egression or tea-
sons Jlscussed n exe.

Zuishapie trom the data sotained it the
snore station. Ve have, therefore. is-
sumed that the 3ata rom sation ! ire
reoresentative Of loncentrations :n the
channei.

Discussion

Bioiogical production ind seusonai
heating 4re the master vanabies contvot-
ting the cveiing of Oy and CO. in the sur-
face iave: of *he 2cean. The producion
and consumpton ot Q. and CO, dv the
ohvtopiankion generate he zradients
that drive the exchange of these zuses
between the oceun and the atmosghere.
Large temperuture changes dunng sprng
and :@all will change the 2quiiibnum soi-
uotiity of Oy and CO. and also cause ex-
change of these gases berween the at-

{porasie ')
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Fig. °. As fig. 4.:0r TCCy
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Tiole | L.near re¢ression e1uanons At v lafa.
Al 2quations fiarm AX = 5 - ot anere ¢, dec:
.Ml 4@ N ;ulv anG Y 1ng A ure .n wMor rer”
ing 3 is:in amoi iter”’ 37 Zrrors a4 and 3 ure
L S0 R%:s zoetficient of ieterminanon

X A 3 q
Q! AT =52 ~33=.l3 RN
Qy -150 = 45 iz AT SICN
TTON ~35 =97 48 2934 2.33
TCOY 38 = A -3l SN
TCOy 253 =17 21429 .00

mosphere ina the sea. However. iunng
our sfudv the temperature changed, in
general. <3°C and hesting of the sumace
waters therefore piaved 3 minor role.
Thus, the ‘magnitudes and 2ven the signs
of the changes in O and CO. due 0 ex-
change depenced pnmaniv 3n the net
amount of pnmary production.

The amount of pnmarv production ts.
in turn. dependent 3n tne autment con-
cenrrations and (1ght intensity. The factor
most itkelv o iimit Droi0gicai production
dunngz summer s nutnent availabihiov in
Saanich [alet. pertodic biooms 3t phvre-
plankton occur during summer Tuxa-
hasht et ai. 1977, induced bv upweiling
of deep water high in nutnents.

The sharp increase :n salininv ae th
beginning of our study impltes an up-
welling event whnica was probabiv he
cause of a similar phvtoplunkton bloom
in Scuart Channel. The surtace water was
iitiallv supersaturnted with CO., ndi-
cating either that consumption ot partic-
ulate organic matter had been exceeding
production before the ingut of nutrients
or that a temperature increase in the sur-
tace water had lowered the =quitibrium
sotubility of CO.. However, the surfuce
waters became undersaturated 1n CO, on
the third day atter the salinmity increase.
Evidently, primarv production had 1n-
creased in response to the elevited nu-
rient concentrations caused bv the up-
welling. During the intial period in
which CQ. was supersaturated. the dux
of CO. was from the ocean o the itmo-
sphere 'Fig. 5). However. ifter the in-
crease in biological production the CO,

became undersaturated and the Jux of

20, a0tnss fhe <23 sumace v reversed
‘Y2 nave nererore. 2a.Ciucec the arst
'3Ur DOINLS. H0AINeT vhen the Later wis
supersafurated. :r3m tne regression 3! ne
*ara: change :a 3TC0." 1Za:nyt ume
There was no :maimzous reversa: .n ing
“'rect:on ot "1e Q. 2un Desause :
Righ level 5f ,upersaturaznicn

\lu.ouxn we would fernaps de usni-
ned in 2xciucing the 3rss four 2ata point

from the other regression 2quanans
nave not dene 0. No ;xg".!n:"m' snange
in the siooes is found :f hese Doints ire
axcluded. but the coefficient ot zecerm:-
aation R-‘ increases siightiv

The regression .ines through "n2 2ists
of A0, and ATCOL wersus ame nave
slopes of 4.0 = 2.7 umet O, uter” 2
and =103 = 2. “mot CO- :
Taoie ', These siopes 2¢ r-esconc "5 he
rates at wiicn O, was praduces inad
TCO, was removed in Stuart Zhanrs
Zue %0 ,norozvc:u ey during e de-
s10d f Hur studs The tare st Lnanze of
TCO. s e'.;u.n 10 "he net atimary Jrocuc-
ston minus inv CO, regenerated .o cne
surtace aver LV Z00PIANNTON ITR2ing Of
MICEODLL Jecomposiion oI drganit M-
ter.

A0 ind ATCO " aouud sréinaniy ne
expected "o ‘nilow same 2xporentii;
groswth curve: nowever. ver the tenicg
we fave studrec, the inear 2t e ne Zam
1y adenuate. within the precnion f 'ne
Meiurements. 1 e scatter 1bout the iine
15 prunantlv due o oanais ticad 2tor and
p.ltchmess ut there witl cemtainiv Le
some etfect of diurmnal varanons :n ori-
mary production, chanyges o fight nten.
sity due *o vanations n cioud .over. .nd
changing nutrient concentrafions ana
stankton popuiation size.

The rate ot cnange :n TCO, due *o -
oiowical uptake ‘hat we found compures
weil with other measurements made neuar
this area. Tukahasht 2t u. 1977 mea-
sured the amount st carbon .n 2naco-
olankton seils in Saanich Iniet us 2 func-
tion of “me: we caicuiated Tom cherr
data an :ncrease of 19.4 umot C liter - 3T
during the bSicom thev iabei No. 5§ Juiv
1973, This hange :n POC corresporas
0 1 boloyicai uptake rate of = .5.4 amo.




3iotogical production

“CO, liter~'-d-'—a resuit close to ours.
Jleusurements of prunary producacn by
ne *C method in Saanich [aiet 2iso vield
=sults that support our conclusions Ful-
n et al. 1969).
The siope of ATCO.? versus time ce-
‘rmined from the regression =quation in
ie L is 049 = J.0% 2moi TCO.: li-
rotd=t [ the depth ot the mixed laver
1is 10 = 2 :n, then the dux of CO, gus
_ross the seu surtac2 is 0.49 = 0. 14 umol
O. em - d™ The :ncreused error re-
scts the uncernunty in 4. The average
ference bebtieen the concentration of
Js in the surtuee aver whien wouid
ave bean af 2quilibrium with the ae
wsphere and the actual <oncentranon
15 13 umol CO, liter™, assuming an at-
aspnenc CO, partial pressure of 3.30
a7 aem. This quantisv can he combined
.ith the dux o And the piston velociey
« the exchange of CO: ¢, tn Stuant
Jannet.

Ziy 3 Doz 222 ¢ (070 em st (1D

Jhe average vaide found by Broeckxer
ad Peng (1974 tor the worid ocean is
7T x0T eyt A vadue dentical wath
ars was ootuned Junne summer neur
Burbidos 1 Broeuser and Peng 1971,

The averuge thickness ot the lawmnar
orfuce Alm in Stuart Channel wus 36 o,
Jroecker and Pengg (1971 tound = = A3
<10 summer by meuns ot radon measure-
nents in the Atlante. A dittusion coetfi-
et of 143 x 1077 e s 7 wus used o
waiculate our vaiue :Broecker and Peuy
197 4).

We calculated the dux of O, ucross the
veu surfuce to he =9.3 = v umol
), em 7 yusing the resulty in Tubie |
ad A= 10 m The average ditference
between the equilibrium concentration
and the 1n vity concentratton ot O, in the
surtice laver way =73 wmol O, liter™
These values vieid @ piston velnaey tor
Q. ot LB < 10 (mes ™t RedBeld | 1943)
‘ound g piston veiociey b4 < 107 emes !
dunng suinmee in the Cuit of Maine: Pye-
Kowiez  196<) tound ¢, = 5 < W07 eme !
otf the coust ut Oregnn. These vaiues are
tn good uureement _onsidering the Jut-

)
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L
g

terent conditions in the various siudv
areus.

Our resuits condrm the assumption of
Smith . 1573} that cnanges in the TCO,
content of :he acean on a4 daiiv busis ire
primarilv due to hiological procuction o
areas of high oroducavity. The iverage
vaiue ar ATCO.! was anlv 4+.3% of
ATCO, Thais s not the zase for O, how-
2ver. The magnimude of the average dauiv
change 1n 30,' was T0% ot that ot Q..
The dux of O, Tom the ocean ™ 'he at-
mosphere was important i1 maintaining
:he oyoserved Q. concentrations on a daiiv
Sasts 1 Stua Channei.

As we noteqa =artier. there was no Ze-
rectanie CaCO, precipitation :a Stuars
Channel dunng our study. Examinaticn
st the calcium curbonate Sudzet mea-
sured sv Smuch 1972 otf the Caitsormuz
coast indicates that 1 maximum imig on
the aec CuCO, removal rate wouid ze
=11 wmol TCO, liter~'-d~' assuming
that all CaCO, is removed irom the )-m-
thick surface laver. The unceraine n
our resuits 15 of the same srder >t mag-
atude.

Althouyh it was not possible 0 issess
accurateiv the rate at which CaCQ, was
being depositad in the sediments. :n .m-
provement ¢ an order of magn:tude :n
the precision of the measurement ot uTa-
ron alkaiinity would ailow 1 muca more
aceurate determination ot the CaCO, re-
moval rate trom the surtuce laver of tne
oceun. Most ot this improvement can de
achieved Dv simplv using 2 pH meter
Mmore accurate than ours  Johnson se 4.
1977,
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Acoustical estimation ot zooplunkton populations:

Charies F. Greenlaw?

Schooi of Oceanagraphy, Oregon State University, Corvailis 37331

Abstract

Acoustical 2stimates of zoopiankton ibundance san e made nyornusiv :f the scattenng
hehavior as 1 function of size and :requency or the zoopiankters :s k<nown. Measurements 3t
scattenng at 3 single ‘requency can be used to =samate :pundance .f the meun zoopilankter
s1Ze 15 known. Measurements it two fequencies can e used f0 estimate the dominant >ize
as well as abundance it i singie size zooplankter dominates the icousticai -cattenng. Mea-
surements at several requencies can be used :0 esamate size Jistmputons and sbundances.
In a feld expenment, acousacal scattering was measured a three ‘requencies [0f z0opiankton
layers composed \argely >t euphausuds tfor which an upproximate scattenny modei is known.
These data are inaivzed by each method ind 2stmates of aumencal soundance Jtven,

Estimates of zooplankton abundances
are routinely obtained bv counting sub-
samples of specimens caught with nets or
pumps. The process s tedious and time
consuming, although it can provide de-
tailed descriptions or species and devel-
opmental stages, and resuits ire not gen-
erally available for several months atter
the original collection. Moreover, con-
ventional sampling methods surfer trom
many well known problems, including
probiems with the sampling devices
themselves, such as avoidance and ciog-
Zing in nets, and problems associated
with the nature of sequential samples.
Some of the latter concemns have been
reviewed bv Kelley :1976), particularly
the effects of discrete sampiing at spatial
aind temporal intervals larger than the
scales of variabulity of the zoopiankton
popuiations.

[t has been possible for many vears o
ameliorate some ot the probiems of dis-
crete sampling by using echosounders to
direct the sampling at a4 particuiar station.
Echograms have been used to estimate
large-scale horizontal extents .Barra-
clough et al. 1969) and small-scale vert-
cal extents Northcote 1964; McNaught
1968) of zoopiankton ind to determine
depths at which to take conventionai
samples of the organisms. The virtues of
echosounder records ire the speed of

- Supported bv <he Othce 5t Navar ¥ eareh.
! Present address: Tracor. inc.. 3300 . or —ane.
Ausan, Texas 78721,
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areal coverage and the reai-nme data pre-
sentation of the echogram. The draw-
backs are manv. including *he difficuity
of interpreting the echogram and the ‘Te-
quent inability o disanguisn 2ven Sroad
classes ot organisms. Manv echosounders
are poorly suited ror detecting zooplank-
ton. Perhaps the most significant draw-
hack. from a bioiogical standgont. is that
acoustical sampling vields no :ipecimens
ot the organisms.

Despite these disadvantages, the speed
of acoustical sampiing ind the potental
‘or obtaining high-resoiution. svnopte
data over large areas has encouraged re-
search into methods for getming quanti-
tative estimates ot zoopiankton popuia-
tions {rom icousticali measurements.
McNaught 1968, 13691 discussed meth-
ads for estimating blomass Jt tresnwiater
zooplankton ‘rom echograms by in em-
pincal calibration process. Assuming a
particuiar acoustical scattering modei ap-
plied to cladocerans, copepods. and mv-
sids. he also showed that echosounders
were “size-selective” samplers according
to their operating irequency. Developing
this :dea, he proposed a multifrequency
echosounder to estimate biomass (n sev-
eral size ranges and used such a device
*o estimate biomass :n Lake Ontario
MceNaught et i 1973 The reported
acoustical estimates >t Diomass were one
ar twa orders of magnitude ibove histor-
wcal measures. hut these discrepancies
mav partiallv be due 0 calibration errors
MceNaught pers. comm...
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Since this empincal conversion from
acoustical measurements to biomass re-
lies on regression relationships between
acoustical data and biomass from simul-
taneous net samples, the acoustical esti-
mates contain all of the errors and biases
ot the net data. In principle, the acousti-
cal estimates can be no better than equiv-
alent net samples: in practice, the acous-
tical estimates are probably much iess
accurate. In addition, empirical calibra-
tions from one particular population of
zooplankton probably do not apply to
other populations where the size and
species distributions are ditferent.

Recent work has produced a more rig-
orous approach to quantitatve acoustical
sampling. Greenlaw 1977) measured
scattenng strengths of individual, pre-
served zooplankters over a range of fre-
quencies. A simple scattering model
.Johnson 1977a) was a good approxima-
tion for euphausiids and sergestid shnmp
tbut not tor copepods, which exhibited a
distinctive scattering behavior). Johnsoan
<1977h) deveioped a least-squares meth-
od for estimating abundances and size
distributions of scatterers for which a
scattering mode! is known) from acous-
tical measurements at several frequen-
cies and applied this to measurements ot
the deep scattering laver.

Recently [ was able to collect acousti-
cal scattering data at three frequencies on
a zooplankton layer known to consist
largely of euphnausiids. These data and
the euphausiid scattering model have
been used to produce estimates of abun-
dances and size distributions as functions
of depth. Only two sets of data, dav and
night records for a single station, are pre-
sented here. These records were chosen
because they were made on the same day
at the same station. whereas the remain-
ing records came from widely separated
stations, or longer time intervals, or both.
There are few confirmatory data on the
abundance estimates, so these results
must be considered preliminary. The
agreement between acoustical estimates
and the available net data is quite zood
however, especially for the small number
of frequencies used.

The basic least-squares-estimation
computer program was wrnitten by R. K.
Jonnson. D. Standlev produced the
three-dimensional plots. Sizes of euphau-
siids were measured by W. G. Pearcy and
L. Marx. [ thank J. L. Laroche for com-
ments during the preparation of this
manuscript.

Volume scattering

The estimation methods [ used are
based on quantitative measurements of
volume scattering st.2ngth. This measure
is defined by

S, = 10 logu, 1)

where [, is the scattered intensity rom
a unit volume containing scatterers, mea-
sured at 1 m from the volume, [; s the
intensity incident on the volume, and S,
is the volume scattering strength 1n deci-
bels - dB). 3, 15 obtained Tom measured
echo voltages at the echosounder receiv-
er bv use of the sonar equation Unck
1973). This equation has corrections :or
acoustical calibrations of the 2chosound-
er and the directonal characteristics of
the transducer, and it accounts for the
range-dependent losses due o spreading
and absorption.

A measure related to 3, is the volume
backscattering cross-section, 7,. This s a
linear meusure ot relative scattered in-
tensity tor a unit volume and can be
found from S, by

Se = 10 log(o.. +7}.

The units of o, are m*. The tundamental
assumption of volume scattering is that
the total scattered intensity from a vol-
ume containing a random distmibution of
scatterers is, on average, equal to the sum
of the scattered intensities {rom each in-
dividual. The relative scattered intensity
from an individual can be expressed as a
hackscattering cross-section, 7. thus the
volume backscattering cross-sect:on ot a
particular unit volume is. on average,
equal to the sum of the individuai back-
scattering cross-sections ot the scatterers
contained in that unit volume.
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Scattering model

GCreenlaw (1977) found that the scatter-
ing behavior of individual, preserved eu-
phausiids and sergestid shrimp was well
approximated by a fluid sphere scatter-
ing model (Johnson 1977a) for dorsal,
ventral, and side aspects. Scattering
strengths at anterior aspect were signifi-
cantly lower and it was suggested that a
more complex mode! would have to be
developed to account for this directional
scattering response. [ assume here that
the Johnson model is accurate for eu-
phausiids and treat the effect of direc-
tionality as a source of error.

The scattering model is a simplified
version of a fluid sphere model devel-
oped by Anderson ( 1950). It has four pa-
rameters: g, the radius of the sphere; g,
the ratio of the density of the sphere to
the density of the surrounding medium;
h, the rado of sound speeds:; and f, the
frequency of the incident sound field.
The equaton is (Johnson 1977a; Green-
law 1977; typographical errors in these
references are corrected here)

[y 1-3ht l—g‘*]
oima :[4( 3ght l~2g)
[ 2(ka)t 1 1
2 + 3(ka ) "

where & is the acoustical backscattering
cross-section and k is the wave number,
k = 2aflc (c is the speed of sound in the
medium).

This scattering model is a function of
both frequency and scatterer radius. The
functional dependence of backscattering
cross-section on each of these variables
separately is different, as is evident in
Fig. 1. The upper curves in the figure
show the variation of & with frequency
for two sizes of euphausiid, the lower
curves display the behavior of o with ra-
dius for two choices of frequency. In both
cases, the density and sound speed con-
trasts are assumed to be g = 1.044 and
h = 1.010. The regression relation be-
tween euphausiid total length, L {mm),
and radius (Greenlaw 1977

a = 0095~ 0.134L 2

is used in the upper curves.

The upper curves of Fig. | show the
effect of trequency on o for euphausiids
7 and 22 mm long. Clearly, the larger eu-
phausiid is the stronger scatterer; how-
ever the shape of the scattering curve for
each size is constant. Changing the value
of the scatterer radius moves the curve in
both level and frequency, but the shape
is invariant. Moreover, this curve has dis-
tinct regions ¢in frequency) where the
functional reladon between & and fre-
quency is approximately constant. At low
frequencies 'the Rayieigh region) the
backscattering cross-section is propor-
tional to the tourth power of frequency.
whereas at high frequencies ithe geo-
metric-optics region) o is essendally con-
stant. At intermediate frequencies the
resonance region) the backscattering
cross-section is a constantly varving func-
tion of frequency. The location ot these
regions in {requency depends on the
scatterer radius, but the regions exist ‘or
all choices of radius.

The lower curves of Fig. 1 illustrate the
size dependence of o for two choices of
echosounder frequency, 100 and 200
kHz. Again, larger euphausiids are
stronger scatterers; for them the scatter-
ing strength is essentiallv independent ot
frequency radii >3 or 4 mm,. The ratio
of the scattering strengths at the two tre-
quencies increases as the size decreases.
however. This behavior suggests that the
frequency dependence of the scattering
could be used to discriminate sizes ot the
scatterers—at least for scatterers below
some particular threshold radius. [t is not
obwvious from the figure, but a lower size
threshold exists also. At verv high fre-
quencies, the ratio of scattering strengths
for different radii is equal to the square
of the ratio of the radii. This is the region
in the lower panel where the two curves
merge. At very low frequencies, the ratio
of the scattering strengths 1s proportional
to the sixth power of the ratio of the radii.
In both regions, ratios are independent
of frequency. In the frequency span

T
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where the resonance regions for the sizes
involved overlap, however, the ratio of
scattering strengths is a function of both
the sizes and the frequencies and it is
this region which a multifrequency echo-
sounder can exploit.

The curves in the lower panel of Fig.
1 demonstrate the size selectivity of an
echosounder according to the operating
frequency that was suggested by Mec-
Naught (1968). For a given threshold of
detectable scattering strength, the use of
a higher frequency will allow detection
of smaller scatterers. For example, at a
detection threshold corresponding to o =
10~*m?, a 100-kHz echosounder would be
“sensitive’ to scatterers larger than about
2 mm in radius but a 200-kHz echosound-
er would be equally “sensitive” to scat-
terers as small as 1 mm. [n general, de-
tection of very small scatterers requires
very high frequencies.

The backscattering cross-sections pre-
dicted for euphausiids are extremeiy
small, even at high frequencies. The pre-
dicted value of & of a 22-mm euphausiid
at 100 kHz is about 10~" m? whereas the
backscattering cross-section for a non-
swimbladder fish of the same size, in dor-
sal aspect, is about 2.6 10~ m at the same
frequency (Love 1977). The scattered in-
tensity from this small fish is about 260
times that from a single euphausiid.
Equivalentlv, the volume scattering from
a region containing one 22-mm fish is
equal to the volume scatter-
ing from the same size region contain-
ing about 260 euphausiids of the same
length. Since the scattered intensities
from fishes are much larger than those
from euphausiids, detection and estima-
tion of euphausiids in the presence of
fish may be difficult.

Estimation methods

The strength of the volume scattering
produced by 4 population of zooplankters
is a function of the concentration of the
zooplankters, the distribution of sizes,
ind the echosounder frequency. The size
distribution and frequency affect the
scattering strength predictably if the

, 09 % % 0
7 {m®) FREQUENCY (xrz)
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Fig. . Predicted backscattering cross-sections
for a euphausiid vs. frequency ‘or two sizes >t eu-
phausiid rupper) and vs. size of suphausud for two
frequencies lower). Parameters 2 and h ire esti-
mated median n situ vaiues.

scattering model for the zooplankter is
known and the scattering strength s di-
rectly proportional to concentration. We
can use these relationships in several
ways !0 obtain estimates of the popula-
tion abundance. The three estimation
methods described below differ in the
number of frequencies at which measure-
ments are required, but each assumes
that the scattering mode! for the zoo-
plankter is known. The methods are gen-
eral in the sense that any scattering mod-
el (with a distinctive resonance region)
can be assumed. For purposes of illustra-
tion, [ will use the euphausiid scattering
model.

Single-frequency methods—\We as-
sume that a single size class dominates
the acoustical scattering and that this size
is known {a,). Since the volume back-
scattering cross-section is assumed equal.
on average, to the sum of the individual




backscattering cross-sections, we have
the relation

{aplf, 2)) = Niz)of, as) 3

for measurements at frequency f and
depth z, where N(z) is numerical abun-
dance-m™. The symbol (e) is used to
denote mean-square average values. Giv-
en measurements of (o,) and estimates
for ¢, Eq. 3 can be solved for the numer-
ical abundance profile, N(z). In principle,
measurements at any requency can be
used to estimate N(z).

The assumption of a singie size class is
quite restrictive. Under certain circum-
stances, however, this single-frequency
estimation method can be extended to
populations of many sizes. Suppose the
size distribution ot a population is known
‘e.g. from net samples) and it can be as-
sumed that this s1ze distribution is rep-
resentative of the population over the en-
tire area of acoustical measurements. If
F, is the fraction of zooplankters of size
a;, then we can write the analogous equa-
ton to Eq. 3

{opfi2)) = Niz) S Fafloay).

The frequency is constant and the size
distribution is known, o the summation
can be evaluated by using the fractional
abundances and the scattering model to
obtain an effective backscattering cross-
section, &(f, d). The numerical abun-
dances can be calculated from

(dolf, 2)) = N(z)oif, d). )

If scattering model 1 is applicable, we
can explicitly write & as
2(ka,)* . -
@) =K S Eg}ﬁ%ydc 3
where K includes the constant terms of
Eq. 1. We see that & is proportional to a
weighted sum of the geometric cross-sec-
Honal areas. For high frequencies and
nearly normal size distributions, the
weighted sum in Eq. 4 will approach the
square of the mean radius.
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Two-frequency method—\We assume
that a single size class dominates the
acoustical scattering but that the size 15
not known or may vary from place to
place. If the scattering model for the zoo-
plankters is known, we may be able to
estimate the dominant size and numeri-
cal abundance for measurements at two
properly chosen frequencies.

Consider measurements of o, at the
frequencies fy, and fi,. If we form the
ratio of the volume backscattering cross-
sections, substitute scattering model 1,
and solve for the radius, the result is

2 ~~-R
0‘3?( 3 &)

P fm‘)"R - D

Where r =le‘fL0 dnd R = ’70§fqg)/0'u\fLu,\.
This expression can be put in nondimen-
sional form by defining the geometric
mean frequency, f, and rearranging to
abtain

where k = 2af/c. In this form the right-
hand side is a function ot the ratio of mea-
sured backscattering cross-sections alone.
with the frequency ratio a constant pa-
rameter. Since only real values of ka are
allowed, the range of plausible values tor
R is bounded by | < R < . The maxi-
mum expected value of R accurs for the
smallest scatterer sizes ' Ravleigh region)
and the measured ratio approaches 1 for
large scatterers (geometric-optics region).
[n the intermediate (resonance) region.
the magnitude of the measured ratio for
a given ka is intermediate between the
hounds but, clearly, will be larger for in-
creasing choices of the frequency ratio.

Curves of ka versus the backscattering
cross-section ratio are shown i Fig. 2 tor
three choices of the frequency ratio r =
2v2 3v2 and 4%2 Two features deserve
emphasis: first, the sensitivity of the meu-
surements to small changes in size
(through ka) increases as the frequency

'i
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ratio increases and the trend of the curves
suggests use of the largest possible fre-
quency ratio for better resolution of size.
[t should be noted, though, that the larger
intensity ratios are produced mostly by
low absolute intensities at f,,. Hence the
precision of the estimate of R decreases
as r increases. Noise considerations will
probably limit r to values <2 or 3. Sec-
ond, only a limited range of %a can be
resolved by these measurements. This
range depends on r, but is about 0.4 =
ka < 1. Thus the mean of the frequencies
must be carefully chosen according to the
sizes expected. Estimates of sizes larger
or smaller than this range will be subject
to large errors, depending on the preci-
sion of the measurements.

Once an estimate of the dominant size
is obtained, the measurements of o, at
each frequency can be used to estimate
abundances from Eq. 3. If we consider
that the ratio of measured values is used
to estimate the radius, then an appropri-
ate estimate of abundance might be the
geometric mean of the two single-fre-
quency estimates.

Multifrequency method—This re-
quires the minimum number of assump-
tions about the population—it is only
necessary that a scattering model with a
distinct resonance region apply to the
zooplankters. Suppose the size distribu-
tion of the scatterers can be adequatelv
represented bv m size classes, 4,. At a
given depth, the average abundance of
scatterers of size g, is V, (per m3). If we
measure volume backscattering cross-
sections at n frequencies, the following
equations apply

auilf)) = Nofi.a,) + Noatf,, aa)

~ o r Npa\, Gm)
U’ukfi) - -Vto"f-:- a,) = -\"20'(/'-1: as)

+r 0 = Naotfs, Gm)

o) = Noifa,ay) = Nootfy, a4)
- = Nagtfa,am) 1)

where aif,, a,) is the backscattering cross-
section at frequency f, tor an individual

)
(9]
oot

vy

3 5 [+] b
’*‘1(“~i)/°’4"u:

Fig. 2. Reladon between mean nondimensional
frequency «ka) and ratio of measured voiume back-
scattenng Cross-sections 4t two irequencies for
three choices of ratio of frequencies. » Curves are
independent of density and sound speed contrasts.

of size a;, obtained from the scattering
model. These equations form a linear
set with constant zoefficients of »f;, a,).
measured values o,.f,}. and unknowns V,.
[n matrix form

B = 35N

where B is the vector with eiements
a.:f,). S is the n x m scattering mode!

matrix with elements otf;, 2,;, and N is’

the vector of unknown abundances V;. In
general. the number of frequencies is not
necessarily equal to the number of size
classes.

Equation 8 can be solved by least-
squares estimation methods. [t is neces-
sary to constrain NV, to nonnegative vaiues
in order that physically justifiable results
are obtained, but this does not substan-
tially complicate the solutions. An algo-
rithm (NNLS) for solving the nonnega-
tive least-squares problem has been
given by Lawson and Hanson :1974),
who also discussed general optimization
methods for the under- and overdeter-
mined cases. A similar algorithm has

been applied to scattenng from swim- "

bladder fishes bv Johnson 1 1977h). The
Lawson and Hansen algorithm s com-
putationally superior to the constrained
steepest-descent method used by John-
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Fig. 3. Echogram showing typical daytime scattering structure .r. Saanich [niet. August 1977 Echo-
sounder frequency, 79 kHz. Depth scale corrected for ransducer depti.

son (R. K. Johnson pers. comm.). [ used
a version of the NNLS algorithm here.

This estimation method is not limited
to the use of a single scattering model. In
principle, any number of models can be
incorporated in Eq. 8 by adding terms of
the form N,otf;, a,) for each additional
scattering model. The ability of the al-
gorithm to separate scatterers into several
classes of scatterer types will depend
largely on how different the scattering
models are. The inclusion of a scattering
model for fish probably will not reduce
the effects of this interference to any use-
ful extent, however, if the scattering con-
tributed by the fish greatly exceeds that
of the zooplankton.

Experimental results

Data collection—Scattering from zoo-
plankton was measured during a research
cruise in August 1977 to Saanich Inlet, a

small fjord on the southeastern end of
Vancouver [sland. The inlet proper 13
about 18 km long and 7 km wide at the
widest; its central portion is >200 m
deep and its mouth 15 partially blocked
bv a sill at 75-m depth. Because ot the
sill, an oxygen-depleted zone is created
in the deep waters which tends to com-
press the natural vertical range of the bio-
ta (Herlinveaux 1962; Bary 1966b). The
deep water oxygen is apparently re-
newed by periodic Aushing over the sill,
probably annuaily in late summer or ear-
ly fall (Anderson and Devol 1973).
Saanich Inlet has an unusually abun-
dant population ot euphausiids, princi-
pally E. pacifica. In the daytime the eu-
phausiids are found in a deep laver 80-
130 m, typically) together with amphi-
pods, chaetognaths, and copepods. A ;sig-
nificant fraction of this deep layer mi-
grates to the surface at night. Dav or
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night, the euphausiid abundances are
one or two orders of magnitude Zreater
than typical open ocean concentrations
(Bary 1966a; Pieper 1971). Larger fishes
caught in the inlet include hake, dogfish,
herring, and salmon; smaller fish such as
myctophids and juveniles of many species
are sometimes found within the zoo-
plankton layer during the daytime and
always at the surface at night. A tvpical
echogram (Fig. 3) illustrates the main fea-
tures of the daytime scattering structure.
The deep layer extending from 80-130 m
contains most of the euphausiid popula-
tion. The layer is not uniform with depth
and appears to change with time or
space—the ship was drifting during these
recordings) into a multilaver structure.
tchoes from fish lace the deep layer in
this record; their presence varied consid-
erably from day to day and at different
stations. The occasional “blob” above the
layer is caused by a large fish or fishes.
The thin laver at 30 m could contain zoo-
plankton, or fish, or hoth. The dark, hor-
izontal trace in this layer is an echo from
a sampling device in use while these rec-
ords were being made. The scattering
from the surface to about 33 m is mostly
resolvable as individuals and thus is
probably small fish. The frequency was
not especially high—79 kHz.

Acoustical scattering strength profiles
were measured at irregular intervals from
13-19 August whenever the ship was on
station in the central basin. The data
were collected with a computer-con-
trolled research echosounder capable of
selecting a sequence of transducers and
the proper drive frequencies and ampli-
tudes for each, triggering a certain num-
ber of pings, and digitizing and (mean-
square) averaging the envelopes of the
received echoes. A modified echogram
recorder (Ross) was used to generate
transmit triggers to the computer and to
record echograms. The transducers were
mounted on a frame, with the major re-
sponse axes aligned vertically downward
in the echosounder configuration, sus-
pended over the side at about 3-m depth
while collecting data. Data at several fre-
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Fig. 4. Depth profiles of voiume scuttering
strength, 5,, at three frequencies for 1 davtume sta-
sion (1613 PDT) at Saanich {nlet. Progile 4t 103 kHz
has been otfset =10 dB and profile at 169 kHz bv
~20 dB. for zlarty.

quencies trom 27 to 426 kHz were col-
lected at most stations but, for various
reasons, oalv the data at 79, 103, and 168
kHz are considered reliable enough to
present here.

Tvpical profiles of davtime volume
scattering strength are shown in Fig. 4.
The deep layer is evident at about 50-
130 m for all three frequencies, although
there is a bump at 33 m present only at
the lower two. The echogram recorded
while these data were being taken shows
that a fish or small school of fish drifted
through the insonified area dunng the
lower frequency measurements and was
gone when the 169-kHz data were re-
corded. Similarly, the structure at 35 m
appears to be a fish or fish school passing
through the insonified area. The scatter-
ing strengths peak at about 35-100 m and
fall off above and below this.

Net tows in the zooplankton layer were
made on three different days with a 1-m?
multiple plankton sampler. but these
tows were not taken for the purpose of
comparison with the acoustical data. Two
net tows were made through the station
where most of the acoustical data were
obtained, but on days when no acoustical
stations could be made. The remainder
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Fig. 3. Single-frequency acoustical estimates of
numerical abundance in deep zoopiankton layer,
assuming all scatterers are eupnausiids 13 mm loag
ia = 2.1 mm). Estimates it three trequencies pre-
sented separatelv. Median values of 2 and A used
to estdmate scattenng cross-sections.

of the net tows began or ended at the
principal acoustical station, thus the deep
nets were fished up to 3 km away from
the acoustical station. Moreover, echo-
grams recorded at stations up- and down-
bay from the principal acoustical station
generally showed a different vertical
structure—the deep layer beginning at
different depths and sometimes having
two or three nearly distinct layvers. This
spatial variation may have been com-
pounded bv temporal influences as well,
for CDT data taken throughout the cruise
suggest that lushing may have been oc-
curring during this period. Therefore, [
have made no serious attempt to compare
the acoustical estimates of abundances
with the net samples.

Live zooplankton from several net
hauls were kept in chilled seawater for
measurements of density and sound
speed. Density and sound speed in situ
were obtained from CDT casts. The mea-
surements on live euphausiids yielded
mean values for the density and sound
speed contrasts of g = 1.044 and h =
1.010. The bounds tor all measurements
were 1.037 € ¢ € 1.052 and 1.000 € h €
1.020. Measurement methods have been

described eisewhere Greenlaw 1977 It
is assumed that these estimates ire in-
dependent of temperature, salinity, and
pressure over the ranges involved.

Acoustical estimates—A subsample ot
30 euphausiids from a net tow at 33 m
taken at the acoustical station was mea-
sured; mean length was 15 mm. If we as-
sume that the mean size is a reasonable
approximation to the etfective size, then
the single-frequency method can be used
to produce numerical abundance esti-
mates for each of the scattenng strength
profiles of Fig. 4. The mean radius for 4
length of 15 mm is, from Eq. 2, 2 = 2.1
mm. We assume mean values for z and
h and use Eq. | to calculate backscatter-
ing cross-sections for the meun :ndivid-
ual at each frequency. The estimates of
numerical abundance are obtained rrom
Eq. 3.

Profiles of estimated abundance at
each frequency are plotted 1n Fig. 3.
Only the main layer is shown, as it is the
major concentration during the davtime
The numerical estimates are in reason-
able agreement over the main portion of
the laver. The lower frequency estimates
are about a tactor of two less than the es-
timates at 103 kHz but have essentially
the same shape. The estimate at 169 kHz
agrees with the data at 103 kHz at the
peak of the laver, but appears to have 1
ditferent shape. The peak at 36 m at
79 kHz and 103 kHz is the interference
from fish, which obscures comparisons of
shape at the upper edge of the laver. The
lower edge of the laver is sharper at 169
kHz than at the lower frequencies: this
is probably an artifact due to the lower
signal-to-noise ratio at this frequency
compared to the other data. All of these
estimates are plausible.

The size distribution of the euphau-
siids was estimated from measurements
on 100 euphausiids trom the same net
tow (see Fig. 8) and used to calculate et-
fective backscattering cross-sections at
the three frequencies from Eq. 3. esh-
mates of numerical abundance were ob-
tained from Eq. 4. These estimates were
nearlv identical with those shown in Fig.
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Fig. 5. Two-trequency acousticai 2sumates ot dominant-scacterer radius and abundance :n davnme
deep laver obtained from volume scattenng measurements at ©9 and 189 kHz. Abundances ire zeomemc
mean ol single-frequency estimates at 2ach {requency caicuiated using 2samated radius.

5. Apparently. for this distribution and
these frequencies, mean size is a good
estimate for effective size. This may
prove true in practice for most measure-
ments on euphausiids.

Estimates of numerical abundance and
dominant size were made using the two-
frequency method, but with poor resuits.
Figure 6 shows the estimates obtained
from the data at 169 kHz and T9 kHz ir =
2.14). The abundance estimate, in this
case the geometric mean ot the two esti-
mates obtained, is about six times the sin-
gle-frequency estimates. Over the peak
of the laver, the estimated radius is only
1.2 mm (length about 8 mm). Since the
single-frequency estimates are consistent
with one another and with the estimate
of the etfective radius equal to about 2.1
mm, these two-frequency estimates can-
not be considered accurate. The main
cause of the discrepancies probably is the
distribution of sizes in the population. No
one size actually dominates the scatter-
ing (although an effective size can be
used to replace the distribution tor abun-

dance calculations at a single frequency:
and the differences in scattering at the
two frequencies is “smeared’ by this size
distribution. In addition, the culculated
value ot ka is 1.0 for this trequency pauir.
which is at the limit of resoiution for this
method. The other possible frequency
pairs are [ess desirable, one vielding r =
1.30 and the other ka = 1.2, Hence none
of the available frequeney pairs are par-
ticularly satistactorv tor two-trequencv
estimates of size and abundance for this
population.

Least-squares estimation of the size
abundances was conducted for seven ra-
dii classes, a = 0.5, 1,.. .. 3.5 mm at al!
three trequencies. The range ot s1zes was
determined in part by the measured size
distribution of the euphausiids. Fewer ra-
dii classes degraded resolution of the size
distribution; more radii classes did not
improve the resolution noticeabiv. The
choice ot seven radii classes tor data tak-
en at onlv three frequenctes ensures that
the least-squares probiem s highly un-
derdetermined. Qualitanvelv, we would
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Fig. 7 Acoustical 2samates or total numencal
abundance in deep zooplanktoa laver obtained
from least-squares estimadon iigorithm using all
three frequencies. Solid curve :s estimated profile
using median vaiues tor 3 and A; dashed curves are
abundances tor extreme combinatnons of measured
ranges of g and n. Abundance estimates trom nets
Gshed near this station on acher days shown as
hatched boxes. Historical estimates ot peak abun-
dances trom Bary (1966a) and Pieper : 1971) shown
as bars.

expect the solutions to be “mushv” in the
sense that many solutions exist that are
not significantly better or worse than oth-
ers according to particular measures. The
solutions chosen in this analysis are those
for which the euclidean norm of the vec-
tor NV and the residual norm, | B - AN ||,
are jointly minimum :Johnson pers.
comm.).

The solid curve in Fig. 7 is a numerical
abundance profile for the daytime laver
data of Fig. 4 obtained from the least-
squares algorithm. The abundances plot-
ted are the sums of the abundances in
each size class at a particular depth. Me-
dian values of the density and sound
speed contrasts were used in the scatter-
ing matrix; the range of numerical esh-
mates corresponding to the total range of
measured values for g and h are also
shown.

The shape of the abundance profile is
nearly identical to the singie-frequency
estimate at 169 kHz (Fig. 3) and the nu-
merical estimates are similar. The inter-
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Fig. 3. Companson of acousticaily =stimated
scarterer size distribution 'soiid) and measured ais-
tnbuaon of euphnausiid lengths - dashedi from i net
sample. Acoustical esamate s an iverage 32-{02
m) over peak of daytime layer. Net haul made at 30-
m depth nver a 4.3-xm path about 3 h arter icous-
Hcal measurements.

ference trom fish appears here as 4 small
bump in the profile at 36 m. Abundance
estimates trom the two net tows taken
at the acoustical stations ‘but on diifer-
ent days) are shown at the appropriate
depths. These data compare well with
the acousticai estimates, but since thev
do not include the main portion of the
zooplankton laver, are insufficient to ver-
ify the analysis. Also shown are the
ranges of the abundance estimates ob-
tained bv Bary i 1966a) and Pieper 1971
for net tows in the densest part of this
scattering laver with the ‘‘catcher,” a
small mouth opening, high speed, open-
ing-closing net. The acoustical estimates
are in reasonable agreement with these
historical catch data.

Figure 8 shows the percentage size dis-
tribution of the acoustical estimates and
the measured size distribution of 100 eu-
phausiids collected in a net haul. The
acoustical data are an average over the
middle of the laver, 92-102 m. The net
sample was obtained about 2 km from the
acoustical station at a depth of 30 m. At
the time of the tow (1900 PDT". this
depth put the net into the upper portion
of the laver. The agreement between the
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readabulity.

distributions is remarkable. [f we assume
that the distribution of sizes of the eu-
phausiids is less variable over horizon-
tal distances than the numerical abun-
dances, then the comparison in Fig. 8 is
strong evidence for the efficacy of the
acoustical sampling. The good agreement
between the size distributions implies

that, for these data at least, euphausiids
are the dominant causes of the acoustical
scattering.

The size abundance estimates for the
davtime laver are presented in three-di-
mensional form in Fig. 9a and a simdlar
plot of the nighttime scattering at the
same station in Fig. 9b. The depth range
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Fig. 10. Numerical ibundance contours
No.-m~" vs, s1ze and depch foc data ot Fig. 3. Dav-
time contours shown as hatched regions; night con-
tours as solid lines.

is 20-120 m in both. These are also about
the limits of valid data. The lower depth
is approximately the point where no sig-
nals were seen above the noise level. At
the gain settings neces;sarv to obtain use-
fui echo levels from the deep laver. the
receiver often clipped signals in the first
20 m. especially at night; thus data above
20 m are unreliable. Radii classes at 0 and
4+ mm are shown.

In the three-dimensional perspective.
the daytime laver appears dense and
thin, with 1 definite size distnbution
structure. Larger scatterers appear above

changes dramatcailv. There 5 1 residua
laver or perhaps two lavers it *he oca-
tion ot the daytime iaver nut .t .s .om-
posed of mostlv .arger scutterers. The
nverall impression 1» > significantiv tew-
er scacterers in the might dJata :dr che
depth ranyge 20-120 m.

The size:depth resotution ot the icous-
tical estmates cun be expioited 0 dilow
presentanon >t the data :n :orm: su.ted
to particuldr inaivses. Numerica: totai
abundance pronles and the thre=-dimen-
sional sizerabundance piots ire ~wo =x-
amples. Another is the contour sizerabun-
dance plot of Fig. 10. This representanon.
which supenmposes the Zavume ind
aighttime iata. »mphasizes popuiation
density maxima. or "cores,  in Jepth ind
size. For example, the nightime residual
layer :s cleariy 1 dual laver in this dgure.
the upper with i core at 34 m ind -he
lower with a core at 108 m. Assuming chat
these data are rom the same popuiation
as the davame data. we can draw conclu-
sions about the verticuli migration re-
sponse of the popuiation 4s 4 ‘unction ot
size.

[t is apparent from the contour piot that
the residual night lavers ire composeq of
size classes that were dresent :n simiiar
or nigher concentration it the same
Jdepths in the Jdavaime. ind ‘there :35 10
reason to suppose that inv sigmificant
vertical excursions were required to
create the dual laver structure. The 2ores
of the residual layers consist ot larger in-
dividuals, 14=22 mm long, aithough n
lower concentrations than ire present
during the dav. The midwater lavers
have cores of 17-mm .A2-m laver and i2-
30-mm 46-m laver' euphausuds it con-
centrations comparabie o the deeper re-
sidual lavers. Thus the .arger eupnau-
siids 1>10 mm long) seem *o distrbute
into several minidistributions throughout
the water column at aight. The smulier
organisms <10 mm long! disappeur il-
most 2ntirely !rom the 20-120-m depth
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Fig. 1l. Number of scatterers of 2ach size re-
maining 1n 20-120-m depth range it might. 2x-
pressed is fraction of davtime ipundances in ame
Jepth range ssoiid curve!. Total percentage size dis-
tnbution for davume estimates shown as dashed
curve. Note that esamates of ipparent ‘recruit-
ment” .n larger size classes ire based >n 1 smail
fraction ot total number of scacterers.

region. presumably having migrated ‘o
the region above 20 m.

The apparent migration can be juan-
tified by using the acoustical estimates.
Figure Ll presents the fractions of scat-
terers remaining in the 20-120-m range
at night ‘or 2ach size class. The tractions
were calculated by dividing the total
number of scatterers in each size class
over the 20-120-m depth interval for the
night data by the corresponding estimate
for the day data. Estimates in the larger
two sizes that seemed obviousiv to be
caused by fish were deleted. The resuits
are an estimate of the fraction of scatter-
ers in each size class that apparently has
remained in the 20-120-m depth interval.
Also on the figure is the percentage size
distribution ot all scatterers :excluding
“fsh™ for the 20-120-m day data. The
fraction-remaining curve shows a pro-
nounced trend for larger fractions of
smaller organisms to migrate out of the
20-120-m depth region .again, assuming
these data are trom the same population
and neglecting any potential honzontal

TEMPERATRE 27
- c 2 4

OEPTH (m)

ABUNDANCE =3

Fig. 12, Dav ind mght ot jumerncal ipun-
dance profiles ompared 0 ‘emperature prodie
Hiatis 1n aoundance 's associated with temperature
:nversion it about "6 n or both distmbutions.

advection). Virtually all of the smailest
L < |0 mm argantsms ire absent rom
the night data. About three-tourths of *he
medium-size : 13 mm' and half >t the larg-
er 20 mm) euphausnds nave apparentdy
migrated into surtace -waters. Lhe :n-
crease (n the largest size classes at night
may be an estimation ertor or mav be
caused by fishes migrating downward or
horizoatallv. It s;hould be noted that
these classes contain onlv a small traction
of the scatterers.

This description of verticai migration
has assumed that the numerical esnmates
tor the night data are as accurate 1s those
for the day data. This mav not be the :ase.
however. | noted in discussing the scat-
tering model! that the scattennyg <trengths
ot euphausiids at anterior or posterior as-
pects are lower than it dorsai aspect. |
have assumed :hat the iverage onena-
tion ot 2uphausuds s honzontal so that
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dorsal aspect scuttering strengths are ap-
propriate! for these inaivses Sameoto
and Paulowich . 1977, pers. comm.; have
examined eupnausiid orntentagons {from
photographs taken bv 1 camera towed in
the Gulf of St. Lawrence. The vnenta-
nons observed were distnbuted over ail
angles but the mean value for davtime
records was neariv J° horizonta. dorsal
up); at night, however, 1 sigmfcaat num-
ber of animals were oriented almost
head-up, and the change :rom honzontal
to near-vertical onentations seemed to
take severai hours. If the iverage onen-
tatton at night 1s inciined :oward the var-
acal, then the volume scattenng saengths
will be less than for the same distnbu-
tions ot animals with honzontai onenta-
tions. In addigon, the amount of reduc-
tion at a fixed frequency 15 dependent on
the lengths of the euphausiids and s
greater for the smailer ones Greenlaw
1977). An overall decrease in scuttening
strength due to an onentation change at
night would result in underestmating ac-
tual abundance. The greater reduction in
scattering strengths tor the smuller eu-
phausiids would resuit in relatively larg-
er estimation errors for smailer animals.
Thus both the overall abundances and
size distributions can be arfected by
changes in orientation from the horizon-
tal.

The comparisons ziven here show both
a reduction in total ibundances and a
proportionately gzreater reduction of the
smaller euphausiids at aight. These et-
fects could be due to differential vertical
migration into the surface waters or to
changes in the average orientation of the
organisms at night. If orientation is the
sole ditference, rough calculations with
a conjectured aspect-dependent model
(Greenlaw 1977) show that an average
orientation of about 43° would be needed
to account for the discrepancy in total
abundances. More likely a combination
of differential vertical migration and
{possibly depth-dependent) orientation
have produced the etfects observed. but
the data are insutficient to resoive this
Auestion.

One of *he principar advantages ot 4n
acoustical sampier yver conventional
sampiing methods s the essentiaily con-
tinuous nature of the data. If the au-
merical 2snimates ire correct. then the
depth resoiution of an echosounder can-
not be approached hv iny practcanie
sampling plan. Such resoiution couid be
asetul in studies such is :nvestizating re-
.ationships between dirtnbutional pat-
terns and phvsicui-chemical propernes ot
the habitat. As an exampie, in F.g 12 the
aumencai aoundance =stimates or iuv
and night ire compared with 1 ‘emperu-
ture prodie from the same stuticn foiiow-
:ng mght. There i5 4 >NKINg 1s>00aB00
between the hiatus ot the 1bunguncs pro-
fles ‘which are assumed '0 bHe apout the
limiting or ‘steady state’ distnbutiens
for dav and might) and the temperature
inversion at 78 m. Most likeiv the tem-
oerature inversion indicates in :ntrusion
of water over che siil of the iniet. in which
cuse this depth zone would He 1 region
of relativeiv nigh velocity sheur ina .¢ s
reasonabie that zoopiankion might ivoic
it. Resolution of this phenomenon bv
conventionai means would be extraordi-
nanly ditficult.

Remarks

These data cannot be considered zon-
clusive proof that acoustical sampiing
methods are precise estimators St Zoo-
plankton ibundances. The sugzestion 1
quite strong, however, that this is indeed
the case under certain circumstances.
The abundances >f euphausuds estimat-
ed acousticaily in Saanich Inlet are in
reasonabie agreement with historical es-
timates tor aet tows. The higzh abun-
dances suggest that the data were taken
at or near i seasonal peak In standing
stocks, which is also in iccord with his-
torical data Pieper 1971). The most im-
oressive evidence is the remarkable cor-
relatdon between icoustical and net-tow
estimates of size distriputions, which s
much too good to be fortuitous.

These methods reiv on a scattering
model as a1 basis ‘for the estimates ind
thus are limited 1n application to zvo-




plankters for which there is 1 scattering
model. At present this restricts the use to
euphausiids and, perhaps. only during
the davtime where orientation can be
presumed horizontal). However, scatter-
ing models can be developed and ver-
fied bv laboratory measurements for oth-
er common zooplankters. The degree of
approximation inherent in 4 model does
set a limit on the accuracy of estimates
made using it. but this limit can be re-
duced by refining the models. Use ot an
applicable scattering mode! s preferable
to empirical methods tor several reasons.
The principal drawback ot empirical re-
ladons between scattering strengths and
common biological measures of abun-
dance is that neither number ot scatterers
nor biomass is a fundamental acoustical
quantty. At very low frequencies, where
all scatterers can be considered is Rav-
leigh scatterers, the backscattenng cross-
sections are proportional to radius o the
sixth power or volume squared. At verv
high frequencies. the backscattering
cross-sections are proportional to radius
squared or to the cross-sectional area. Be-
cause the volume backscattering cross-
section is composed of a sum of terms in
volume squared or cross-sectional area,
we cannot take its square root or raise it
to the 32 power and obtain a quantity
proportional to volumes. Similarlv, the
expression used ‘or the single-frequency
estimates of a popuiation of mixed sizes
.Eq. 3) :hows that the number of organ-
isms is not a fundamental quantity if the
size distribution of the population
changes.

Single-frequency estimates are the eas-
iest to obtain and may well suffice for
most applications. In principle any echo-
sounder can be used to measure volume
scattering strengths, but in practice care-
ful consideration must be given to choice
of operating frequency. Detection ranges
of echosounders tend to decrease dra-
matically as the operating frequency is
increased, principally because of the in-
crease in absorption at high frequencies.
The volume scattering strength ot a pop-
ulation of euphausiids will increase rap-
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idly with rrequency up to a point ‘about
where ka = | for the meun size scatter-
ers) and then increase much more sjowlyv
as the increments of scattering strength
for the smallest scatterers becomes less
for each increase in tfrequency. The
change in volume scattering strength for
a change 1n the abundance of the smallest
scatterers will always be less than the
change in volume scattering strength for
an equal change in the abundance of larg-
er scatterers. This 1s true at all frequen-
cies and imposes 4 minimum detectabie
abundance change on the measurements.
If measurements are made at a sutficient-
lv high frequency so that ka = | for the
smallest scatterer, however, the incre-
ment in voiume scattering strength for a
change in the abundance ot the smailest
scatterers 1s maximized and the bes: pos-
sible resoiution obtained. As an exampia,
suppose that the smailest euphausiid we
expect to ind in significant numbers 15 5
mm long. The corresponding radius is 0.9
mm and the minimum trequency tfor
which ka = | is f = 263 kHz. There are
echosounders with operating frequencies
in this range, but probably results would
be adequate with an echosounder oper-
aang at the more common frequency, 200
kHz.

Two-trequency =stimates of size and
abundance were verv different {rom
the single- and multifrequency measure-
ments tor this particular population.
Probably this method would not produce
satistactory results with any population
that includes a variety of sizes. There
may be circumstances when a popuiation
is dominated by a single size class, how-
ever, and this method could be useful in
estimating that size.

The multifrequency estimates are
clearly the most elegant results of acous-
tical sampling. These data were obtained
with the absolute minimum number of
frequencies and certainly better solu-
tions would be possible with measure-
ments at more {requencies. There are no
rules for choosing the optimum number
of frequencies but there are guidelines
tor choosing the range of frequencies.
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Ideally, we would like to have our esu-
mate be sensitive to changes in the abun-
dance of the smallest and largest size
classes by a single scatterer. Since the in-
crement in volume backscattering cross-
section for the smaller size will be less
than that for the larger size irrespective
of frequency. we cannot expect to
achieve this sort of resolution. That is,
acoustical estimation will always be less
sensitive to changes in the abundance of
the smaller sizes. In addition, ambient
noise and measurement uncertainties
will make it unlikely that we can achieve
sensitivity to a change of onlv a single
large scatterer. As a practical altemative,
we can choose the upper and lower fre-
quencies on the basis of resolution in-
dependent of the other scatterers and rec-
oZnize that estimating smaller sizes is
inherendy less accurate than estimating
larger sizes.

If the smallest size class only were
present, we would expect optimal solu-
tions of abundance if the highest mea-
surement trequency were chosen so that
the measurements were near the upper
range of the resonance region for these
scatterers. Thus we would want ka = |
at the highest frequency for the smallest
size class. Similarly, if only the largest
size class were present, we would choose
the lowest frequency so that measure-
ments at this frequency were at the lower
end of the resonance region, ot ka = 0.7.
These are conservative guides and could
be relaxed considerably. If we apply
these limits, the range of maximum sen-
sitivity for the measurements preseated
here is about 1.4 s¢ 5 2.1 mm.
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Mid-ocean observations ot atmospheric radiation
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SUMMARY

Mid-ocean (35°N [ 55°W) ooservauons of the vanous components of radiative fux were mage from the
R,/P FLIP during the period 2 through |3 February 1974. Cloud cover ranged from clear skies (o overcast,
and water vapour pressure varted between 9 and 13 mo, with sea surface temperature near 15-0°C.

The net longwave radiative ffuxes reported here were obtained: (1) oy taxing the difference betwecn
simuitaneous measurements of net atl-wave and net solar fuxes: and (2) by direct measurements with a net
longwave radiometer designed by G. W. Paltridge. When observations dunng rain and fog are exciuded. the
difference between nigit-iume i 5-qunute averages By the (wo methods s generally less than | mWem~?
During day-time, indirect measurements are often larger than direct by aocout SmWcem=?: ‘rom .ntermal
evidence we prefer the direct vaiues.

The aibedo of the sea surface was caiculated from simuitaneous measurements of downward and
upward solar fluxes. The observanons were anaiysed to cepresent albedo as 2 function of solar alntude and
atmosphenc transmittance, foilowing the work of R. E. Payne: our resuits suggest that Payne's smootned
representaion i1s suitabie for use over the open ocean. Albedo was observed (0 decrease with :ncreasing wind
speed for clear skies with solar altirude berween |5 and 30 degrees but no vanation was discermbie at higher
solar aititudes.

Empirical formulae for calculating both shortwave and net longwave componeats of the radiative lux
were compared with measurements. A formuia due 1o F. E. Lumb tor determuning the aciaent solar Jux
$iven solar aititude, cloud amount and cloud rype. consistently yieids good agreement with the measure-
ments, within about | mWem~2. Daily averages of net longwave dux calcuiatea ‘rom severai emprrical
formulae using a finear correction for clouds are within 2mWcem=™=? of the observations reported :n this
naper. Since daily radiation balance values were measured as only SmWecem=?, the limitanons of the dest
current empirical formulae are evident.

1. [NTRODUCTION

The ability to determine accurately the exchange of heat between atmosphere and
ocean is important in several scientific and practical applications. ncluding: (1) :nvestiga-
tion of atmospheric and oceanic circulation: (2) weather forecasting: (3) !nvestgation of
thermal modifications in the lower atmosphere and upper ocean: and (4) investigation of
the dynamics of climate. The objectives of this paper are to describe observations of radia-
tion over the mid-Pacific and to compare the observations with suggested parameterizations
of radiative fluxes at the surface.

The heat flux budget at the air-sea interface can be expressed

Qr = (1 =0Qs-Qs+Qac—Qu~0se. . . 1)

where Q, is the total heat flux into the ocean, Qs the incident solar flux, z the sea surface
aibedo. @, the longwave flux ermutted from the sea surface, Qg the longwave flux smitted
from the atmosphere, and Q. and Qg the latent and sensible heat tluxes from the sea
surface to the atmosphere. The aet ongwave flux. Qay, may be introduced in Eq. (1) to
replace Qgc— @3, and the net all-wave flux, Qy = (1 = 2)Qg+ Qyn, may be introduced
10 replace all the radiative terms Typically, the sensible heat flux is an order of magnitude
less than the latent heat flux, which is of the same order as the net longwave dux.

Faw radiative flux measurements have been made at sea. Lumb (1964), Payne (1972),
Reed (1977) and Tabata (1964) have analysed observations of shortwave radiation. Char-
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neil (1967) reported observations of longwave radiation near Hawai. Reed and Haipemn
(1973) reported both shortwave and aet longwave observations off the Oregon coast.

2. INSTRUMENTATION

A description of the instrumentation used is given (n Table 1.

Measurements of the net longwave dux are usually obtained by subtracting simul-
taneous measurements of the net ail-wave flux, Qy, and the net soiar fux. (1 -x1Q,. The
accuracy of such measurements can be low dunng day-ume because the net longwave flux
is trequently an order of magnitude less than the differenced quantities. Net longwave
fluxes reported here were also measured directly with 2 radiometer manufactured by
Middleton Instruments and calibrated by CSIRO (Paltridge 1969). The instrument con-
sists of a standard Funk net radiometer converted to a net longwave radiometer by surround-
ing the radiometer with a black polythene sphere to filter shortwave radiation. The diter 1s
rotated by an 2lectric motor to climinate effects of differenual heating of the filter by
absorption of solar radiation. The transmuttance of the filter is zero below a wavelength of
2-5um and increases to about 40%; at 25um, modified by absorption bands at 6-5 and
{4 um. Paltridge calculated that the effect of the variability of the transmittance of the

ter on the measurements will be about =52/ for the biackbody temperature ot the 2arth’s
surface varying by +20degC about 10°C.

3. OBSERVATIONS

Measurements ot the incident sofar, rerlected solar, net all-wave and aet longwave
radiative fluxes were made from the R;P FLIP (tloating instrument piattorm: Bronson and
Glosten 1968) during the period 2 to 14 February 1974 as a part of the POLE expenment,
a component of the North Pacific experiment NORPAX. The sea surface temperature was
also observed using a radiation thermometer. The R.P FLIP occupied a station approxi-
mately 300 miles north of the Hawaiiaa Island chain under free drift conditions. Its position
ranged between 35°09’ and 34°36'N, 153°05 and 1355°25'W.

The R/P FLIP provides an ideal piatform from which to make measurements ot radia-
tive fluxes because of the stability induced by having about 90 m of her length submerged (as
a large spar buoy). Hence, errors due to variable sensor orientation, as occur on conven-
tional ships in response to surtace waves and swell, are largely eliminated. Verticai motions
of FLIP were about {0cm. and pitch and roil amplitudes were about 2°. The radiometers
were located as shown schematically in Fig. |, to minimize shadowing by the hull and the
main boom.

The signal from each instrument was transmitted by shielded cable to the platform
laboratory, amplified and recorded in stripchart form by use of a multi-point potentio-
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Figure 1. Schematic diagram showing locaton of instruments used 0 measure net ‘ongwave radiation,
Qan, incoming and upward solar radiation, Qs and xQs respectively, 1ad net ali-wave radiauon, 2.

—

TR

[+ gk wwte iy




489

MID-OCEAN ATMOSPHERIC RADIATION

6<1
st
t A4
9-¢1
<S¢l
L)
€6

el
L
[RY)
ROl

(qm)

amssord
modnp

[R9)

4y
(A4
9-+1
6l
iR4}
(A3
8-
961
LR34
9-+1

)
ammmadwm

ny

(B4
LR4)
LR
(R 4]
Lyt
(R 4]
LE4)
[(R4]
L34
9 vt

0.
ameiadum

20vpMs wog

(nonoray)

1DA0D pRop

mon-pz

ol
60

A::_.ua...:

1DA0Y phop

amy-An()

€7 1 81
tt R
S LHY
9-0 |84
RT - St
R9 €9
9L /L
P 183
€T - 99
01 It
L4 €<

?.:33::

fuop PN aARM-|I

(; W )

Lo (g1}
90 a6
90 R
+-0 <9
<0 0L
o1 Rt
91 69
1 s
Lo ool
Lo 6
0 RL
(- O M117) (. WD pA11)
"N s wpos
piemdny neapIwg

STIMVINVA TVIIDOTOMOAITI (INV SAIXATY AANIVIOVE 40 SHVIVA ANVO NVI 2 3IV]),

0TS

o st
o st
0TSt

)
asundsar an g,

1X4

SL
{94
{2 4

2 (-t pufAW)

Aonmmny

6st-0

SH0-0
o
6080

Anamsuag

-0

st~
$T0
$T0

i :,:Mv

asuadsas penondg

NE) angl sanm-fir 1N

NAY Cangy savmIuog 1N
SO0 xng paapiay
SO xnyy uapug

synand pearsAyg

NOVLYINTWNHISNG 40 ANVNIING

‘TamayL

-pr Aid ooisamg

0 HoOPIPMW
(8v-g) Amddg
(RYy--g) Amdd;

pmPwnury

IMUOIINT 1N
ampds
anmphjod
AONEQ YHM
PPN 1N
IMMOUrILg
Iamuonesk g

2MAS(]

11
[4)
"

,H’“Vbh.ae

(+L61 a0}

B




490 JAMES J. SIMPSON and CLAYTON A. PAULSON

757

50 T | Qs .
o CoL o

Zsh N | ) | ' "L‘“ .."\ f ) :

0 ' 4

or / “y : - e N

D r e e T

51 f i

i aQg

.]O!

+80

4-40‘( , ‘A j : . ] Qn i

. A \ 4

S Loaoh R
O O I'w"-" it — j—y P N ~ e b"‘m'—‘,.‘,
= 0 Fad e ey = TR e e NN |
- - sl T g,
% ST SRR W R ’ L
S .20 Q8N (DIRECT

230 -

+1 O :

O e ol » .;r-r la : . ..,-.,V’\‘N T | :
AT e T A
-20¢ ‘ Qan . INDIRECT;

230 b
+30
4'20! AQaN

25 30 7S 100 125 150 175 200 225 250 275
HOURS

Figure 2. Time series of 15-munute averages of the various radiative compoaents. Qs is incident solar
radiation: 1Qg, upward solar radiation: Qu, net ail-wave radiation: Qaw, net longwave radiation: and
AQsn, Qen(direct) minus Qun(indirect). The time of start is 0135 GMT on 3 February 1973,

metric recorder. A sampling rate of 5 to 10 samples per munute per channe| was maintained
throughout the experiment.

A digital representation of the data was obtained using a chart digitizer. The records
were merged t0 obtain a continuous time series of the measured variables for the expern-
mental period. Occasional errors caused by radio interference were removed {rom the
records by interpolation. Less thaa | 2, of the data was affected by such interference. From
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the resulting time series, sequential averages over | and 15 minutes were constructed. The
time series of | 5-minute averages for the snure sxperimental penod are shown :n Fig. 2,

A summary of the daily mean radiative luxes and other meteorological data s provided
in Table 2. The mean cloud cover estimates of Table 2 are ume-weighted averages of the
fraction of estimated cloud cover. Averages are given for both day-time (sunnise to sunser)
and 24-hour periods. Stratus and cirrus clouds were the dominant types observed. Cirrus
clouds were negiected in estimating cloud amount if blue sky could be seen through the
clouds: Quinn and Burt (1968) have shown that such clouds have an insignificant effect on
attenuating solar radiation. A maximum mean daly solar fux of 169mWcem ™ was
observed on a day having nearly clear skies (C = 0-2 where C is fractional cloud cover),
while the minimum mean daily value of 6-5mW cm ~ ¢ correspunded to completely overcast
skies.

4. NET LONGWAVE FLUX

Two independent measurements of net longwave tlux were made during the POLE
experiment. A direct measurement was obtained by use of the net iongwave radiometer
described above. [ndirect measurements were made by differencing measurements of the
net all-wave radiative flux, Qy and the net solar Aux, (1 — 21Qs. Vaiues of the fuxes obtained
by the two methods are referred 10 as direct and ndirect measurements.

Records of the |3-minute averages of the directly measured net longwave duxes arz
piotted in Fig. 2 together with a record of the difference between direct and indirect measure-
ments. Tne daily mean direct fluxes and atmospheric conditions are given in Tabie 2.
Several features are immediately evident in Fig. 2. The mean diference over ihe 2nure
observational period between night-time direct and indirsct measurements is oniy 2°/ of the
mean of either, showing good agresment in the absence of soiar radiation. Thers is. how-
ever, disagreement between direct and indirect |3-minute averages on several mights. This
disagreement is believed to be due to fog, mist and rain. Both radiometers give erroneous
readings under these conditions because of wetting of the exterior surfaces. The secoad,
third, fifth and sixth nights of observations were without fog, mist or rain and the difersnce
between direct and indirect measurements on those nights is within =i mWem™°.

Day-time comparisons of direct and ndirect measurements of net longwave radiation
(Fig. 2) show that :ndirect measurements are, on average, 30°; larger than direct measure-
ments. [ndirect measurements aiso exhibit a degree of varability during the day which is
absent at night and is therefore thought spurious. The lack of agresment between direct and
indirect measurements during the day can best be accounted for as the error resuiting from
taking the difference of two large measurements. both of which are subject 10 experimental
error. At midday, the incident solar and net ali-wave radiative fluxes are about an order of
magnitude larger than the net longwave flux. Given an error in each measurement of =3°;,
we expect the error of the difference to be as large as the difference itself, about =S mWem ™*.
Referring to Fig. 2, the difference between direst and indirect measurements lies Setween
+£5mWcem~* more than 90% of the time. The tendency for indirect measurements to
exceed direct measurements during the day suggests that calibrations of the pyranometers
and net all-wave radiometers are in disagreement for shortwave radiation: unfortunately,
we were unable to test this in the laboratory.

Because of this possibiiity, direct measurements of net longwave radiation are almoest
certainly more reliable than the indirect measurements. The direct measurements show that
the net longwave flux from the sea surface s on average greater dunng the day than at
aight. This result is consistent with generally less cloud cover during the day, as reported by
Dorman er a/. (1974) from an analysis of observations at Oczan Station "N (30°N [40°W).
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5 ALBEDO

The atbedo of the sea surtace is defined as the rano of the upward to the downward
solar fux immeqiately above the air-sea :nterface. Two sources contribute to the upward
component: emergent irradiance due to back-scattered light from below the sea surface:
and irradiance reflected from the sea surtace. Payne (1972) concludes. on the basis of obser-
vations in Buzzards Bay and the Sargasso Sea, that the ratio of emergent 10 downward Jux
is about 0-005. [vanoff (1977) stares that the rati0 has 2 maximum of 0-02 for very clear
water but in general is less than 0-003.

Payne analysed observations to represent the albedo. 2, as a function of the solar
alutude, 9, and the atmospheric transmittance, I', wiuch was included o 2ilow for the
dependence of x on the radiance distribution from the sky. Atmospheric transmuttance s
defined as the ratio of downward irradiance with an atmosphere 0 that without an atmos-
phere, i.e.

= Qsr*'Ssind, . . . . ()

where S is the solar constant, taken as {35mWe¢m ~¢, and 7 is the rauo of actuai to mean
earth-sun separation. For the case of no atmosphere (I = {-0), the incident ux :s depen-
dent oniy upon the altitude of the sun and the sun—¢arth distance. Increased armosphers and
cloud cover resuit in enh~aced absorption, reflection and scattering of the :ncoming solar
flux. The overall effect s to produce a more nearly uniform radiance distrtbution. thus
reducing the dependence of albedo on soiar altitude. [n the limut of heavy overcast ([T €
0-1), a nearly isotropic radiance distribution results. The use of transmictance 1o para-
meterize albedo may be questionable at low sun angles because ' may increase without
limit (finite sky radiation) as ¢ approaches zsro.

Payne’s observations were taken from a fixed platform in a bay off the coast of Massa-
chusetts. Observations were made from 25 May to 28 September durning which time the
solar aititude ranged to 72° and the mean wind speed was about 3-7ms~ ‘. The trans-
mittance ranged from near zero to about 0-73. Payne fitted smooth curves to the albedo as a
function of transmittance for observations :n intervals of 2° of solar aitutude. He extra-
polated the curves to regions of solar aititude and transmirrance in which there were no
observations In carrying ourt the extrapolation, he imposed 2 boundarv condition on the
value and the slope of the curve of albedo v. transmittance {or transmittance zgual o
unity. The siope was assumed equal to zero. and the albedo was derived from reflectances
calculated from a theory due to Saunders ([967). [t was assumed that the satio of Jown-
ward irradiance to that emerging from the sea was 0-005 and that the surface roughness
corresponded to a wind speed of 3-7ms ™'

The observations reported here were analysed similarly to those of Pavne. Values of
albedo were caiculated from [5-minute averages of incident and refected duxes. Corres-
ponding values for solar altitude and atmospheric transmittance were also computed. The
resulting data were sorted into 2° intervals of solar altitude and averaged over :ntervals of
0-1 n traasmission coefficient. The resuitant values of mean aibedo. as well as the number
of values used to obtain each mean, are shown n Table 3. This ;able may Ye compared with
a similar table of smoothed observations given by Payne.

Observations of albedo for particular ranges of atmosphenc rransmittance are shown
in Fig. 3 as a function of solar aititude. The scatter of the data for jow solar alutudes occurs
because the cosine response of the rad:ometers is poor for solar aititudes !ess than 5° and
because of generally increasing uncertainty :n the measurements as the magnitude of the
irradiance decreases. Very small vanation of albedo with solar altitude :s observed :n Fig.
3(a), suggesung, as one might expect, that for overcast conditions (I’ € 0-33) aibedo has a
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negligible dependence on soiar aititude. The observauons agree weil with Payne's suggested
curve. The mean albedo for observations shown in Fig. 3(a) 1s 0066 =-004, where the
uncertainty is = one standard deviation. For the range of atmosphneric transmuttance most
nearly approaching an isotropic radiance distribution ([T € 0-i) the mean albedo is 0-060 =
‘01, which is in excellent agreement with Payne's value of 0061 =-005. In Fig. 3(b), albedo
is shown as a function of solar aititude for intermediate transmittance (0-33 € T < 0-66).
Figs. 3(c) and 3(d) provide finer resolution with respect 10 atmospheric transmittance. The
resuits are generally consistent with Payne's smoothed curves.

Representative plots of aibedo as a function of atmospheric transmission for a given
range of solar altitude are shown in Fig. 4. The scatter in the darta is seen t¢c be largest for
the range of low solar altitudes (8 < 15°) as previously explained. Some of the scatter may
be caused by variations in solar altitude within each range. For the high aititude range,
30° < 8 < 45°, the scatter is significantly reduced and the curve suggested by Payne is
supported.
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Figure 4. Unaveraged altbedo as 4 function of atmosphenc transmittance for various -anges of solar
altitude.
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The percentage diferences between our coservations of albedo and Payne's curves,
averaged over 2° intervals of solar altitude and over all values of transmuttancs, are piotted
in Fig. 5 as a function of solar alutude. For increasing solar alutude. the diference de-
creases from about —-6°, at 9 = 20° to -2°9/ at 40° This systematic diference 15 wittun the
specified accuracy of the pyranometers (Table 1). The differences are larger and more
variable for solar altitudes less than 20°, refecting the greater uncertainty :n measurements
at low solar aititudes as well as uncertainties caused by increased effects of variable surface
roughness and radiance distribution of the sky. Payne shows that uncertaincy in the measure-
ments of albedo increases rapidly for solar altitude below 20°. Even though our observarions
of albedo are systematically lower than Payne’s, we conciude that the differences ar2 ‘mthun
the combined experimental uncertainty of both sets of observations.

8 ‘0; . ™
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L& .
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318 e '
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SOLAR ALTITUDE !deq)

Figure 5. The average deviation of observed vaiues of aibedo from Payne's (1972) curves 1s a function of
solar altitude.

The effect of sea surface roughness on aibedo was investigated by sorting the observa-
tions with [ > 0-6 according to solar ajtitude and wind speed. The anaiysis was limited to
large values of transmittance because the etfect of roughness on albedo is expected 10 be
largest under clear skies. The values of albedo were sorted by [3° intervals of soiar aititude
and normalized by the mean aibedo for the given range of solar altuitude. Mean vajues were
then obtained by averaging over 2ms~ " bands and were piotted as a function of wind
speed. [nsufficient data at low solar ajtitudes precludes discussion for the range 9 < {5°.
No discernible dependence on sea surface roughness was evident in the large scatter associa-
ted with the high alticude range, 30° € 9 < 45°. Values in the intermediate range. 13" <
# € 30° are shown in Fig. 6. The data qualitatively support decreasing albedo with n-
creasing wind speed as observed by Payne, and aiso as calculated by Payne based on a
theory due to Saunders (1967). The slope of the line in Fig. § corresponds to Payne's
observations and theoretical calculations for clear skies with 17° € 8 < 25°. The theory
predicts that the effects of variable sea surface roughness will be negligible for solar alti-
tudes greater than 30°.

The average day-time albedo shows the sxpected correlation with cloud cover. The
seven days of high mean cloud cover (09 € C < 1-0) have an average aibedo of 0-064.
This value corresponds well with Payne's vaiue of 0-061 corresponding to 3 aeariy isotropic
radiance distribution. For relatively cloudless periods. higher mean aibedo s found: 9-09
for both 6 and 7 February, computed frora daily average values of incident and upward
solar flux when the average cloud cover was 0-2. Such augmented mean vaiues are due to
the large albedo with low sun under clear skies. A climatological estimate of aibedo. 0-08
(Payne), for the month of February at 35°N in the Atlantic agrees with the mean vatue for
the experimental period. 0-07 £ 0l.
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Figure 6. Normalized albedo v. wind speed {or transmussion coerfictent greater -han 05 and solar aititude

between 15° and 30°. Numbers in parentheses are the number of values iveraged to obtan sach soint.

Vertical bars represent the standard error. The line has the siope caiculated by Payne (1972) it~m a theory
due 0 Saunders (1967).

In summary, the observed vanation orf albedo with solar aititude and :ransmittance :s
in good agresment with near-shore observations reported 5y Payne. Apart irom xpen-
mentai 2rror, the scacter of the observations about Payne's smoothed curves can be ascriped
f0 various causes:

(1} Part of the scatter in Figs. 3 and 4 is caused by a true vanation of albedo within
the given ranges of tramsmuttancs and soldr aitrcude.

(2) Vanabulity :n surface roughness associatea with varving winds can cause scatier it
low values of solar aiutude (6 < 309, Mean winds during the POLE :xpenment were
6ms ™' compared with 3-7ms ™' for the observations reported 5y Payne.

{3) The distribution of radiation from the sky cannot be unambiguously characternzed
by the transmittance. For example, considar two cases having the same :ntermediate vaiue
of transmittance, say 0-3. one in which the solar radiation :s attenuated by :ntermuttent,
dense clouds and the other in which there is a uruform, thin laver of cloud. The aitedo ‘or
these two cases would probably be differsnt, as can be deduced from Payne's curves of
albedo v. transmittance. which are nonlinear between conditions of heavy overcast ([ =0)
and clear skies (I" > 0-6)

{4) There may be disagreement at high values of transmuttance where Payne's
smoothed curves are influenced by the imposed boundarv conditions at [ = i0. As
discussed above, these boundary conditions are denved theoretically and lack observational
support.

6. PARAMETERIZATIONS
(a) Shortwave fAux

Numerous empirical relations have been advanced to predict the attenuation of soiar
radiation by clouds. Relations suggested dv several authors are given in Tabie 4. [n this
table, Q, represents the insoiation under clear skies and is caiculated from the formula due
to Seckel and Beaudry (1973) (see also Reed 1977). Seckel and Beaudry's formuia is based
on data in the Smuthsonian Meteorological Tables. using an atmospheric transmussion
coefficient of 0-7. Reed compared several formulae for estimating clear-sky insolation with
coastal and oceanic observauons and <onciuded that the reiations due to Seckei and
Beaudry (1973) and Lumb (1564) 'vere the most reliabie. Tae parameter C in Tabie 4 is the
fractional cloud cover and o :s the noon solar aititude. The relation due to Wvrtkr 11963
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TABLE 4. COMPARISON OF DBSERVATIONS OF (NCIDENT SOLAR RADIATION WiTH 3REDICTIONS JF EMPIRICAL

FORMULAE
Overesumate Mean square
of |{-day mean Qifference.
predictions J0servaiion-oregiction

Reference Formuia %7, rmWiem=+)
Houghton (1954) Qol128-1-030 -10 10-3
Kimball 11928) Q1 =010 -13 >4
Lumb (1964) 135(a—bs)s 0 9
Reed 1 [977) Qotl =0-62C=000196) 5 3
Wyrtki (1963) Q! =0-38C -0-38CH -1" 32

is an adaptation of a previous relarionship suggested by Budyvko 119361 and Bariand « 1 960).
The coetficients U-38 are valid for latitudes iess than 50° [n the re:ation due *o Lumb. ¢ and
b are empirical constants dependent on ctoud amount and tvpe. The parametsr, s (he mean
of the solar aititudes at the beginning and =nd of the hour over which the .nsoiauon ‘s
calculated.

The empirical formuiae shown in Table 4 were compared with observauons ov comput-
ing predictions of the mean daiy insoiation and comparing these predicons vith the
observations tabulated :n Table 2. Excepung Lumb’s fcrmuia. 2ll the compuianons were
made using the averaged day-ume cloud cover tabulated 'n Tabpie 2. Predictions using
Lumb's formula were mage for 2ach hour of the day and then averaged to Jotam » Zan
prediction. Predictions were averaged over the |!-dav perod and compareg -with the
average of the observations over the same pertod. The percentage cifferences serwesn
averaged observations and predictions are iabulated :n Tapie 4 :ogetner with the mean
square of the differences cetwesn daily predictions and opservations. The formulae Jue 10
Reed (1977) and Lumb (1964) are in ciosest agreement with observations. All the ~2maining
formulae tend to underestimate the observed iasoiation Plots of the predictions due ‘o
Reed and Lumb are shown in Fig. 7. The agresment betwesn Lumb's rormula ana ooserva-
trons 1s remarkabiy good. suggesting that daily predictions can oe made with an accuracy
I mWem™* The greater accuracy of Lumb's formuia is andoubtecly secause doth Zioud
amount and cloud type are incorporated (nto the preaicton. Lumb's “ormuia was cerved
from weather ship observations :in the North Atantic (32°30°N 20°W): the present com-
parison suggests it may have vahdity over extensive areas of the ocean. [f asumates of
cloud type are not available, Reed’s formula is preferable. Read's formuia 1s based on an
extensive set of coastal and ocsamic observations.

20- ’a
£ - Reed (1977 ./J < cumb {1964} N
£ - c s .
z - . - - /e °
2T gt ool b :
¥ [

3 - - -

-l

4 - - .

E2 - - -
3 ] ]

3y SASERVED (mw ol

Figure 7. Daily observations of average .nsolation v. estimates {rom ‘ormuiae due to Reed (1977) and
Lumb (19645,
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TABLE 5. FORMULAE FOR ZALCULATING NET LONGWAVE RADIATION UNDER CLEAR SKIES

Author Formuia
Anderson (1952) 60T = T20-74—0-0049¢_
M. E.and T. G. Beriiand 0T 1(0:39—=0-05e) =& T} T, - T.) ;
1Budyko 1956) (
Brunt ¢ {932): M. E.and T. G. eoT{0-39—0-05e1) :
Berliand (Budyko 1974) :
Efimova (Budyko 1974) 20 T3(0-254 - 0-00495e, )
Swinbank (1963) ed 71 =935 < 10-8TH

1b) Vet longwave flux

Severa] formulae used 10 caicuiate net iongwave radiative transtar detween the garth’s
surface and the atmosphere under clear skies are given in Tabie 5. in which ¢ is the emussivity
of the surface (taken as 0-97 arter Anderson (1932)), ¢ the Stefan~Boitzman constant, 7,

surface temperature, ¢, almosphneric vapour pressure in mb. and 7, air temperature. Tae

formuia due to Brunt (1932) has coetficients suggested by M. E. and T. G. Berliand (Budyko

1974). The formula due to M. E. and T. G. Berliand (Budyko 1974) s sumuiar to Bruat's

formula, the difference being an additiona! term dependent on the sea-air remperature

difference. The formulae due 10 Anderson (1952) and Efimova (Budyko 1974) become neariv
i identical :f one assumes 7, = T,. Swinbank’s (1963} formula s the oniy one independent of
f vapour pressure. Most of the formuiae in Tabie 5 were derived from observations over 'and.
Anderson’s formuia, however, was denved exclusively from obseérvations over a iake.
Swinbank's formula was based primanily on observations over land. but included observa-
" tions over the Indian Ocean. Reed (1976) concluded that Efimova’s formula gave pregic-
; tions in good agrsernent with observations under clear skies over the ocean. i
The formulae in Table 5 were compared with observations dunng the POLE 2xpen-
| ment. Observations dunng clear skies are rabulated in Table 6 together with predictions of
the empirical formulae. The 'weighted average' is weighted by the duration of individuai
observations. All the formuiae underestimate the observations, aithough the sigmificance
is not large because of the scarter. Efimova’s formula most strongly disagrees with the
observations. by 13%, on average, aithough the standard deviation about the mean is a
minimum. Swinbank’s formuia agress (n the mean, but it vields the iargest standard devia-
tion. The weighted mean of sstimates by Berliand’s formula also agrees with the mean of
the observations.

TABLE 6. OBSERVATIONS AND ESTIMATES OF NET LONGWAVE RADIATION UNDER CLEAR SKIES

Date of Time of Qun Overestimate
start start Duration 7, 7, e observed Brunt Berliand Anderson Efimova Swinbank
Feb. 1974 (locah) Y °C) (*°C) (mb) (mWem=h) (°3
2 1530 690 146 146 134 99 =21 =21 -26 ~28 -4
5 0830 25 149 156 172 9 -12 -17 -19 ~19 3
6 0830 65 148 15-5 157 70 4 -2 -6 -5 22
7 0700 135 147 {31 90 % i 3 10 V] -10 -3
7 2200 175 147 134 106 vl -7 1 -3 -1" -3
12 2230 19 146 143 134 100 -2 =2 -26 -9 -13
Average: -9 -3 —-14 ~18 -2
Weighted average: -3 -1 -9 -13 -2
Standard deviation: 10 12 10 3 13 ‘
Weighted standard deviation: ? 10 3 B 11 1
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Figure 8. Normalized net longwave radiation. as a function of vapour pressure. The curves are defined in
Table 3.

For further comparison between observation and prediction of net longwave radiation
uader clear skies. we have plotted in Fig. 3 several sets of non-dimensionai duxes as func-
tions of vapour pressure. Vaiues of surtace :emperature and upward longwave Jux from
Swinbank's (1963) observations were obtained by adding 0-3 degC to observea values of air
temperature o obtain T, and then computing the uoward dux from e¢oT* An ur-sea
temperature difference of J-3degC s tvpicai of trooicai ‘autudes (see, 2.2.. Paulson et al.
1972). There :s disagresment netween “ne roservarions The three sets reported Sy Resd
(1976) and Reed and Haipern 1 1 375) are sonsistent with 2acn sther and agres vith Efimova’s
formuia as reported dv Reed - 9741 3oth 'ne POLE rhservanons aver she rud-Pacific and
Swinbank’s observations over the indian Ocean ire svstematicaily mgher for ziven values
of vapour pressure :nan the -emaining >ese= al:ons

[t 1s not surpasing ‘hat "ners ¢ vsemalc lLisagreement between .ancus sets of
observations of net ‘ongwave -ad:atine *uv rg Imegictions of empincai Jormuiae. Observa-

tions of net :ongwave “wGdl.on are LMoL ~anz it «ea. Jarticularty from 2 convenuonai
ship (Hinzpeter 3791 1a¢ =a - v 7= > 2evary than the :ncident solar dux.
Disagresment netween >bse— at ons =y als) e 1scrped ¢ the approxima-
tion made n 1l the smpir.a, vy % ongwave “ux Jepends it most on
surface temperature and 1ear-sur' m® 3.4. - - eMOErAtUre Ind hMudity 1he net longwave

flux under ciear ikies ilearty iepends use 'n e ‘emperature and umdity distnbution
throughout the iower atmosoners T'us jependence 5 ustrated by ooservations reported
by Reed (1975) showing 'he efect > "nesma: nvermions in che net longwave dux over the
sea.

[n the presence of :louds. 3 :or~ect:on =ust e apphed (o clear-sky predictions of net
longwave radiation. L.near correction ‘actors aun -arous coefficients were applied to
predictions bv 2ach of the “ormuiae pren n Tatie © [t ~as ‘ound that a factor of |1-0-3C
yieided predictions in approumate averige agreement ~ith observations. A plot of predicted
daily vaiues . observations .s shown n F-g. 3 "or Aagerson s Yormuia. Simular compansons
using the formuiae of Brunt and ot Bertiand. sith the same cioud Tactor. are equally
satistactory {t appears that daiiy vaiues of net .ongwave radiation can be pregicted with an
accuracy of 2mWem ™ A cloud factor of .=)3C may be compared with Reed's (1976)
suggestion of [-)-9 C for middle and hugh ‘autudes and ()~ C tor the tropics. Laevastu
(1967) suggested {actors dependent Jn cioud tvpe 1s follows. (1) stratocumuius. =09 C;
2) altostratus, |-0-6 C, and (3) airrus, 1-)-25C.

On the basis of the POLE observations. the ‘ormuiae due to Brunt, M. E. and T. G.
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Figure 9. Daily averaged observations of net longwave radiation v. estimates based on Andersoa’s (1952)
formuia muitiplied by a linear cloud factor.

Berliand, and Anderson are equally acceptable. The formula due to Efimova systematically
underpredicted radiation under clear skies, while Swinbank's formuia gave large scatter.
Reed (i976), however, finds Efimova’s formula in good agresment with three sets of
observations. Additional observations are required to improve confidence 1n predictions of
net longwave radiation {rom routine measurements.
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Mineral phases formed in anoxic sediments by microbial
decomposition of organic martter

ERwiN Suess
School of Qceanograony. Oregon State LUaiversity. Corvailis. OR 97331, U .S.A.

(Received |6 May 1978 uccented in revised lorm 2 Nocemper 197%)

Abstract—Microbial decomposition of organic matter in recent sediments o the Landsort Deeo—an
anoxic basin of the central Baitic Sea—resuited in the formauon of a characterisc assemoiage of
authigenic mineral precipitates of carbonates, sulfides. phospnutes and amocphous silic The Jominant
crystailine phases are a2 mixed Mn-carbonate [(Mng 59Can (oMEy 05)C O3} Mnesuitide [Mn3] ung F2-
carbonate (F2CO,]. Amorphous Fz-suifide [FeS]. Mn-phospnate [Mn;iPO,),] 4nd a muxed F2-Ca-
phosphate [1F25 4aC 10 ;13 PO,),] were identified dy ther chemical comoositions oniv. The vartaodity
in compositon of these soiid phases and their mode of occurrence s 4 Co-existing Jssemotage consirains
the conditions ind soluton composition irom which they precipitated. Sstimates of icuvities of Jis-

sotved Fe, Mn. f

« €O, 1nd § in =quilibnum with such 4n issemoiuge ire ciose 0 those ‘ound

in recent iNOXIC interstitial water-sediment svstems. {t 13 :mportant :0 have zetaued Nowiegge
the composition and stabdtlity condinons of these s0iid preQiprtates i order 0 refine stoicmiome:ric
modeis Of interstizai autrient regenerdnon N J4A0KIC sediments.

INTRODUCTION

THE STOICHIOMETRY Of intersutial autrient regener-
ation irom decomposiion of sedimencary organic
matter 1as ncreasingly taken :nto account that
secondary dissoiunion. sorption and precipttation
reactions iactuaily control the dissoived metaboittes
and oxidants iastead of dscomposition ceactions
pased soiely on micropial sulfate-. nstrate- and car-
bonate-reduction modeis (BALZER. 1973: MURRAY ot
3L, 1978 WHITICAR. 1978 ALLER. 1977 BENDER ¢of ui.
1977: BerRNER. i977: HARTMANN ef al. 1976: Sugss.
1976a: SHOLKOVITZ. 1973 a.0.k

[n snviroaments of slow sedimentation stoichio-
metnc decomposifion rceactions ¢an %e used 10 a
limited way to model autreat regeneration provided:
{1} the actual carbon:nitrogen:pnosphorus 2iemental
cattos of the Jecomposing organic marter are known.
{2) preferennal stripoing of phosphorus and aitrogen
relative to carbon remains insignificant. and (3) meta-
bolites simply accumuiate in the ncerstitial solutions.
[n ¢environments of rapid sediment accumulation.
however, and those with high rates of input o organic
matter. interstitial metabolite concsntrations 2xcsed
solubilities of certain inorganic sguilibria resulting :n
the formaton of authigenic minerals and thus prefer-
enual removal of one or several of the dissoived con-
stituents (MARTENS ¢t al. (0 De published: MURRAY
et al. 1978 EMERSON. 1976: SLESS. (976D: BRICKER
and TrouP. 1975: BERNeR. 972: HARTMANN ef Ji.
1973: a.0.). Another mechanism {or removal Jf meta-
bolites is :on-exchange as recently shown “ e dissoived
NH{ 1n clay-rich anoxic sediments (Suess and
MULLER, in prep.)

The weaith of pore water chemical inalvses avail-
apie for the svajuation ol such secondary ntersuuai
aquiiibration reactions s hardly matched 2v che

dearth Of informanon oa sedimentary soud Jhases
ictually formed as 1 result of microowi Jecomoo-
sinon of orgamic martter. :he ron suifides ind some
Ma-Fe-phosondtes demng nere e 70ludIe 2xceduons
(EMERSON. ({976: TessEnOw. (975, :971. BER~er.
1972 Hariaera. 1974 '963) Thrs :ommumicaton
descrioes the chemical comoosition. X-ray aifraction
results and 1sotopic charactenistics of Fe- and Mn-Ca-
carbonates and Mn-suifides. and of imordnous siiica
and  Mn-F2-ohosphate phases rom organic-rica
10n0XIC sediments of the Landsort Deso. aorth-centrui
Baluc Sea. The soiids are defieved (0 =e sroducts
bactenai metaboiism. :heir ipparent soluoiiities :n
seawater await investigation 0 %¢ :sed in stoichio-
metnc modelling The note iurther [lustrates the
mode of occurrence. MOrpnology ing suMace ‘extures
of these authigenic precipitates ang stresses ‘he Jseful-
aess of such remuneraiizanion assempiages n cscogmz-.
ing terrestnailv-intluenced marginai sea savironments
in the ancient sedimentary record ing :n charactenz-
ng nterstitial water chemustry at :he ume of ‘orma-
non.

METHODS

Four types of sediment anaivses \n vanous :omotnatons
were used 'o slicit the total solid onase comoosition 3t
the major sornons o distinct ‘aminae of naorganIc Snemi.
cal orecionates found n he sediments of ‘he Liacsort
Deep:

11V dewd-feach treatment of uik samotes ~as .ised ‘o
remove and iedarate ‘rom the ssdiment 1l minerauzanon
Droducts. Le. sardonate ind phosohate Jnases. .1 ~as ater
iound ‘hat manganese ;uifide ~as wso “sadiiv oo .n
diluted HCL Desatted. ¢round und arvea seciment ;amores
ranging in werght from 00-{000 mg were iciqifiea witn
1Smi of iQvol®, HC! at room remoerature “or ~- N =r
The susoensions were iitered :nrougn ) <5 .m memorane
iiters and reveatedlv wasaed wmth Joudle-aisiniea vacs:
The inal ‘each voiume ~as adjusied '0 ) mi NG :80r0-
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priate dilutions used for standard atomic adsorption spec-
troscopy of Mn. Fe. Ca and Mg contents. {FORSTNER and
MULLER. 1975: HERMANN. (975). and soludle PO, was
determuined using the ammonium-moiyodic 1cid method.

In idditon suifur was measured 3a separate samole
solits 9y dutomane ntration 3 SO, with potassiumeiodace
ind starch-1odide indicator after oxydative ombustion in
tne LECO-induction i(uenace: the precision of ifus pro-
sedure was =0.005%, S. Carbonate-CO, was measured on
separate sampie solits by i.r.-absorpuon of CO, ¢volved
by phosphoric 4cid ireacment with a precision of =0.1°,
CO, (HARTMANN er al. 1976) All results are listed in
Tabie !.

12} Bulk chemical unalyses oi indurated. crust-like
laminae with 3 minimum of adjacent sediment were
thought 0 yield compositions of reiatively pure muneral-
ization products (rom microbial decomposition of orgamc
macter. Two types of indurated crust-iike laminae were iso-
lated, cleaned of any agherent sediment. repeatedly soaked
in double-distilied water and air-dryed. One type was a
whitish manganese carbonate crust supported by an amor-
phous silica framework (Figs 1 3b.c) and the other con-
sisted of 2 number of reddish-brown lense-shaped manga-
nese sullide concretions (Figs. 2. 4a.b). Four separate pieces
euch of crust and concretion macerial. rangag i weights

3° 12° 69 20°

from (4 t0 75 mg were anaiyzed and tne resuits are iisted
in Tables 4 ang 4. respecuveiy.

Mn-carnonate=siiica crust. Two oieces of <rust «Crust A
and B) were dirst ignited at 300°C without ore-ireatment
n 1 mufe ‘urnace 'or 3 hr 1ng :nen :ne dxige fasiQues
anatvzed for Ca Ma. Fe and SiQ, dv standard 'achniques.
Tw~o other crust .C 1nd D) aere :gniced uter HCl-ireat.
ment ind SiQ. 3eterrmined on ‘he -esidue HERMan~.
1975),

Mussuifide concretions. Pre-wetghed sortions of materal
were dissoilved :n !0 voi®’, HC! in a N;-atmosphere ind
the ¢evoiving H,S swept :nto a reservoir of pre-caliprated
iodine solution. The amount o suifur was caiculated to
3 precision of =0.2%; S rom the 0dine reduced 1o :odide.
The excess iodine. not consumed :n the oxidauon of 5°°
‘was backtrated with Na-imosuifate (JaNOER and ‘WeNDT.
1958). The remaining HC! extract—ourged of H,5—was
used to determine the Mn. Ca and Fe contents. Carbon-
1(e-CO, was determuned on oniv :wo of he four concre-
tioas (C and D) by passing :he evoived zas through 4qGi-
fied iodine solution and on 10 the i.r.-analyzer 1s Jescrioed
under (). The :nstrument response was calitraed with
CO, svoived irom <nown amounts i reagent jrade caicite
which was aiso passed througn an ac:dified :odine trao.

Since Ma-suifide s uaswote under umospaeric on-

66°

Fig 1. Baitic Sea: the maximum exzent of anoxic bottom water conditions :n 1969 according ‘0 GRas-
SHOFF ((97%) is shown by the black areas: the Laadsort Deeo (LD: 60 mi 5 the Jeepest o (hese
dasins.

Fig 1 Radiograoh of lamnated sediments irom the Landsort Deep. :he iavers are chemical precioniates
from microbwai decomposiuon df VrganIc Matter: scaie in M.

Fig 3. Mixed Vin<carbonate concretions b.c) wita 1 structural ‘rame 97 amorchous sica 4.2 ‘rom
lamnated sediments of Landsort Deep: scules = [0 um. Scanmng slectron micrograons. ¥V Reimann.
Geol.-P4laontol (ast.. LUmversuy o Kiet
Fig 4. Euhedral Mn$ crystais {rom (aminated sediment of Landsort Deep: scaies = 0 um. Scanmnyg

' slectron mcrographs. V. Reimana.
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Minerai phases {ormed in anoxic sediments 343

ditions, certain concretions had begun to oxidize (rom the
surface inward. The degree of aiterauon :s sesn n the dife
ierence Detween Mn ind S ‘ound in coacreuons A, 3 und
C. The difference s thought 0 de Jue (0 Jxvgen ind 1
correction appiied assumuing MnO. as :he literuuon
product. An aiteration oroduct :n tne lorm of Ma-oxide
was later confirmed Jv sumuitanegus MICLODrOOC 1n3ivses
for Ma. S and O icross the cut surface of 3 MnS-concre-
non 1Fig M.

i3) X-ray diffraction and mucroprone anglivses and scan-
ning <¢lectronmicroscopy of hand-oicked portions of :hese
laminae were used (0 support resuits of dulk chemical ana-
lyses. Standard orocsdures for X-ray diffraction inalyses
were {ollowed using random powder mounts prepared in
aluminum sammple hoiders ind scanned 4t rates of | <4°
29/min under Ni-filtered Cu-K, radiation. Quartz, present
in traces in most samples. and metailic aluminium served
1s internal standards to check the d-spaangs lor the car-
oonate and suifide phases reported in Tables 23 and 5.

(4) Fractional leach treatment of dulk sediments with
gradually ncreasing H ™ -ion coacentration was used o
remove selectvely ind :n sequence caroonate. phosphate
and suifide pnhases in order to study the ndividuai soiid
ohase compositions~—parucuiarty that of ohosphates (o
which no X-ray diffraction pattern was ootauned.

For the fractionai !eacn treatment =z :00 mg of ground
sediment were packed in 2 .5 cm o.d. caromatograpfuc
solumn with a very fine sintered giass disc at (ne oottom.
Dead-space was packed with giass-wool ind 1 reservoir
of 25 mi capaaity actached 10 the :00 Of the column. About
!5mi doubie disuniled wacter were passead ihrough the
solumn at a sate of <105 mirmun. and the =iudant solunon
soilected :n (wo 5 mi {ractions. The remammng 3 mi a the
reservowr were mixed with !0 ml of glacal ac2uc iad and
stunion continued. Alter coilecting 'wo more racuons the
remaining diluted acstic acd was replaced v concentrated
3cetic aad and :hree additiona. ‘ractions collected. Then
the procedure vas ~eoeated using :irst diluted ing sven-
ruatly sonc. HC! and iour more iractions collected. Adl
11 ractions were ieoaratety anaiyzed for their Jissoived
Mn. Ca Fe Ca ind PO,-onteats is was Jone ior the
HCl-leacn treatment: see (1) The compositions of the indi-
vidual !eacn ‘ractions ire .ilustrated :n Fig 3 ind the
results listed in Tapie ~ for Sediment A with the (ractions
Jrouped into icatic acid ang hvdrochione icid extracts.

AUTHIGENIC CONSTITUENTS IN
SEDIMENTS OF THE BALTIC SEa

Metabolic producuon of CO, n oxic :nwron-
ments. parucularly in the ocsamic water cotuman.

‘orces the carbonate z2quiiibrium owards under-
saturaunon with respect to solid phases .eading ‘o
dissoiution of :arponate munerais 'SKiRROW. 975,
KrooenNick. 1974 2,0.1. [n the anoxic snvironments.
however, generauon of CO; ieads 3 :ncrsased super-
saturation. This is ascribed maunly 0 :ne sr-oufer-
:ng zrfect oy proteoiyuc formauon of Avdrogen sui-
fide. other weak acids and possibly H ~-on :xcnange
1SUESS. 1976D0: GueskEes. i974: BEN-YaakOv. i973;
BERNER ¢f 2. 1970

These reacuons i the anoxic 2nviroament ire -=-
sponsible for the 2xceilent sreservauon of calcarsous
mucrofossils under conditions of SO.-recuction
BERGER and SOUTAR. (970) and the authigenic ‘orma-
ron of carbonate minerais. One such examote :s ine
mixed Mn-Ca-carbonates found :n e Baituc Sea
basins (DeBYSER. (961: ManHEIM. 961 HarTvANN.
1964: VarenTtsOv., 1973). Manganese s :he major
cauon—rather than calgqum or :roa—sesms :0 3¢
charactenisuc  of  terrestriaily-dominated  2rganie
matter nput to the 3Baitc Sea. Pradomunantlv of
aumic composition. this organic matter supolies Joon
mucrobal oxidation large gJuanuues of Jissoived
manganese ‘0 react Mn the metaoolites cardonate.
sulfide ing onospnate ( MANHEIM. 1961 . GRIPENBERG.
i934: 301

A sediment core rom the Langsor: De=p. :he
desoest f a senes o anoxic Hasins of he Baitic Sea
(Fig 1), contains 1 segquencs of dnely laminated seai-
ments (Fig 2) .Scess. 19760 DeBYser. 961, The
‘ammnations are due 0 disunc: ‘ayers of :norganic
chemical precipitates of Mn-caroonates. pnosonates.
silica and sulfides ratner than :0 the innuat -arves
commoniy found in Baluc Sea Jeposits + NILSSON.
1970: KoLP. 1966: MasiCRa. 1965, {GnaTiLs, (938,
SAURAMO. (958). The »>uik chemicai somposition
of 1acid 'eachabie ooruons ‘rom zieven of ness
‘avers and their totai carbonate ind suifur contents
are shown in Tabie ! ind Fig. 5[t s sizar rom
he analvucul resuits that carponace. :oataining
dommandy Mn. s the most doundant snase. How-
2ver, regression 1Naivses Jeiween Linous omoind-
tons Of carons ind 1Nions snow Nat ‘he 3:0sest sor-

Taoie [. Composition ol Jcid-soiuble fraction of sieven fayers of 1uthigenic srecioi-
tates from Landsort Deep sediments: concsntraons ure :n umol/ 100 mg ind the
L of ions are in uequiv. 100 mg of iry sediment

1o ol i . - ey
.'!I"lg att ’{ Te | »"!l. ;':Q;l : .} ( ‘:nuLY He 1 cagion + I iaicn
09 | 9.3 a0 oasae ] ouss losa 6 143
e ;1330 s, 9.4 527 0 s [N 87
400 | 2.7 | 130 8.4 77 | eie8 18 -.5 w73
197 1S9 0 a6 L3 oL 3 i i 353
WS 1.5 40 203 0l 2t M a0 506
623, 8.8 0 3% L35 0 130 ! 1.3 38, 2 44
437 (9.1 45 0.3 180 | 5. 7 w3 BE!
106 7.8 47 0 3.8 0 487 0 ULl 17 -12 32"
(IR’ POUPE A S UF B $1 RS FE A S 1 .38 .14y
[ L I N N 5.3 33 9 98
128§ 0.3 ¢ 38 0 0.0 a6 L33 - 92 @ "3

¢ Fegy » Fe°

** zalculated 5" = Szution sgquiv. = «CO3 " squiv. = POY” squiv.

(L1} S".‘ - s:
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refation is obtained between the sum of 4ii cutions
and the sum ol all anions tFig 3) rather tnan Setween
specific cutions and anions corresponding to Jefineg
compounds.

Regression analysis oetween consutuents
ta) v = ll3x = 209 (See Fig 6
¢ = Scations =097
¥ = Zanions
assuming 'S¢~
by v = [.0f8x — 5.42

¢ = Scations r* 20935
» = Zanions
assuming S~
ic} v = 0.0885x - 7.33
x = Tcations ~ =090

v = EC0O3~ + POL-

{d) ¢ = 0.890x - 34.17
t = Tzations r* = 0.88
v = CO3~

(&1 v = 0.940x + 23.95
X = Mn*" < = 0.86
v = CO;3”

-~

The siight excess :n the sum of anions—assuming
total sulfur = S*~—s due (0 the fact that Izatons
represent the acad-soluble iracton only and that

sulfur represents the total (racton including icia-
insoluble S 1ad S of the seqiment. Accoraingiv.
the actuai Jaid-soiudle suifur fraction s- 57 =
Zanons - CO;5° - POL " These resuits are .isted
in Tabie |. column 3 S alcuiateq).

The acid-leach resuuts ‘urther :ndicate :hat 10 or
insignificant amounts of Mn- ind Fz2-0xides were ore.
sent—which generaily cuuse ‘arge ation 2xcess—aina
that 4n assemoiage of cardonates. suifides and onos-
phates of varving solid solution composwions s
present snd the :ask at hand s ‘0 parton the con-
stituents among these co-existing Jnases.

Carhonates and amorpious siiica

Several laminae of the core section consisted of .n-
durated crusts and could be phyvsicallv isolated ‘or
X-ray diffraction and chemucai analvsis. X-ray Jifrac-
tion data of the zurdonate-nch crusts (Table lay
reveal the oresencs of (wo carbonate mineral Jnases.
one with umt ceil iimensions shgntly iarger than
those of pure MnCO, irhodochrosite) dur sonsider-
ably smailer :han those of CaCO, caiciter Goid-
sMiTH and GRaf. 1960. (938). and :the otner with
Jd-spacings cnaractensuc i FeCO; isiderer

Detailed chemical inaivsis ' Taole 25 > hand-
picked poruons of pure’ crust matenal av ‘racuonay
teachung n diluted iceac acid ina avdrochioac iaag

Table 2a. X-cay diffraction anaiysis of carbonate crusts ‘rom Landsort
Deep sediments: d-spacings :n ingstrom

“anganesqe ' .

<Arvonace | e lacive ' laicize | Arocochsasiie o S zariie

Jsacrecions incensicies 1 JaCY aned . FaCl R 2%
3,59 ) 0 1.36 1.3 - il
1.373 Rt B I 511 234 — s
1897 i T2.398 .53 N L2
S} : 50 :.28% T2 AN A Ll
1,338 ; ) 1298 .00 L 26) 22
L.343 : 5] Lo 1329 BT 534
L7348 . 0 1.3 [ Y L3
1.346 : i3 i L.3a7 1.5 Loi3s N
L. 466 ; L9 P58 L.e32 -8 [ 3
L4le 3 Posesid ! L33 LR 23
i. 190 H [ ¥ . I 1,379 N 338

Reflections observed for siderite: weak. strong. 1.l = not lound. *** =
interference with aluminum and quartz, respectively.

Tabie 2b. Composition of acid-sotubte fraction of car-
Sonate and amorphous silica crusts irom Landsort Deep
sediments: concentrations in umoi/100 mg of dry sediment

w0 20 W wo: 3. 29,

puse A
Agetis ig1d entract ORI ] LI IR Y Y 1.3,
o2 inia o JELEELTTY - FENOS IR Y WINY- PEAD S S B WF B
23emsnes 1xeraets (X PERTES PSRt PP NIE Y I PRIV S 14
Irase 2 ' : '
‘atal 41l-encragt Y YR RENE PEEEY PO BN P NP PR R B )
trune 3° ' . : ' .
‘otas «Ci-entrast [ PEIENAY KRS PR RN NI 8 | RIS o8 )

* Same samoies as in Taole 4
*¢1C0O:)y #1CO4, P, Ogjerguco (P:Oya

Table 3. Ranges o stairv carbon 'sotope composition ‘or

morganic and drgamic carbon soecies 1n 3aitic Sea water.

Jrganisms and sediments: :xoressed n ;’C cetative o
SMOW and PDB. -sspectively

ledwater MALRIC ITGAnL N snd ied.denty
.33, ICRANAE 4CHOR  liCBEAALE (4r30N
@ocern Sailic LIS IEY) LR IR .
santeal Jaltac R BT XL IRT BEEE)
et rments
east. Maitis REEIRT O ) BRIt SRL)
“-nisect leep b 13 i) EERL IR

Data comotied rom ERLENKEUSER ¢r 31 1976 ERLEN-
KEUSER and WL koMM 1 [973) and SLESS and ERLENKELSER
1975

M A 2 M WP K. %0 .
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Fig 3. Depth Jistnbuaon of carponates. suifides ind onosonates :n seciion of ‘aminuied Jore: scaies
in wit®, of dry sediment.

confirmed the X-ray difraction analvsis :n that a
mixed Mn-Ca-Mg-carbonate muneral phase was
present and revealed 1n addition that F2 s contained
0 3 separate mineral phase.

Evidence for F+CO; and (MnCaMgyCO, as separ-
ate phases from chemicai evideace is seen in the fact
:hat the rotal soiuble cation conteats of Crusts C and
D are perfectly »ajanced by thewr tofal amions: L
Crust C cations = 298 meg/!00mg 2ad inions =
295 meq/100 mg. Crust D cauons = 225 meg, 100 mg
and anions = 229 meq/!100 mg and that F2 s Con-
tained =xclusively n the HCl-extract as indicated by
Crust A. Furthermore. the CO4, PO, 2quivaient ratios
for Crusts C and D ranged between 42 and <3. assum-
ing the same for Crust A yieids a CO, content of
142 mmol, 100 mg. This amount of CO; 2xceeds the
squivalent sum of Mn -~ Ca - Mg-PO, i the 1cauc
acd extract: e 284 meg;CO35 ™ and 270 meq cutions.
The excess of i+ meg CO3~ 100 mg. however, ;annot
5e accounted ‘or ov the 2quivalent sum of cations
in the HCl-extrac: unless sotuole Fe 1s included thus
substantiating the presence of F2CO,. Since Fe was
not extracted by diluted acstic aad dut was ex-
tracted oy HCL FeCO, must be separate from (he
MnCaMg)CO, phase.

The mixed carbonate phase has the approximate
composition: 1Mng 35Cag oMo 55iCO; a5 will be
shown later by 1 aormacive caiculation of all phases
found m the laminated sediments. [sotopic anaivsis
of the mixed Mn-carbonates snowed Juite 4 sirong
deoletion in **C with values of 3'°C = =13, Ths
1S0lOPIC rano further artests to the dogenic ngn
of the Mn-carponate pnase. Table ] summarizes
stapie C-isotooe rauos ‘or water. biogemic sarbon-
ates and orgamic matter or the Baluc Ses mwiron-
ment suggesung that 1oout 0°, of the caroonate
mught have onginated ‘rom orgamic matter ind the
remainder (rom inorganic dcardonate of the 3aiuc
Sea sottorn water :0 account ‘or ihe voserved »''C

values 1SCESS. 1976b: ERLENKELSER of db. 975\
ROBERTS 4nd WHELAN 1i975) and HaTHaway 1ng
DeceNs 11969 L0. 4iso report fdAnds of sotocicaly
light caroonates as the resuit of microotaly srogucea
CO,.

One gJomnant mode of Jccurreace M :he mixeg
VMin-carbonates (rom the Lindsort Deep segdiments s
1N spnencai micro<toncrenions througnout a struc-
wrai rame of imoronous stica as c:ilustrates n
Figs. Jb.c. The concrettons -anged i size ‘rom
5-25 um :n diameter: 01 most cases they ‘ormea lius-
ters Of coaiescing spheres. Taerr surfacs laxture

- IO e ivemicIt Jraciyirce
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Tuole 3. Composition of carbonate and amorpnous

stiica srusts rom Landsort Deep seaiments: “hese

sampies are free of sulfur ind suifides: concen-
trations 10wt

lruae A use 3 lrise D Truse 2
«aLghE .09 slter
Wisiesen .- 3. 2.2
-3nacian e 300°T AR P ] R
HEN ! 4. il e T
! ) 36.<
-, J .8 .
B 1 [
-0 K a4
fa.3y ' P
> e 4.
3.3

appeared quite like that of calaided bacierial colomes
variously reported ‘rom anoxic 2avironments and
certain microoiological expenments (MORITA ¢r af,
1975: Suess and FUTTERER, (972: OPPENHEIMER. {961,
Latou, 1957

The structural rame of amorpaous siiica iFig. 3a)
had no recognizable dbiogenic features, had 1 spoagy
appearance providing pore space ior the {ormanon
of the mixed Mn-carbonate phases. and was restricted
to single frnable layers of <imm in thickness
throughout the core section. X-ray diffracuion and
chemical analyses (Taole 4) confirmed that a0 other
chase was present within the iayer ind :hat :¢ coa-
sisted of 95°, of SiO, and o 5%, of H,O =xpeiled
at 300°C. [ oelieve that :he amorpnous silica
'avers are chemcal orecipitates of rsmooilized sro-
2enuc sifica 1n Jfose connecuon win Jecomoositon
of organic matter and rhus consutute osart of 1
characterisiic remneraiization issemoiage iioag with
the carbonates. phospnates ind suifides. From axten-
sive studies by others of dissoived nterstitial wacer
nutrient constituents and silica dissolution expen-
ments it appears that silica 1 remooulized at Sauseant
aroportions relative (o the other remuneralizauon
constituents. s0 as o indicate simuitaneous Jdissolu-
ton of d1ogenous siliceous tests and oxidation of
orgunic matter {MURRAY e¢f al. 1978 STEIN, 1977
Suess. (976br [n the ibsence of silica uptake oy
Jegraded clay minerais or dux !0 :he overiving dot-
tom waters. this ¢xcess of dissolved ogenous silica

Scess

may weil orecipitate 15 1 orecursor for :ncipient
“‘ormation.

snent

Mn-;uifiae

High dissolved Vin® ~ coacentrations .n 1n0x:c o¢-
10mM waters ang J0re waters «up 0 3..0 " M} are rvpi-
cal for Baiuc Sea sasins :Balzer. 1973 Diarfaal
t976). Upon munerafizauon of sedimentary Jrganc
matter ov SO,-reducuon. the H.S produced is 2
metabolite may therefore precioitate MaS n his 2a-
vironment. rather than Fe.suifides 15 15 Jsuaily ‘he
case under anoxic manne conditions. ALLER 197
and BaLzER 11978) have compared 100 concsntration
oroducss of the iporopaate dissoived spectes wth
solubtity preducts of vanous phases of manganese
sulfides and carpoaates. Thev conciuded that ne a-
ersunal waters of Long Island Sound andg Baitic Sea
sediments. raspeciiveiv. 1re i 2quilibriem with
SPeCt 10 sucn phases and ‘hat presipuation of MnS
may wetl 2xert some :aduence oa e Jisscived .ater-
stinal vater species of these environments. BaR0ON ind
Degyser 1:95T) 1nq Desvser (1960} drst Jiscovered
sedimentary Mn3 in "he snoxic deposits of the 3ainc
Sea. vin$ is che cuotc munerai 2iapanaqire s otnerwise
oniy known ‘rom lvdrothermai deposits ‘PALACHE <r
J6. i952) and corresoonds :n s CTVSIad swrucure o
ofe o two svatheuc aigh-temoeraturs MnS-moaini-
cauons Jdescriped 9v SCHNAASE -!933) The seq-
mentary Mn3S.onase. 1owever. jound 3v 3aRON 1nd
Ceavser (937 1ad 3escrioeg zers, a5 i texa-
gonai Srusial structure ' Taoie ) ind corrssponds 0
SCHNAASE's 11933} (ow emperature MnS orecipuate.
1 modification w~inca 2e cailed 3-MaS .wurwntey. (n
e newer rrrmnnowogy 15 used ov ASTM. Scanaase s
3-MnS wurtzites s :genncai o :he ~-MnS mocid-
cagon. It s cizar rom ne work of Baron ind
Debvser 1na :a¢ indings revorted ners chat ~-Mn3.
1 manganese suiide of hexayonal crvstar struciure.
is tfie first—and ;0 'ar onaiv—ocsurrence of 1 Jistiace
sedimentary manganese suifide qunerai of iutmigenic
nature :Giasay, 977 CaLvERT and Price. (977

{ts domwmnant modes o OCCuUrTENCE ire .0 singe
crystais or clusters Ot 2upedral crystals :Figs. <a.

.,
e

-
fpd

Table 5. X-ray diffraction anaiysis oi manganese suifide soncretions ‘rom Land-

sort Deep sediments:

d-spactngs :n ingstrom

v

Zoncreeion

s lglative 3aron & Jedyser, el {exaqOnas

Landsor: Jeep lacansicies L9987 jennaase. .33} LT 391
144 . .30 3.e3 .e¢
1.l | 50 ‘ PSS PN
3.313 LD i.e3 P
2.185% 2 2.1%2 oo
L.392 39 ..392 e
.40 0 V.32 33
Lt 3 1,728 : Nek]
.. 338 0 PO : -e
L. 381 ' 3 L 464 Y R
L.3)7 3 [ 24 L2338 .22
LV ‘ - 1.4 .43 120
1.342 . H .. 144 23 PPa
1.302 H ALl W-ed ES %)
.. 374 H Al S ) PN
L.a08 H L. 224 < ea PP |

-
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Jatensities across che sut surfacs I 1 Mnd-concr=aon:

the center soruon shows sure Va3 wnereas dxidation

oroducts Jdue (0 laoorafory langling. mMosi akelv MnQ,.

sover :he surface :see 1is0 caem. inaiyses 1 TaDle 3y

Microorooe inaiysis: D. Ackermand. Min-Psatrogr. inst.
Caversity of Xiel

and :n dense 'enses resembiing boudinage structures.
The accurate chemical composition s dificuit ‘o
deterune owing 0 the ipoarent :astabiiity of MnaS
i1 iaporatory conditions and {0 1tS JDIGUILOUS ASSOQY-
auon with other Mn-mineral nhases. A microorooe
linescant ‘rom the margin t0 the center of 2 lense-
shaped concretion shows the assoctation of Mna with
oxygen in the outer poruon., assumed o de due to
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MnO, 9y oxidaton during ‘aboratory hanaling. ind
of Mn and suifur :a the center soruon (Fig ™) Ths
s aiso redected n the duik chemical inatvses 0 “our
concrsuons Jetatied n Taoie 3. The :xcess o Ma.
10t Sound 9y suifur. s assumed 0 Je Jresent a me
aiteranon product MnQ.. Tae »t*, 3 2xvgen :nus
caicuiated adds 0 aimost 100, o the ot wegnt
of the samptes. parucuiarly 5o with Concrsuion 3.
Furthermore, Concretton D requirsqd 1imost 1o
OXygen cofreciion decause ils soiudble zortion con-
sisted 10 >9%8°, of MnS and had presumaoiy uncer-
3o0ne negiigdle alteration. The :nsoiudle ractions ars
clay impunties: aone of the trace consutuents Ca or
Fe are beiieved to be in the MnS-structure sut are
probabiy leached irom the clay and carbonate :moun-
nes. It is very ukely that authigenic MaS-formaton
i7-MnS) 15 indicative of terresiriaily dominated. mar-
e enviconments undergong 2xiensive muneraiization
of humuc organic macier by micromal SO, -recucion.

Phospnates

The solid products of remuneraiization o rgan:c
ohosphorous are more difficuit to :deaufy ‘nhan -nose
just discussed. BALZER ({973 MURRAY <r 1L (979,
ALLER 11977), Emerson 1976) and 3RICKEZR :na
TROUP 11975) nave shown Tom 2guilibrum consiger-
itions Of :ntersutial water data that remineranzaton
of orgamic matter in Fe-dorminated sediments :snas
to producs Fe-carbonates ind F2-pnosonates. 3ncker
ind Troup present rather tenuous <ncsncs ‘rom
X-rav diffracuon analvsis that vivianite s ictuaiiv
oresent 1s in Juthigenic pnase :n Chesapeake 3av
sediments. [t appears rom ther findiags that “ivianite
s extremely unstaole ang :ts X-cay difracuon sattern
disappears within minutes iter :xposing 5S¢ samoue
10 atmosphenc oxygen. This is Ioatrary (9 >tner
reports of Fe'-phospnates :n sediments and in 2xpen-
mentai precipuates wmch show weil crvstatlized
vivianie 10 de Juite staole 1 Tessevow. !975: 0seN-
QUIST. 1970: GULBRANDSEN, 1969\ Yet the osnos-
phorus-rich samoies retrieved rom the Lanasort
Deep contained no recognizapie crvs:alline pnoscnate
phases ajthough total PO, contents were 15 mign is
{0 wri. Table ° shows the iad-ieachaoie :ompo-
siton ol three splits from one sediment ;ampie 1ugn

Table 5. Buik composition of manganese suifide concrenions ‘rom Land-

sort Deep sediments:

souceatrations a #t°5{a} and mai®;,(d)

omer. A lsnes. 3 Tamer. o lanrer. 3
- 3 r N 2 : 2 3 a E)
unq-nau 53.2 0 3.3 | 55,7 0 {314 D 39.3 . 3.919 313 | 3.38L
(8.2 0 3,304 0 t3.3 0 3,420 0 4.5 ¢ 2.45% 0 30.3 - ). 3%4
, Lid4 2329 2430
3.463 ! 1.534 . 3.8 P L
4.9 70,330 0 8.7 1183 i3 1o L3 .34
Sdlcius P P - P - l.. .- 3.4 -
izan [ I I - 23 -- 3.3 } -- I
lacponace a.d. .- 1.4, .- I I . 3.8 -
las0LaDie vae b L W30 - ) - S8 -
s 9.2 38,3 3a.3
¢ Minumal axygen correction for HCl-soluoie dortion “ecause 'hus

sample s the \cast afected 2y laboratory aiiteration « >I8°;, Mnash
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Taole 7 Composition 3 'eachabie iracnons of suik
sediments Jontaintng mixed :ardonates ind  JNOs-
phates: concentrations (n umois 100 mg 50 Iry seciment

iedimane 3

Acecic s6ad excrac: RSB XA )

SCL-extragt 3¢ residue (L PR

lmpiamd extracs 33.3 ..
jedisent )

Tacal 4Cl-extrace AR T T TS G il
jedioeng T

Taeai {Cl-emetzace T 1.8 8.3 2.9 2.3 1120

* All three sampies ure homogenized splits, CO. was
determined on 3 fourth splic and s 3ssumed !0 be the
same {or sampies A—C . samples 3 ind C were 2xiracied
with dil HCL whereas H was subjected (0 [ractional
leach (Fig 3.

in mixed carbonates. sulfides and soludbte phosonates
irom the anoxic deposits of the Landsort Deep. X-rav
diffraction  analysis confirmed the presence of
MnCaMg)CO, ind Mn3 as :ncouatered .n he
crusts and concrecions. respectively. [t 1s 2vigent rom
the ieachaoie consutuents :hat :n addition 0 ihese
phases also Mn-Fe-onospnates wers dresent .n the
sediments.

To further detail :ne composition of the Xeray
amorphous phosonate pnusets) a ‘ractionai ‘each with
increasing H ™ -on coacentrauons 4and continuous
monutonng of e 2luded ructions was performea.
Tae rather comotex 2lution pattern Fig 3) ‘ndicates
that:

(1) the Mn-Ca-Mg-carbonate pnase—described 2ar-
ljer—is ¢acheq dirst 1A) diong with an

12) unknown pnospnate Jompound 1{):

13) the traling of the Fe-maximum (8 actasts :o
the separate Fe-caroonate dhase deing Jissoived at
slightly differenc pH-conditions :ust is 2ncountersq
in the (ractional ieaches of crusts.

The ‘otlowing compiex ziulica pattern resuits ‘rom:

(4) the dissolution of Ma-suifide .C—as aescnibed
for the concretions:

(3) 1 second unknown pfiospnate comoound ({I):
and

(6) finaily the increased moonlity of Fe and Mg (D)

at very low pH.values signaling the destructton of
aluminosilicates.
The dissolution of the mixed carbonate phase (A) was
accompanied by vigorous evolution of CO., upon
addition of acstic acid. whereas subsequent Jdissoiu-
tion of Mn-suifide (C) by dil. HC! was clearly recog-
mized v the zvolunon of H,3. To ;udge rom the
shouiders of the F2- and Ca-peaks near (C) it 15 quute
likely ‘hat these :wo canons ire contained n the
second unknown phospnate compound I\

This gualitative :aterpretation Of the 2iution oat-
tern is (n agresment with the cesults 3 the sequentiat
dissolution of the mixed carponate crusts discussed
sartier (Taole 2b) a that Fe-release s -lose with Hut
Slearty separace (rom Ma-Ci-Mg-reiease and :hus
argues strongiy :n ‘avor of a separate Fe-phase. The
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Fig 3. Sequenuat <¢uca zattern o soluote :atons :nac
Jnospaales Tom Juik sumoOte XM amiaatec sediments.
sleven ‘ractions ~ere :oilecied ind separatetv inalvzed
whiie the :2ach soiution graduady shangea ‘rom listileg
water o diluted ‘0 concentrated iC2iC ucid 4nc urther
to diluteg and concentrated Avdrocnionc icid. ‘ne sum
of the leached coastituents s asted 'n Tuole = Segiment
A, zfytion peaks A. 3. C. D are sxpuined n che raxt us

~ell 13 ohosohate 2tunton deaxs | ana il

comomned HC -extracs of ‘Ne cardonute rusis Jotner
saowed nag ne

Saauon-equiv. = 20 -equiv = CO3 "-equiv .

"hus indicuting that F¢ sowcie .a :oncenatraten acsug
iad s contanea o F2C0O,.

The smount of CiCO, :a :he mixeg carsonute
ohase varies aetween 1 ind 14°, an@ ‘hus icoears
(0 e the onty source o sacsriainty A 2vawaing
he compostiton 1ad imounts X 2l pnases oresent

SS—— SR
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Tiple 3. Balance of 1c13-ieacnaoie segiment soastituents contamed :n 5041G Jnases 15 TINEranLza-
lon Oroqucts.

‘N la T2 oG c. I > 3r3ausss
IAMtid. .dacn omMEOS.ILON
AC@%43 2€a3. 2.0 288 I3AG. .23 L LS E) ] ) -
“Zies€aCn, ii..i3g .3 M) M .- PR .-
iz30
WOOVE L. 1CRLLI-ACLL- O 4 .3 Py R I
0. D¢ A8 .ION TALI0NAClE .3 < .5 3 < 3 <40 -
BT TR
emove 1.l IOy is -3 ; N 2 u ) s oA LI (e <3
AUxed S2L0NACS bl .8 : 2 . <0 .- b
semp CII
FeMOVE 1Ll ACETLT 4CiT SOL- 3 b ° b 3 3 33 Mny 2045,
Dig Mg and TemALlLAG N o) P ) . 140 --
jzeap IV
emove Ji. wWCl-33ludie 10 . bl : bl J bl 2 --
ind 30me Ta 15 U bt . .3 2 .e ) J Tea - I wns
Saep /
Aemove ii. TamaLtlng Lons N 2 3 ] 3 bl .-
A8 31 2iKQQ ITINODONOSUAL SR : Y . M 3 k) 33 fe PRI ?’:_ .
TOTAL PHASE COMPOSITION AND remineratization issemoiage s Jdetwied .n Tucike 3.

IMPLICATIONS ON SOLLTION
CHARACTERISTICS

in orcer (0 :lucidate the zomoposiion 3f he un-
<nown pnosopnate pnases iil ‘racionat .each -esuls
‘rom carponate <rusts as weil 1s seaument sputs ire
qere tomoined 0 Jrovide e dasis [of 1 luasi-nor-
mative :alculation of the unknown onases. Accorg-
:ngly. inese cesuyits. whers? 'he saruconing X ocons
netwesn icsic acid soludie ind avdrociione :cia
sQwote hases s srucial ire 1g22u22g 0 Jonform 0
the ‘oilowing constraints i Taote 3):

‘11 Isoiubte  canons = Zsoluble
-equires 1 quanuty ol solubie S°°
of sediment 1Tabie !);

12} Zacsuc acd soludie cauoas - iciuc icd
soiunie phosphate = Tcarbonate ons: s Jiference
imounts to iddumol CO.i00mg segiment
' Taoie 251:

.31 The 2mount of ic2uc icic-soluote C1 s dxeg
at 21 umol, 100 mg sediment. (Tis demng he maximum
Juanuty sncountersa rom il inalyses iSediment A.
Table ™

i4) All F2 solubie 1n concentrated acenc icid .5 con-
wained in F2CO, . this s suoported 5v the continuous
2lution pattern iFig. 3) and dy results of Tuoles 25
and 7: this quantity amounts (0 i+ umol, 100 mg sedi-
ment:

i3 Mn-suifide 15 3 pure phase with no somorpaic
substitution and is solubie oniv in 2l HCL thus ail
HCl-soluole Mn s contained in Mn3. this amount
1s nere 50 umol. :00 mg sediment ' Taote 31 and

16) Mg and Fe released ‘rom dSreaxdown o au-
minosiiicates an ve ssumated TCM the 2iution peaxs
it ow oH vaiues tFig 3 jor F: this amount s
i4.umoi {00 mg and for Mg s T umor 00 mg: this
then <xpiains the differences .n Fe ina Mg soludle
in concentrated and diluted HCL -especuvely 1 Taoie =

- Sediment A vs Sediment 8. Q).

Within these constraints it s cossibie "0 cilculate

the comopositions ind :ontents i 2acn ohase o the

imons:  this
of 30 umot, i 00 mg

Added !0 ‘nMe :c.ases hus cuicuiated snould de un
amount of amorofious  stilca 0 45 g us
300 umol/ 120 mg :0 ompiete ne issemotage. Tos
quantity sowever, sesms nugnly Janaoie und s onty
vagueiy -siated 10 the snosonates. sulfices ina ur-
Jonates.

{t was :ntended to draw iienuon 0 e JCMoosit-
onyl vanaptity of autnigenic snases sctuatly ‘ormea
during decomoosition Ji sedimentary Jrganic Tatier
in order 1o refine sguilidDrium moaests urrenUy noUse
Jdescribing (nterstuud autrient sageneraton. in e ot
.owing const@erations ;¢ wiil 2@ 2mpnasized 10w .uu-
aple 1t wouid e 0 1ave hermodvnamic suantities
J€ At leasl icSuratle sonares SowWMittiey N 3@UWater
{or these onases singe nev 50 Closety J0awral “he nter-
suual water comoosition. Assuming ne Sndses o ¢
So-existent. ‘0 O€ N :QuiIdrium lin
sutial soiution comoositon. ‘a2 ‘olowing set i con-
Jitons must iyl de met:

cma -
LE. neoater-

M PO = K KT =070
TESSENOW 11974 ¢

\FauCOy = Ky, K1 =10777

MURRAY 2t it 197
(Mn*HCO;) = K}; see 1)
(FeyS) = K,; XJ = 107437
BERNER 1967V 4y

ManS) = Ky, K =07

ALLER 9TTY §
(Fe®2 PO = K3 see 1) o
A0H I aH) = K, = )40 -
< <7
Soaosohate
PO, = - - -
| 2y 14 a4
Koo, Kuro, Xom, Kusn, Kapn, Kon.
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E. Suess
Keg. for the ii 1pie 2quiiit svstem:
iCOy = C.-\.-, - f;( du 9 obtained for the ibove muitipie 2quiilbrium svstam
¢ = +8cou (Fag)- vy, =
Ky Kig aFel = (07492 (0! 42 u 10"t

1S = TH,S ——
Tag =1 Kus )
K’ = apparent soiubility products
K° = thermodynamic solubiity product
* = Ca-substitution
{ ) = concentrauons. moie:l
J ) = acnuvities

]

where:

1) K to K, are the apparent solubility products.

of the co-existing mineral phases in seawater:

by XY and K3 both refer to the apparent soiu-
Sility products of phases with mixed activities
of componeats of 2a solid solution: e
1My 36Ca, ; sM25.45/COy 20ad Fey 44 Cag ;403 PO
respectively:

ic) none of these K’'-values s accurately known:

(d) Iphosphate = totai dissolved pnosphate and
Ku,p0., Kuro. Ko, are the apparent dissoc:auion
coastants of pnosphonc acid in seawater: according
10 ATLAS (1979) for 33%, S and 10°C:

Kipo, = 1.95-107F
Ko, = 7821077
Kpo, = 1.00° 107

1e} C.A. = carbonate aikalinity and Ko, 304 Kcp.
are the apparent dissociation constants of cardboaic
acid 1n seawater: according 9 MEHRSACH ¢f ai, (1973)
for 35%,S and 15°C:

Kuco, = 1L.07-10"°
Koo, = 7.94-10°1°: and

i} TH,S = towal dissoived hydrogen suifide and
Kius and K the apparent dissocation constants of
hydrogen suifide 1n seawater: according to SKOPTIN.
SEv (1957 as cited 1n BaLzER (1978):

PKus = 7.04 = 0.4 4!
K = 1492 = 1.2 ut?
M = onic sirength,

Sunuitaneous analytical solution of the above system
of 2quations s difficult because they are not com-
pletely independent of zach other, nor is a sufficient
aumoer of constants accurately known. yet a numeri-
cal estimation of ion activities by fixing oae ol the
five unknown constituents and uulizing the thermo-
dynamuc solubtlities as shown for 2gns. (11, (2L )
and (5) yields a set of activities for all dissoived con-
stituents which quite closely resemble those ¢acoun-
tered 1n naturai interstitial water systems. [n the case
of the Landsort Deep sediments :nterstinial total dis-
solved Fe was Jetermined by Dedvser (1961) and
found to be (Fey) = 10~ *°2 moles/! for the core sec-
tion enriched in chemical precipitates. With the recent
acuvity cocerfictent esumaces for dissoived Fe'” Dy
MURRAY e 2l 11973), the following activiues ace

25) = 1071%'* from eqn. 1)
aCO;) = {0~*% rom 2qn. 1)
aMan) = t0”*°2 from 2qn. 13) and a5

aPOy = 1077°* from eqn. (1) and aMn. |,

Furthermore. re-substituting these acuvities into 2gns.
{3) and (6) yrelds thermodynamic end-memoer actumity
products for the mixed caroonate and pnospnate
phases:

aMa*aCOy) = 107399 = K9
atFe*YaPO,)* = (07337 = KO
¢ Ca-substitution.

1)

In the case of the mixed Mn-Ca-Mg-<carbonate :he
ion activity product is higher than that of pure Mn-
carponate and in the case oi the mixed Fe-Ca-phos-
phate ¢ 1s lower than thac of pure Fe, (PO, Both
irends are expected when considenng :he degres of
Ca-substitution and the soiudtlity products of the re-
speciive pure Ca-phases i TEsseNOow. (974: ROBERSON.
1960: GARReLsS and CHRIST. {963). If these :nter-
mediate soiubility products are confirmed 2xperimen-
ally 't wouid have iar-reacning mpiications :n chat
the soiution composition 1n such 1 svsiem couid Jon-
trot the mixed soiid composition rather than the other
way iround.

[n the parncuiar case of the Landsort Desp the
authigenic phases constituie such 1 iarge Sercentage
of the sediment that :hev can aarcly e coasidersd
precipitates of a limited amount of pore water soiutes
in 4 quasi-closed svstem dut rather as 1aving ‘nemed
under conunuous supply of dissoived solutes. A simi-
lar view was recenily sxpressed by COOKE 1i97%) n
1 different connection by 2xpfaining e varying
MgCO -composition of calcite surfaces in response
t0 expennmentally :mposed Mg-concentration changes
1n the reacung seawater soiution. {n the nterstuai
water-solid sediment system the composition of the
precipitated mixed phases then mav e looked upon
as accommodating a certaimn solunon compositon
rather than controiling t. '
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Comparison of the Feeding Habits of Migratory and Non-Migratory
Stenobrachius leucopsarus (Myctophidae)

W.G. Pesrcy, H.V. Lorz and W, Peterson
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Abstract

tenobrachius leucopsarus, the most abundant speciaes of myctephid £i
has a bimodal distribution at night,
100 m composed of diel vertical migrants, and another 2eakx at 30C o 300 =
vosed of fish that 4id not migrate che night they wera caughet.
fish in an actempt t9 learn {Z
migrated to surface watars. Low similaricy of diets, diffsrences :in

Usa,

feeding habits of these two groups of

hes 9off Orsgon,
the upper
som-
zhe

S5 aim
-a—Dbs

with a peak of abundance in

We comrared
deap
che rank orider

of common prev, and similar states of stomach Zullness and digestion of prey sug-
gest tha*t fish capcured in deep water at night drobably did nct Iged exc;;sive‘:

in shallow water on pravious aights. They probably fad in deep water.

The sim:i

larity in food habits between deep 2nd snallow £ish is most .aac‘lv axplained sy

daytime f£seding bv Ii

h in deep watar and by brecad vertical distributions of o2y

litroduction

Many species of oceanic¢ micronekton un-
der<ake disl vertical migrations; ozher
species ars non-migratory (3aird, 1971;
Badcock and Merrett, 1276; Pearcy et al.,
1977). Sased on observations from sub-
mersibles, 3arham {1371), Clarke (1371},
and Pickwell a2t 2al. (1971) suggestad that
not all migratory organisms perform ver-
tical migrations every diel period. They
noted the occurrance of myctophid fishes,
suphausiids, and physonect siphonophores
at daytime depths during the night or
after the main scattering layer had mi-
grated upward during the evening. Migra-
tory and non-migratory portions of a
population have also been revealed from
midwatar trawling studies. Tucker (1351),
Paxton (1967) and Clarke (1973) found
that substantial numbers of some species
of myctophids (lanternfishes) may remain
at daytime depths during the anight and
do not migrate toward the surface. This
paper concerns such a amyctophid, 3teno-
brachius leucopsarus.

Stenobrachius leucopsarus i3 pradominanc
in the mesopelagic Sish community of =he
upper 200 m at night off Oregon /Psarcy,
1964, 1971, 1977). In an earlier study,
Pearcy and Mesecar (1977) found lLarge
numbers of 5. leucopsarus at night {rom
depths of O 2o 100 m and 350 2o 420 m.

Small 5. leucopsarus are known %0 have
gas-filled swimbladders {Capen, 1367:
3utlar and Pearcy, 1972) and ara sus-
Dected to be a major contrisutor =2 =ze
12 kHz scattering layers common at =hese
depths off Oregon, and =9 biological
sound scattering in oceanic waters ofF
the entire northeastern Pacific Qcean,
Migracory and non-migjraccry 3 :
of the Stencbrachius leucopsarus Popula
ware clearlv ravealaed »y a racent =
sarison of day and night vers ical d:
ributions obtained from guanticaziv
opening-closing midwater collec«ions o-f
Oregon (Pearcy et al., 1'977). Two maxina
ware obvious in the vertical diseribu-
tions at night: one in the upper '00 n,
the other near the daytime geak 5f apun-
dance at 300 %5 500 m. The number of
fish was about egual in these two depth
strata. Initially, we suspected =hi
dual behavior to be ralated =0 ontoge-
netic differences in verticai distriszu-
tions such as those found by Clarke
{1973) and B3adcock and Merrett (1376},
However, a broad size range 9f 5. lsuco-
psarus occurred in both shaliicw and ieep
water at night during all seasons, and
the size-frequency distributions witiain
these two depth 2oneg were not stacis-
tically different, a finding that :is
relevant to this zaper. sack

Alsc, <he
of 3ize differences among misratory and
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2 W.G. Pearcy at al.: Feeding in Migratory and Non-Migratory lLantarnfish

non-migratory fish is an argument
against the idea cthat large 5. leucopsarus,
which lack the phvsiological constraints
imposed by gas-filled swimbladders, are
more extansive wverwizal migrants than

the small fish with zas-filled swiﬂblad—
ders :see 3utler and Pearcy, 1972).

We propose =wo aypothetical types of
behavior to explain the observed, non-
migratory distributions of Stenocbrachius
leucopsarus: (1) The Zish found in deep
water at night (non-migrants) infre-
guently or never undertake diel vertical
migrations:; or (2) These fish actually
migrate, but not everv aight. The fish
caught at depth have merely "taken the
night off" from their upward excursions.
Perhaps individuals migrate £o the sur-
face waters o faed every other night,
and remain at depth in a lethargic
stata (Barham, 197'; Clarke, 1971} for
a day or more. They may not respond =0
the normal sensory cues to migrate if
they are satiated (Zusser, 1938).

In this paper we examine the f£ood
habits of the migratory and non-migraco-
ry oortions of the Stenobrachius laucopsarus
population in an attempt to tast these
alternacive aypotheses. If fish feed
only atc the surface at aight, prey or-
ganisms should be very similar Zor Zish
caught at shallow and deep depths, but
stomach fullness and stage of digestion
should be markedly different. On the
other hand, if =he fish found at depth
during the night rarely migrate, theV
must feed at depth and che species com-
position of their £ood should diifer
from that Zound ia migratory fish which
presumably feed in surface waters. Al-
though food habits of 5. leucopsarus have
been iavestigatad (Paxton, 1967; Collard,
1970; Cailliet, 1372; Tyler and Pearcy.
1973) this agpect of the feeding ecology
nas not been studied for any lanterniish.

Materisis and Methods

Stenobrachius leucopsarus were collected
with an Isaacs-Kidd midwater trawl
equipped with a 1 m2 multiple plankton
sampler with 5 codend nets (Pearcy secal.,
1977) . Collactions were made at approxi-
mately 120 <m off Newport, Oregon (449©
40'N; 123933'W) in September 1972, No-
vember 1972, June 1973, and September
1974, The fish were fixed in 10% forma-~
lin at sea and stored in 35% isopropanol
in the laboratory. Fish axamined Zor
this study w~were collected at random
hours of the aight (30 min after sunset

£o 30 min before sunrise). Food habits
of f£ish #rom depths of O £o 100 m {(shal-
low) and 300 to 700 m (deep) were com-
pared from 36 collections. Shallow nets

fished about 30 min, deep nets abour ' i
A %otal 5f 696 5. laucopsarus wers axam-
inaed, 334 fzom O =0 OO m and 52 Irzom
300 22 700 m. Standard leng=hs 51,
ranged from 30 <o 33 nm.
Individual fish wera neasurs

achs rsmoved and stomach Iullna
mined on a scale oI 3 =2 3 wnher
ampty; ! = partly full, rugae n
tended: 2 = Iull stcmach, rugae par=ial-
ly distended; 3 = very Iull stcmach, no
apparent rugae, stomach very distended

Tyler and Pearcy, 1373) . The contents
were flushed into a syracuse dish, ex-
amined, labeled, and stored in vials.
Stages of digestion I Zood were cate-
jorized on a scais 92f ' <o 3 where: ! =
organisms well digestad: 2 = crganisms
partly digeszed; 3 = organisms well pre-
served, fresh. When possible, individual
food items were identified 0 species.
The total lengths of ccoepcds and amphi-
sods and the carapace lengths of eupnau-
siids were measured when 2o0ssibkl2. Data
2n food nabits are axpr2ssed as: Zre-
quency' of occurresnce of a <axon based cn
all fish examined including thcse wizth
empty stomachs, and average Iumker of
individual prey items per Zisn calcu-
lated for all fish with food in <heir
stomachs.

Swimbladders were axamined ind
dissecting pinocular microscope

shological diZffesrences.

th f.
LA A
w

e
o)

Resuits
Swimbladder Structure

Swimbladders wer2 sxamined =9 determine
if diffarences 2xisztad in the cercentage
of thin-walled (presumably gas-Zi..ed)
swimbladders in Stencbrachius leucopsarus
captured at depths of O o '00 m andé 300
to 700 m at night. According t£o 3utler
and Pearcy (1972), who described the
structure of 5. leucopsarus swimbladders,
gas-filled swimbladders have thin walls,
whereas swimbladders that lack gas in-
clusions are fat-invested, raduced and
thick-walled. Qur results in Table °
agree with those of Butler and Pearcy in
that most small 5. leucopsarus nad cwhin-
walled swimbladders, ané most larze {ish
had :hick-walled swimbladders. Ali:though
Butler and Pearcy Zound no Jas ia 3. leu-
copsarus larger than 40 mm, 9 fish of 40
20 49 mm wers found with thin-walled or
transitional swimbladders in the present
study, suggesting that they may have
contained gas. In any case, no larse
differencas were obvious: fish with thin-
walled swimbladders occsurred at hoth
depths ia about the same proporcions.

T
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W.G. Pearcy et a.l.: Feeding in Migratdry and Non-Migracory Lanterniish 3
Stomach Fullzess and Stage of Jizescion Table .. Stenooracnius l#uSopsalis. Partsnt ompar:
2% zhin-wallad 2 o swimplac

Our data indizat2 nc major difiasrences PRaTALE foam 233 nyTRagniis dapmired
in szomach fullness of shallow and deep
fish (Fig. '.. Meost Zish at both depth ———
inzarvals nrad Zsod in their stomachs 2x- M e
capt Zor 3ma.l fisn (<40 mm) in deep wa- . . .
ter. S S G .

The stage of digestion of Zood items
in deep fish indicates chat the percent emin 37 54 5 5 5 s s
of fresh food increased with iacr=asing thick U3 5 10 120 0 0 X
size (71 2 ° 1). The trend Yas ‘Ln‘ferse La Nine 3¢ znese vere “rarsizional zetween snii- and tRisx-
shallow fish: percent of fresh Zood de- vai.ed.
creasged with increasing size. For Zish
>70 mm, a larger propcr+=ion of deep than
shallow fish :oq;ained fresh §ood. STOMACH FULLNESS TAGE OF SIGESTION

Thus, small fish (<40 mm) in deep wa-
t2r at night usually nhad a small guanti- Cr cuery Stage
ty of well-digested food in their stom- - ‘
achs, whereas small fish caught at shal- - i
low deptas usuallvy had “ull stomachs of -. d s 3-ce
relatively fresh food. (Fish <40 mm rep- o, . * 300-730
rasentad 483% of the catch at O to 00 m - o
and 30% at 300 =0 700 m). Large Zish -y .
Zrom both depths diZfered little in 3 —— e
stomach fullness and stage of digestion.
Most deep Fish 240 mm had nearlv ‘ull 0 saprir AL 0T el -06E5TED
swomachs of Irash food. - . -

s EL T § Q= ¥ .

Ffood Composizion & - 2o~ ra !

The zercentage that eaach major pray taxa
comprised of the £o%=3al aumber 5f drey
organisms and che Zraqgquency c¢f occur-
rence of major prey taxa are shown in
Fig. 2 for Zish of diffarent sizes Srom
Q0 0 100 m and 300 £0 720 a. 3everal
differencas ars apparsnt. 3ased on aum-
ber of pray organisms, copepods were the
dominant orey taxa in deep fish. Cope~
pods wers 2also the mcst aumerous »ray
for £ish <60 mm in shallow water, buct
auphausiids oredominated for Zish >50 mm.
Therefore, large Zish f{rom shallow water
fed mainly on euphausiids, whereas large
fish from deep water and small f£ish from
ooth depths fad mainly on copepods.
Trends based on frequency of occurrence
also show diffarences in the faeeding
habits of shallow and deep fish. Euphau-
siids occurrad more frequently than
copvepods in surface-caught Zish, while
the opposite treand generally obtained
for fish Zrom deep water (Fig. 2).

The average number of food itams per
fish (Table 2A) reflects these basic
trends in Zood composition. An average
of only ' or 2 prey were found in Zish
from shallow water and in small fish
from deep water. Small £ish usually con-
tained a few copepods; big fish often
contained one large euphausiid. Large
£ish from deep water, on the other hand,
ofcen nad many Zood organisms in their
stomachs. These were mainly copepcds.

T T FAEsH
-~ ' -— r ]
- B
.3-:.0\ . I8 - N

0= N 50— o
- . “e
-, PY
s -

T o ] R T

«ongth (mm) <2Ngth - mm

ig. L. Stenobrachius leucopsarus. Comparison >f%
comacih Sullness and stage of iigestion of Zood
icems for 10 .m length-groups Irom O %5 !0C 2
and 300 %o 700 m 3eptas

Hence, variation in number o9 prey with
size of fish depended on prey composi=-
tion, which in 4%urn was related =2
depth of capturs.

Because Iresn food 1s the zest indi-
cation of the kind of prey consumed at
she depth of capture oI =he {ish, we
noted the percentages of <he wo maior
taxa of ZIresh Icod £rom shallow and deep
fish in Table 23. Shallow fish of all
length groups contained a high cerzent-
age of euphausiids, while deep fish nad
a high percantags of copepods.

A list of orey items identilied Irom
the stomachs 9f Stenodbrachius lesucopsarus
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al.: Teeding in Migratory and Non-Migrazory lLancernfish

rOTAL FO00 -:TEMS l

FREQUENCY CF

Cadla L. Taxa ienzilisd Irom scomacng 3f Stenscorachils

B :
| oCCURMENCE { il
i . ipepocs I.snausilis
| ® Juonusnds ipmausgia zac:
100 ~ » Jooeocoas eracoscwiis iifiirills
0-/00m 3 Amonpcds ! TLisanoessa spg.
20 <41 ! Z.iorausiacea
Ampnizods
80 < Faractemisrs caciiisa
Sucaianus Juag:i i.':..'anuu‘ ’?9'1, .
40 4 P2racalanus parrus ..\n.!;:f:od‘:y‘,. s 4
?seudocalanus 3pp. =
Aetideidae Jecapods 3
20 - iec:deus sacir:.zus jeryesces s.mi..s i
| et Shisidius spp. “
2 Saecanus sop. wysias
o 9 3a1dius 39p. 3orsomysis rascraca
5] jas 1o wsidacea
[e4 Tuchireila 30p.
W Shirundina screezs. sstracoda
Q. Pareuchaecs ;33T. sosa
jcottocalanus 3gD. R - e .
100 szapnocalanus 39p. IE8R00TaCRIdS - SUTIOSALY
T 33olecithrisidae -aslscondednia srenu.ar:is
a0 Mecridiilae “L3¢8llanecus
decridia cacilica “haetognacas
vecridia .ucers Fisa scaies
504 2lsuromamma 300. diencii ed eg3s
lL4cicutia sPP. Jastzopods
{ecerorhabdus 3pp. Tiuatianids
40 o Zandac:a 3op.
landac:a solundiae
20 Acarzia ;anq%:m:s
Jizhona 3imi.is
Jncasa spo.
Q - 18915CNLS TLCTONACUS

v w0 %0 W
LENGTH

e
00 W 0

(mm)

Tig. 2. Stenobrachius leucopsarus. Percent zhat
sach Jrsy taxa 2omprised of total number Of Jreyv

srganisms and Irzequency of occurrencs =f 21ajor

TaBie +. Frenobracnius laucopsarus. ‘anx yr

orey taxa 11 stomachs of diZferent sizes ‘ap- ine i3°03C sommen ey 1A fats af myizooesis

scissa) 2f avctophids Zfrom O 2o 100 2 and 100 %o 3 23 100 2 and 300 2 TS =t cased on averaze

700 a dapths ser 3f srey ser Z.sn anz Irequensy 3: deocurcente
2=120 = tXC-T

Tanle l. Scenopsachius leucopsarus. A) Avarage sumoer of Ised 3ased dn “umder 3£ pre zer Sisn

Lzems per I.sh itamach inat :ontalied fsod, and  3) sercencage luphausia pac:.rfiza Tucalanus 5:aGi.

ad

3¢ Izesh 3tage ). zopepocds and aupnausi.ds, Irom stomachs ! fuphausiacea Za.anus 3pD.
fish Ivom O 23 130 1 1ad OV 3 "0 1, Septemder and iovemder, Parachemists pac:Z.cs lalapus plimenrus
2372, 2 vunmber 3¢ Iish axamized: 3d: no Zaea “gcr:dia sacifiza satracada
2areuchaeca 399. “erridiilae
zaagen am) failanus ccistacus Parsuchaeca 390.
2029 10=33 Q=43 3C-33 50-43 "0-"3 30-33 Jaianus >.lumchrus Zupnausiacea
Pish 3caies Supnausia recif:ica
Al Average 20. 3¢ fsod it 2andac:a :0iumbiae Fish scaies
3-100 = 2.3 S LT ? .9 1.3 1.3 Iucalanus dungii Zalanus narshallae
) - ] g [
300-700 2 2.3 el el 5.3 4.9 3.3 a8 3ased on ‘requency 3f c3Iurrence
e fuphausia Deciliza Talanis plumehzi
J;_t;;c:nuql 3¢ Izesn prey Zuphausiacea .. 2areuchaeca 3§5.
copepods  nd 13 12 i$ 2 29 d Pacachemisco s4c:fica
Supnausitds S0 Tt 30 8 st i 10 jecsidia seciiica
- 3 2 . 6 I 3 K Pareuchaeta 3pP. Sfucaianus dung::
Jd.idnus :sri.scatus “equridildae
100=7C0 a Jalanus diimchrug
Zopegods ad 30 57 >8 ~4 *2 37 Fish scales
fuphausi:ds =ad 30 33 ) 3 ~d -d Heterorhandus 39p.
] 2 3 3 ® 3 ? Iycaianus sungil

(Table 1) indicates that more species of mon to both depths, indicating similarti-
copepods than any other group were con- ty in the occurrence ¢f gsrey in deep and

sumed .,

The 10 most common
ranked in Table 4 for
m and 300 %o 700 m &
order of frequency of

prey taxa are
£i3h from 0 =o

shallow fish. However, <=he rank orders
of prey are diiferent; some drey wvers
100 common in the diets of f£ish from onlv

compare the rank one depth.

occurreance and

On the bagis of average number »f

average number of pray between =he =wo oreay, the amphipod Parathemisto pacisfica,
dapths. Many of the prey taxa were com- and the covepcods vecridia jacifica, Calanus
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w

cristacus, 2and Candacia columbjae weara com-
mon srey of deep Zish. 2. columbiae and
Zuchirella 3PP, (not listed in Table )
wvere Zound anly in the diet= of shallow
Iish. u:raus-;-s rankad within z=he =0D
'O pravy Zor hor:h deptihs but wera the
most abundan= Iood zaxa only Zor fish
Irom O o 100 m, whara thev ranked

and second in importance. 3ecause au-
phausiids ara among the largesct prey,
they clearly predominated the diet of
shallow Zish on a volume or weight basis.
Sucalanus sungii, Calanus sPR., Calanus pium-
shrus and ostracods replaced esuphausiids

S

i - el

and ?. pacifica as che predominant prey
in deep-water fish. Ostracods and <Calanus
marshallae were only common in fish £rom

300 to 700 m.

On the dasis of frequency of occur-
rence, euphausiids and Parachemisco paci-
ica again were most common in 3hallow
£ish. 2. pacifica ranked within the top 10
rey taxa only in fisn from C =0 1CO m.
stracods were agaia listed as orev only
Sor Zish caught £rom 300 to 700 m. Caia-
us plumciarus, Zucalanus duagii and Plaraeuchae-
ta spp. were the most frequently occur-

Zood in fish ZIrom deep wacer.
Percent similarizy {(the sum of the
percencages of individual %axa common
zhe dist of both groups of Iish) was
calculated to detarmine che similarisy
2f Io0d composition zetween shallow and
deep Iish. The percent similarity was
4C% sased on number of drey itams. In
addicion, Spearman rank corrslation co-
affjicients were zalculatad among those
fced taxa that occurred ia 3% or more of
deep or shallow Zish Zor each 9f the 4
cruises and Zor all cruises combined.
Rank correlation soefificisnts ranged
from 0.07 to 0.30 Zor comparisons of
Zrequency of dccurrance or mean aumber
of prey, eicher Zor all sizes combined,
for Zish <40 mm or for Zish >40 am SL.
All coefiicients are non-significant
(P >0.2), indicating that although deep
and shallow £ish fed on many of the same
taxa, abundant or fraquentlyv occurring
orey were usually different, even for
figsh of one size category.

Data on the vertical distribution and
migracion of prey species can conceivab-
ly provide important clues <o =he tinme
and depth of feeding. Unfortunately, de-
tailed information for the eastern Nor<th
Pacific Ocean is lacking for most prey
species., Several of the taxa listad in
Table ] have vertical distridbutions that
correspond to the depth of capture of
=he fish. For example, >arachemisco pacili-
ca, an important prey only £or shallow
Zisn, is resportad %0 have a maximum
abundance near che surface (Lorz and
Pearcy, 1973:; Marlowe and Miller, 1975).
Ostracods, important prey only Zor deep

nOMrmu

-3

i
japBai

2

£ish, are thought =0 reside primarily in
ieeo water 3. Frost, persora. sommunica-
=i on! =r subsuriace wazars Marlowe and
ML

1375y,

iy
by by

Talanus olumci

.ro*:ac:;‘-s lsucorsar.

~#as ISonsumed nmawnl

ne v;..e.. It nas -eer

< akbundance i{n surface wate
=he summer monIhs  Pacersen an~

n, 13668; Jawed, 1373, vMarlowe and

, 1973) and migrates into deep wa-

ring the winter !(Sekiguchi, 1373).

C. cristacus, which also

73

3
[
[T

[ ]

ll O U 0O

)
nh

L33 I
3 1]

np

demonstcratss sea-
sonal migrations from shallow waters in
the soring and summer to deep watars 1
=he winter iSekiguchi, 19735), was found
only in <ish caught in shallow waters

butions ot
sur data on depct
Sucalanus :)ungl-,
fish, has its great
arctic waters within
both day andé night accord:
and Miller [1373). <Candac:ia
found only in shallow
2hought o migrate .n ;..i-ed aumber
above 00 o (Cameron, '357; 2ectarson and
Anderson, 1966; Marlilowe and Millar,
1973) .

Sther prav specisas,
sacifica and Zuphausia pacilis
diel war<ical migrations .
100 m at aight (3riaton, !
and Miller, 1973), These 3
nore cemmon as rey for shal
deep Zish, but sould Se consumed bv I
from bozh depths. £ th N
nave broad vartical distril:
tending aundreds of necar
w’ll-b, |9 5), ind
available as oprey
deep watar.

st
-l 0

che 2 20 !
g =2 Marlowe
columbiie wasS

-isa, Ut .3

< :he upger
57; Marlowe

us ons, X~
iMarlowe and

Discussion

that stenobrachius leu-
copsarus captured at depths 9f 3 =5 100 m
and 300 =0 700 m fed on nanv 37 -nhe same
zaxa, bus the similaricy of diets was
only 40% and +<he rank order o5f zrev :taxa
based on toth Irequency 2f cccurrence
and abundances were diffarenst. Mcracve
some ccmmon 2rey taxa were Saund onl:
ish from one depth cf capture. Zwvid
Zrom stomach fullaess and scage of &
gestion of stomach items alsc sugges
that large fish Zrom both depth st
nad of=en fed just Prior o saprture,
Small f£ish generallvy had small amouncts

Qur data indicate

o well-digested 'ood in deep water and
Sull szomachs of fresh food Ln shallow
water., Small £ish f£rom boch depths also
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ate mostly copepeds. Al;houqh these

trends suggest that small ZJish may Zeed
srimarily in surface waters at night
the specias composizicon of <heir pra

’

v
wvas differan~ Therafsrs, mes:t indica-
tions, al:though none ara uaneguivocal,
read in comblnabion <0 <he conclusion
that zhe Zish residing in deep water by
aight fed ac depch, rather than axclu-
sively near the surface at nighe.

The Zood habits of Diaphus checa, anoth-
er common lanternfish ofI Oragon, ars
similar to those of 3srencbrachius .aucopsa-
rus from O to 00 m. Of the prey listed
in Table 4, euphausiids, Zuphausia pacifica
and “Yecridia pacifica also ranked as :=x
chrae most Iregquently occurring prav ofF
2. theza off Oregon, whereas Calanus plum-
chrus and 2Pareuchaeca sSPD., Iray OCCUrring
frequencly in deep 5. leucopsarus, wers
not common in the diet of 0. caeca (see
Tvlar and Pearcy, 1973). J. zhera is a
diel migrator with no residual mode of
individuals remaining in deer water at
night (Pearsy 2¢ al., '977)., The similari-
tias in the diet of mijracory 5. leucopsa-
rus and D. ctheca, =chereifore, suggest thac
both species Zzed at night on commen
apipelagic prey. The difZerances oe*ween
deep 5. lesucopsarus and 2. theca reinior
our suggestions that deep 3 ‘eucopsa:‘s
do not Zsed orimarily in near-surlacs
watars.

seding periocdici hy, rates of diges-

tion and =he wver+tical distriducion af
Pray speciaes ara ;nportan, sonsidera-
tions in resolving when and whare Zfaed-
ing occurred. Hopkins and 3aird (1977)
-raviewed <he vapers zon disl feeding
periodicicy of mesopelagic fishes. They

apor=ed chat discinct Zeeding cycles
are present in many strong migrators
which ascend intwo epipelagic watars at
night. These migrators, including 7 sce-
cias of myctcoohids, ara orincipally noc-
turnal predators. Only two speciss of
myctophids were listed as acyclic feed-
ers. Tyler and Pearcy (1973) examined
the evidence for faeding veriodicity of
Stenobrachius leucopsarus by axamining £fish
caught mainly in the upper 200 m at
night and deeper waters by day. More
full stomachs occurred in the aight and
moraing (20.00 to 13.25 hrs) than in the
aftzernoon (12.30 to 20.40 ars). A larger
percentage of empty stomachs were Zound
in the afzernoon, but £ull stomachs and
empty stomachs were found throughout the
diel period. This suggests =hat migraco-
£y S. leucopsarus faed principally at
night, dut some fish caught at depth,
wnich probably included a mixtura of mi-
gratory and aon-migratory fish, fed dur-
ing she day.

Another explanation Ior the occur-
rence of Zull stomachs and Zrash Zs0d

L o okt Tt

icems in deep Stenobrachius lsucopsar:us
caught at nighe ‘<his szudy! and during
che day 'Tvlar and Pearcy, '373, zcould
e a siow ratz of digestion ané 2vacua-

ion 2f s=omach contans. ALIROUSh ratses
3: digestion hava ngt zeen neasurss
directiv Zor any mesceeiagis Iish, 3aird
2z al. (1973) Zound :ha: the mvycuwoapnid

Diaphus :aanzngi con ined manvy srav Lzams
in cthe firsc haill oi che 2igh=s whi
<hose taken »srior =o eveu-nq ascen
"essentially emptvy". !
cion occurred ac ni;h: ai:er Zeedin
surface waters, whare zamperatures
200C >r higher. Conseguently, Z:
with pronounced Zfeeding cyclas 2
claar zheir digestive zracts Fail
kins and Baird, 1977). Rates 2%
tion 9% 5. laucopsarus i :
that ars rarely over 1
waters zthat ars 192 =
slower zhan <hose su
al. (1973), however,
deep water may have
and digestive ratas.
2aten oy day in deep wat
Sound intact in flah
100 m at night ¢
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sota gro
gquire :he S
pray consumed
qestad very L L
in deep water <hr
part of =zhe Z2llo
were cagtured.

The adaptive signi
modal nocturnal distr bA
lancarnfish is unknown. Ma
ler (19735 fZound similar & risu
for some oceanic zooplankton and
lated :hat they may e relatad ¢
Laren's [1963) aypothesis, whizch oro-
Dosas an advantage =0 actively Zaedin
above the thermocline and assxm;lat-ng
food in deep, cooler waters. This im-
plies diel migrations of animals between
che =wo depth modes. In the case oI 3S:te-
nobrachius leucopsarus, however, bimodal
distributions wera obvious during Novem-
ber and February, when the :“_rmocl-“-
was weakly develoved (Pearzy s 2i.,1377)
and the "energy bonus”" would %heorasti-
¢ally be small because of minimal =em-
perature diflarences betwean dav=zime and
nightsime depths.

3arham {1971) observed =zhat abous
one-half <=he number of ayccophids
(largely S3steanobrachius leucopsarus) 3een
low 100 m during a night submersible
dive ofI San Diago weras immobila and
vertically oriented. He speculatad tha:
such myceophids may maintain a "state 37
3uspended activiey" with liztla 2r a0

y ‘on‘i:ion z
irface ara 2
sh that ramain
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diel vertical migration Ior prolonged
pariods 2f =ime and <hat thais behavior
may allow them =0 conserve snergy and
remain iaconscisuous =2 cradators.

-

Pointed su: dy 3arham, lathargy is as-

A3

socratad wizh myco=ophids which 2ave a
nigh lizid zsnz=anz, such as 5. leucopsarus

‘Nevanzal gz al., 1363; 3utlar and learcy,

'972; Childrass and Nygaard, '973). The
anergy consarved by lethargis, non-mi-
gratory behavior may Zaciljicate storage
of large guanzities of calories, 2as
lipids, which in =urn is relatsd %o the
approxinatca neutral buovancy of this
specLas.
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ABSTRACT

Mid-ocean observations (35°N. 155°W) of temperature and salinity were made from R'P Flip dunng
the period 18 Januarv-14 February 1974 as part of the NORPAX POLE Expenment.

Autocorrelations for the ume sertes of depth of several 7. surfaces confirm the presence of 2 sem-
diumal internal tide whose amplitude is about |0 m. The pertod of 12.7 1 determuned from the autococreta-
ton analysis is not statistically significantly Jdifferent from the penod of the M2 semudiurnal ude 12,3 1.
The coherence petween pairs of lime senes of the depth of the o. surfaces s high. ranging rom ) 37
0 0.91 at the frequency of the peak :n the spectrum corresponding (0 :he semi-diurnal ude. The
coherence between 1 qiven . surface and dJdeeper [ying surtaces decreases slowly wih :ne
mean separation between surtaces. The vertical conerence scaie suggests that most of the 2nergy of the
semi-diurnal internal tide is in the low-order modes. The Jata show that :he pnase difarence setween
surfaces increases with the mean separalion petween surfaces 2 (he approximate rate of -35° 100 m)~
Estimates of the verucai and horizontai wavetengths of the observed semi-diurnai :nternai ide are
| km and 35 km, respectiveiy.

One-dimensionai mixed-iayer leepening models fail :0 predict "he mixed-laver Jepths ind :empera-
iures observed dunng POLE. Honzontal igvection. is 2viaenced ‘rom 'he sahmity maxumum re-
quently occurnng at the bottom of the mixed layer and other near-surtace changes n saunty and
iemperature not associated with local surface forcing, are responsidle ‘or :he {aiure. Durng the one
pericd in which the one-dimensional models may %e applicadle 1 /aue of :he mixing 2nergy Jux
coetficient m = 0.0017 was ootained.

1. Introduction ture and salinity gradients contribute approxi-
mately equally to the density gradient. whiie n
summer the temperature gradient weakens. The
honzontali salinity gradient appears 1o ramain about
the same throughout the vear. The region of the
trade winds northeast ot the Hawauan [sland Chain
has upward duxes of latent heat in 2xcess of 93
mW cm™iovera 24 hperiod. This leads (o the {orma-
tion of a high-salinity Subtropical Water Mass which
contrasts markedly with the less saline eastern
Pacific Central Water characteristicaily found north
of 33°N. This saline subtropicai water can penetrate
to depths as great as 200 m (Reid. 1965 Seckel.
1968).

The purpose of this paper is to report observa-
tions of temperature and salinitv obtained during a
15-day period of intensive sampling from R.P Fiip as
part of the NORPAX POLE Expenment and w0
interpret these observations in terms of physical
processes. both local and advective. which might
explain the observed structure.

Temporal vaniations in upper oc2an temperature
and salinity structure are caused by the exchange
of energy. momentum and mass across the air-sea
interface and by adveciion. To better understand
upper ocean processes and evaluate existing param-
eterizations of such processes, the POLE Experi-
ment, a component of the North Pacific Experi-
ment (NORPAX) was conducted during the period
18 January- 14 February 1974.

The experimental site (near 35°N. 155°W) is shown
in Fig. |. The North Pacific Current dominates the
general circulation of this region. The observational
area lies in the transition zone between the trade
winds to the south and the westerlies 10 the north.
Large-scale changes in the curl and divergence of the
wind stress and in the exchange of heat and mass
occur in such a region. Superimposed oa this low
are several other features which complicate the
hydrodynamics of the region. The subtropical front
is known to meander, in the mean. between 31° and
33°N (Roden. 1974). Observations (Roden. 1970,

e ; 2. i
1972) suggest that in winter the horizontal tempera. > Observations

Vertical profiles of temperature and saiinity were
- Present atfiliation: Scripps [nstitution of Oceanography. La  taken from R P Fiip. Floating Insirument Plat.

Joila. CA 92093, form 1Bronson and Giosten. 1968)} throughout

0022, 3670/ 791050869- 1 6308.00 869
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30° ss° 3¢° were made (Friehe and Schmuu, 19761 The van-
' AESION OF SUBARCTIC FRONT ' ability of the near-surface currents was observed
‘ with a verucally profiling current meter svstem
Q0 = . +30° . ‘o=
BREYVAILING ' and with drogues :Davis #r a... (978).
/ VESTERLIES
18° - @ < 350 i
N a/2 sLp - 3. Instrumentation
NCRTS i(G*ogﬁ;"-wa"O"Cﬁ . ) o
towm T ACFT TN ‘_dnpswﬂ -\ e A Bissett-Berman Model 3040 Salinity/ Tempera-
e = s N TLow ture; Depth 1 STD) Measuring Svstem was used as the
280 _; \\ —-29° o .
/ : profiling device. Temperature s detzrmined with a
29 = / TRAOE W!'NO REG/ON —25°  platinum resistance thermometer having a lime
‘ | conszant of 0.35 s, according 10 the manutacturer.
! i Salinity is determined from simuitaneous measure-
: l | ments of conductivity, temperature and depth. The
i Y , time response of the conducuvity probe is 10 ms.
| ' Unfortunately, conducuvity is not the recorded
: variable. Rather. the instrument internaily compen-
‘ | i sates for the effects of temperature and pressure
N i, M 1Qe . . -
o “s0° 9 and gives a direct estmate of sahnity. Accuracies
- for depth, temperature and salinity are | m. 0.01°C
Fic. . The POLE Expeniment was zonducted in the central 304 (),03%e, with corresponding resotutions ot 0.2 m.

North Paciuic approximateiy 300 mies nocth of :ne Hawaiian
[siands. R. P Flip occupied 2 stauoa c2atered arouad 33°N, (35°W,
The regron 1s hydrograpmcaily compiex.

ne penod 30 Januarv-i4 Fezbruary 1974, approxi-
mately 300 mu north of the Hawaiian Island Chain
under free dnft conditions. Flip ‘s a large manned
spar buoy with approximately 90 m of its 130 m
length submerged.
stability. Tvpical heave ampiitudes were about [0
<m, while pitch and rotl amplitudes were usually ess
than 2°. The position of Flip ranged from 33°39 to
34°36'N and tfrom 155°05" 1o 135°25'W. Profiling was
concentrated in the surface layer and thermocline.
The maximum depth reached was 325 m. On aver-
age. eight profiles were measured per day. On occa-
sion. more intensive sampling was maintained.

In addition to prodles of temperature and
salinity, measurements of atmospheric radiation
(Simpson and Pauison, {979a) and oceanic irradi-
ance (Paulson and Simpson. 1977) were made. Sea
surface temperature was measured with a Barmes
Engineering Company PRT-3 radiation thermometer
(Simpson and Paulson. 1979b). Standard cup
anemometers were used to measure wind speed.
Dry- and wet-bulb temperatures were measured
approximately hourly by use of a ventilated
psvchrometer. Bucket temperatures were recorded
at the same time. Estimates of wind stress and latent
and sensible heat fux were obtainaed by use of the
standard bulk formula. The exchange coefficient
used was 1.4 < [0~} Hourly values of observed
and derived quantities are shown in Fig. 2. These
values were obtained by interpolating between
observations using a cubic spline.

Direct measurements of the latent and sensibie
heat flux, using the eddy correlation technique,

resulting 1n a high degree of

0.005°C and 0.01"e. Data were recorded in digital
form with a sampling rate of § Hz.

Temperature was standardized against a Mueiler
platinum resistance bndge. Salinity was standardized
with reference to surtace samples (aken during each
profile. A Bisset-Berman Model 6230 :nductive
salinometer was used to detarmine the salimity of
the surface samples. Thts device can accurateiy re-
solve salinity to within 0.903%e.

A correction was applied to the depth signal o
eliminate the effect of ambient atmosphenc pres-
sure. Corrections due to piatform motion were
unnecessary. as the ampiitude of Flip's vertical
ascillations s typicaily 10 cm.

Spectral analysis of GATE B-scale data. :aken
with Bisset-Berman Model 9040 STD's. suggests
that a large perceniage of the variance associated
with the pressure signal is contributed at frequencies
>0.67 Hz. This variance is thought to be intemnal
svstem noise 1 Elliot, 1973). The GATE results sug-
gest that a low-pass filter is required to attenuate
signals above 0.67 Hz. A two-stage running mean
filter, designed by Holland (1968). was used.

Differences in the time constants of the tempera-
ture and salinity sensors introduce errors in the ob-
served values of temperature and salinity. To cor-
rect the temperature signal for the thermal inerua
of the sensor. a local temperature gradient was
calcuiated from a 12-point. noncentered. linear re-
gression. The center of the regression s 0.3 s
ahead of the point to be correcied. The corrected
temperature 7. is then given in terms cf the uncor-
rected temperature 7,. i.8..

T¢=T.,~Y-\T'.
Y
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where y is the response time of the temperature
sensor.

The salinity correction is based on a relation
(Mosetti. 1967) between the conductivity C and the
measured temperature and salinity 7, and §,:

C=(T+ ul,nHS,| (3.2)

where T = 1.17013. o = 0.03299. & = 1.05257 and
h = 1.10807. As this relation is assumed to hold
for both corrected and measured values. the correc-
tion factor assumed the form
) r Ok. -
A= r-—?—"i—} . 3.3
FeuTs

The corrected salinity S.. specified in terms of the
observed salinity 5,, then assumes the form

Se =S = DE - 1] i3.4)

This relation reduces to the correction used by
Elliot (1975 for the case ¢ = |. The factor ¢ is
introduced to minimize the cumulative magnitude ot
the inversions in the density profiles Jdetermined
from the corrected profiles of temperature and
salinity. Observations of density inversions are most
likely introduced by erroneous salinity measure-
ments made in the presence of sharp temperature
gradients. Occasionaily. turbulence in the water
may cause real density inversions which can per-
sist only for brief periods. The corrected salinity
was low-pass filtered, in a manner analogous to
pressure. Numerous numencal expenments :ndi-
cated that the observed density inversions wers
minimized with £ = §. The resuituing :ripiets - T..

g AN b
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temperature sensofs.

S..D) were averaged over | m intervals. and
standard depth values computed by interpoiation
from the averaged data sets. The o, profiles were
computed using a series expansion in terms of the
corrected temperature and salinity (Fofonoff and
Tabata. 1958; Lweers, 1971). In Fig. 3 uncorrected
and corrected profiles of temperature, salinity and
o, are shown for a typical observation. A data
report summarizing all the STD observations has
been prepared (Simpson and Paulson, 1977).

4. Surface conditions

a. Surtace wind stress

The observational period was characterized by
low wind speeds. The wind stress, calculated from
the bulk formulas with a drag coefficient of
1.4 x 10~3, has a mean value of 0.66 dyn cm~ (10
dyn cm~? = | Pa). For one 3-day period the wind
stress is considerably less than 0.5 dvn cm™.
From Fig. 2 it is evident that only two periods of
relatively high winds occurred during the experi-
ment: one near the center of the experiment with a
maximum wind stress of 2.7 dyn cm~? and the other
at the end of the experiment with a maximum wind
stress of 3.3 dyn em~%.

b. Surface heat flux

The net all-wave and longwave radiative fluxes
were measured with a Swissteco Pty. Lid. MS-{

net radiometer and a Middleton [nstruments net
longwave radiometer. respectiveiy. The net ail-
wave radiative iux includes radiation in the band-
width 0.3-60.0 um. The net solar fux was meas-
ured with Eppley radiometers. The latent and sensi-
ble heat fuxes were determined from standard
meteorological observations. using the bulk formu-
las and a drag coefficient of 1.4 x 10~' The totai
heat fux Q; was computed from these observa-
tions. The sea surface temperature was constructed
by extrapolating the | m temperature values, meas-
ured with the STD. to the surface. Hourly values
(shown in Fig. 2) of these surface variabies were
obtained by interpolating between observations with
a cubic spline.

The ne: all-wave fux dominated the surface
heat baiance for most of the experiment. However.
midway through the experiment enhanced surtace
cooling occurred. An increase in wind speed during
this period resuited in a large latent heat trans{er.
The sensibie heat ux never exceeded =2.0 mW
em~i(l mW em= = 10 W m™ and typicallv was
less than =!.0 mW cm-* Friehe and Schmutt
11974) computed average values of the latent and
sensible heat fluxes for the 17 days of observations.
They found that the sensible heat dux was two
orders of magnitude less than the latent heat flux for
this period. They report an average Bowen rauo
of 0.013, substantiailly less than the commonly
used value of 0.1.
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TasLE (. Daly heat dux budgets for the POLE expenment
zomputed svmmetricaily about l0cai solar noon. Al anits ase in
mW cm™‘ and represent average values over a 24 h penod. Heat
3ain by the vcean is assumed positive.

Date
February Totwal Radiauve Turbulent
1974 heat flux heat fux heat dux
3 -1.1 5.1 -6.2
4 6.3 7.0 -0.7
5 6.1 6.7 -0.6
6 -0.5 5.1 -5.6
? -8.9 7.6 ~16.3
3 =23 5.3 -8.6
9 32 40 -1.8
10 33 14 -1.1
il p 33 =33
12 23 15 -2.2

A daily heat budget is given in Table 1. Heat gain
by the ocean is taken positive. Daily dux vajues were
calculated as a centered average about local solar
noon (time zone W).: These results indicated that
the ocean gained heat for six days. was in near-
thermal equilibrium with the atmosphere for two
days. and lost heat for two days. These resuits.
coupled with the observed low wind stress. indi-
cate that upper ocean dvnamics might have been

P Wtime = GMT - 10 h.

JAMES J. SIMPSON AND CLAYTON A PAULSON
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dominated by net surface heating for a gart of the i
experiment.

¢. Mass and buovancy Aux

Only one period of intense precipitation occurred
during the experiment. Overall, evaporation and
precipttation were in near equilibrnum. with pre-
cipitation exceeding evaporation by 13 mg cm™*.

At the surface the buoyancy flux W, is determined
by air-sea transfer 1 Dorrestein. [979)

M, =207 HBQrc;' = &S(R ~ E) = BATR].

where 2 is the acceleration due to gravity., o
the density of seawater, 3 the thermal coefficient
of axpansion for seawater. @y the total heat dux at
the surface. ¢, the specific heat of seawater at
constant pressure, « the saline coefficient of coan-
traction, S the surface salinity, £ and R are the
evaporation and precipitation rates. respectvely.
and AT is the difference in temperature bdetween
the precipitated water and the surface water. Mass
gain by the ocean s positive. Hourly vajues of :he
surface temperature. salinity and density are shown
in Fig. 2. These time series show the expecied
diumal vanation associated with daviime heating
and nighttume cooling. Overail. the mass dux at the
interface had little influence on the buovancy dux.
except possibly during one brief period of precipita-
tion which occurred near midnight on § February

4D

-
.

2% =

s

~g~ec3aT RE

JESREES JINTTSAROE
9 . 2 )

2. 2
1L 15
z :
E3 13 I8
= &l
E .
rL! gt
1 3
s L
¥ %
a0 g cgecaar g€
JECREES NP IeROf
3 i 3 1] . S 4
]
P "
et e
z %
2 i
s .
¥ P
adt © (D)
" ]
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FiG. 5. Profiles of o. taken during the experimental period. The spacing between adjacent profles is proporttonal to the time ditference
between hydrocasts.

(Simpson, 1977). The net heat fdux at the surface
dominated the buoyancy flux throughout the ex-
periment.

5. The surface layer

Protiles of temperature and o for the entire experi-
ment are shown in Figs. 4 and 5, respectively.
The spacing between adjacent profiles is propor-
tional to the time interval between measurements.
The seasonal thermocline is at a depth of ~100 m.
However, for large periods of time the layer above
the seasonal thermocline is far from well mixed.
Temperature inversions are frequently seen at the
base of the mixed layer. These inversions are com-
pensated by observed salinity maxima so that the
density profile is stable. Steplike structure and
multiple isothermal layers frequently form in the
surface layer during periods of low winds and net
heat gain at the surtace. During subsequent, though
brief. periods of high winds these features are
eroded quickly. Comparison of the temperature and
o, profiles indicates that the density structure was
determined principally by temperature.

The well-mixed layer usually consists of the upper
10 to 100 m of the ocean. is characterized by
nearly uniform density structure, and responds
directly to atmospheric forcing for time scaies
greater than an hour. The mixed-layer depth.
shown in Fig. 2, is defined as the shallowest depth

at which the density is not more than 0.02 o. units
less than the density at a depth of 5 m. Diurnai
variations in mixed-laver depth resulting from local
surface processes are evident. The low wind speeds
and positive total heat Auxes. which charactenzed

the POLE Experiment. favored the formation of

warm shallow surface iayers of nearlv unmiform
density, shown in Fig. 4. Such features persisted
unti! periods of sustained high winds occurred.
whereupon the depth of the mixed layer was re-
established between 50 and 60 m.

The only significant departures from this pat-
tern occurred midway into and at the end of the ex-
periment. The pertod 6-8 February is marked by
intermittently high wind stress (frequently >2.3
dyn cm™) and enhanced evaporative and net
longwave heat fluxes. These processes combined
to produce the period of sustained deepening
shown. [nitially. high wind stress (r = 2.9dyncem™
resulted in a period of rapid deepening during the
13 h iaterval beginning 200 h after the initiation
of observations. A subsequent gquiescent period
(r < 0.5dvncem~ allowed for the quick reestablish-
ment of a warm. light surtace laver. During the
intervai 230~270 h into the experiment. sustained
winds again occurred '+ > 2.0 dyn cm~") and the
rapid and sustained deepening shown in Fig. 2
followed.

Contours of o. for the observational period are
shown 1n Fig. 6. The scale ar the base of the figure

N
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indicates the time at which a given STD profile
was made. Convergence of the isopycaais between
50 and 30 m occurs during periods of high winds.
The isotherms behave in a similar fashion. This
feature is absent in the isohaline contours (Simpsoan.
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1977). suggesting that the temporal vanations in the
density structure of the upper 100 m are due pn-
manly to thermal processes.

During periods of calm winds, a warm surface
layer. corresponding to the 25.4 isopycnal, formed
rapidly. Thus. tor part of the observational penod
the ocean gained heat due to surface processes.
acting on diurnal time scales or longer, and inter-
mittently took on some of the characteristics of a
summertime well-mixed layer. These observations
are coasistent with those of Barnett (1976). who
found that the total heat content down to a depth of
300 m along a 170°W section at approximately
30°N was slightly greater in February than in
January.

6. The subsurface layer

Time series of depth for selected o surfaces
occurring at a depth below 60 m are shown in Fig. 7.
All the time series show a strong semi-diurnal
variation in vertical amplitude about their mean posi-
tion. These time series correspond to 7 surtaces
of 25.6. 25.9. 26.0 and 26.! and occur at mean
depths of 92.1. 106.3, 124.7 and 163.2 m. respec-
tively. The first four central moments for 2ach time
series are given in Table 2. The upper thres .
surtaces all have a positive skewness ranging from
0.43(0. = 25.61100.33 1. = 26.0). Oniy the deepest
surface (. = 26.1) has a slightly negauve skewness.
5 = —0.04. The positive skewness of these records
suggests they are similar to surface gravity waves.
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Fic. 7. Time senes of Jepth of four v surfaces occurmng ceiow 50 m. The ume
sertes correspond o :he 25.6. 259, 2690 and 18.! u. surfaces at mean Jepths
of 92,1, 106.3. 124.7 and .63.2 m. respectively.
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TasLe 2. Stausucal parameters for the o, surtaces shown :n
Fig. 7. The skewness 5 and xurtosis K are normalized by »*
ind . respectively, where o 15 the standard deviauon.

Mean Standard
depth deviation
b (m) (m) S K
25.6 9.1 6.9 43 .97
259 106.3 6.6 6 3.08
26.0 1247 6.9 33 3.35
6.1 163.2 9.4 ~.04 3.39

The kurtosis is close to 3 for all of the records sug-
gesting the variations in amplitude of a given sur-
face are nearly normaily distributed. However,
the kurtosis increases with depth, reaching a maxi-
mum value of 3.39 (o, = 26.1). This suggests that
progressively deeper surfaces are less well-approxi-
mated by a normal distribution.

The autocorreiation tunction of a signal utr) hav-
ing zero mean is

agtru(e’)

) = . 6.1)

q

’

where the time difference = = ¢’ — 1. It provides a
measure of the time interval over which a(¢) is
correlated with itself. Autocorrelations for the four
o, surfaces are shown in Fig. 8. The unit of lag
is 14.36 min. and the length of the series is 15.3
days. Several features are evident from these auto-
correlations. The autocorrelation function. char-
acteristic of turbulent processes. is well damped,
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F1c. 8. Autocorrefation functions for the o, surfaces observed
Juring POLE. The unit of lag is [4.36 min and the length of the
series is 15.5 days. The period of the oscillauon 1s 12.68 h, close
to that of the semi-diumal M2 ude, 12.42 h,
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may become slightly negative after a few lags and
then raptdlv approaches zero. This insures that the
integral scale for the turbulent process is small.
By contrast. the autocorretation runction for each of
the o, surfaces in Fig. 7 shows an oscillatory
behavior, remaining highly coherent for a period of 2
days or longer. The oscillatory pattern shown in
Fig. 8 has a period of 12.7n This period 1s not
statistically significantly different from the semi-
diurnal M2 tidal period of 12.4 h 'Defanrt. 19611
This suggests the presence of a semi-diurnal intemnal
tide.

A frequency spectrum for each of the four o,
surfaces is shown in Fig. 9. Most of the vanance
occurs at periods corresponding to the semi-
diurnal period or longer. Considerable energy occurs
at the inertial period: for a latitude or 33° the inertal
period T, corresponds to 20.8 h. For perods less
than the semidiurnal period. the spectrum falls off
rapidly.

Phase and coherence spectrai astimates were cai-
culated for the various combinations of o. >urtaces.
These spectra are shown in Figs. 10 and !l. re-
spectively. The values of the coherence and phase at
the frequency corresponding to the peak in the co-
herence spectrum for each pair are given in Table 3.
The peak n the coherence spectrum corresponds
to a period of 11.5 h. close to the M2 semi-diumnai
tidal period. The length of the time series prevents
finer spectrai resolution of the frequencv scale.
The coherence among all pairs is high. ranging trom a
maximum value ot 0.97 for both the 25.6-25.9 and
25.9-26.0 pairs to a low of 0.91 for the 23.6=26.0
pair. The coherence between pairs of o surtaces
is shown as a function of the mean separation oe-
tween surtaces in Fig. 12.
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FiG. 9. individual spectra for the four . surfaces. The semi-
diurnal spectral peak occurs at 12.6 h. For perods deiow the
semi-diurnal, the specira fail off rapidly.
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Fi1G. 10. Average coherence spectrum for :he vanous com-
binations of 7. surfaces. The 2rror estimate s one standard
devianon of the four band-averaged coherence spectra about the
mean. A mgh coherence 10.91 € COH < 0.97) at the peak in the
spectrum occurs for ail pairs.

The coherence between a given o surface and
desper-lving surfaces decreases slowly with the
mean separation between surfaces. An 2stimate of
the vertical wavelength \. of the semi-diurnai inter-
nal tide can be caiculated from the coherence vs
mean separation data by fitting the data to different
tvpes of curves. A parabolic least-squares fit of
coherence as a function of mean separation between
o. surfaces. forced through the point 10.1.0) sug-
gests that an approximate length scale at which the
coherence falls to zero is 170 m. Since this zero
crossing corresponds to one-fourth the vertical
wavelength. the estimate of \ ~btained from the
parabolic fit is 0.7 km. The uacertainty in this
length scale is high. Data at depths >200 m were
not routinely taken, hence the shape of the curve of
the coherence vs mean separation is uncertain. The
assumed parabolic dependence may be unrealistic.
The same data fit to a cosine curve forced through
the point (0.1.0) has a zero crossing at 180 m corre-

80r 20Lzz, ‘average)
[

i 30!'- _ .
%’ >m - “ ———t
- . - 3
r - . t i 2 b -
30@: " N L - - -
-
89 -45 -%0 -49 ~30

96, FREQUENCY {Hz)

F1G. | 1. Average phase spectrum for the vanous combinations
of surfaces. The error estimate 1s one standard Jeviation of the
four band-averaged phase spectra about the mean.
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Taste 3 Conerence ind nhase sumators for the 7 surraces
shown in Fig. 7. Values correspond o the frequency it the seak

In the coherence spectrum. (.57 1
Mean
separation

Ty Oy m Conerence Phase
15.6/28.9 16.3 0.57 -3
15.6:26.0 32.8 V.95 -3
25.626.1 T 0.91 -25
25.9126.0 179 0.97 -l
25.9126.1 36.4 0.93 ~33
26.0,26.1 38.5 993 -2

sponding to a quarter-wavelength. This fit suggests
that an estimate of the vertical wavelength is a.
= 0.7 km. which is the same as the previous est-
mate. Parabolic and cosine fits without forcing the
curves through the point (0.1.0) yieided esumates of
A. = 0.9 and |.2 km. respectuvely. For the calcula-
tions that follow a value of A. = | km s assumed.
The vertical wavelength is approximately equal to
one-third the total depth. impiving third-order
modal dynamics dominate the signal.

The phase estimators petween different . sur-
faces. corresponding to the trequency of the peak in
the coherence spectrum. are shown in Fig. {3 asa
function of the mean separation between surraces.
The figure suggests that for a given 7. surtace.
deeper lying surfaces lag the given surtace by an
amount dependent on the mean separation between
surfaces. The only excepuon is the 25.6-25.9 pair
for which the 25.9 surtace leads the 23.6 surface
by 8°. The data suggests that the phase difference
increases with separation at the approximate rat2
of +35° (100 my)~!. This value vields an esumate
of the vertical wavelength A. = 1.2 km which i3
consistent with our previous estimate. Deeper iving
surfaces lagging shallower surfaces is consistent
with upward energy propagation (e.g.. Turner,
1973).

The dispersion relation for an internai wave
under the assumption of a linear density gradient
and the Boussinesq approximation (Turner. 1973} (s

- k.‘ 12
w=N|—= - . 16.2)
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SEPARATION 'N METERS

F1G. 12. Coherence 1s a function of mean separation Yetween
@, surfaces. An esumate of the verucal waveiength rom ‘he
coherence vs depth Jdata s \, = | km.
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F1G. 13. The phase estimutor at the frequency 3. =« vinding 10 the peak n the ;onerence
3pecirum as a function of the mean separai.cw ortwets . surfaces. The Jdata suggest that ihe
phase difference between su:taces :ncreases with the eap separalion between surraces i

the approximat.. rate of =3° 100 m)~*.

where « is the wave {requency. .V 1he buovancy
frequency and A and m are the vertical and horn-
zontal wavenumbers. respectively. ihe buovancy
frequency was determined from e observed
density using the refation
v
V= if 2.& -
g oz
where ¢ is the acceleration due to gravity. ) the
mean density and Jdp/dz the observed vertical
gradient of density. The buovancy frequency at a
depth of 145 m was calculated from the mean dzpths
of the o. = 26.0 and o, = 26.! surfaces. The
mean separation between these surfaces is JAZ
= 38.5 m and the density difference is Jp = 0.]
x 10-* g cm~}. Thus, the buoyancy frequency is 2.9
cycles h™'. The buoyancy frequency is the upper
limit of frequency for which internal wave motions
can exist in a stratified fluid. For iow-frequency
motions 4* €« m? and the dispersion relation
simplifies. With w = '%: cph, V =3 cph and m
= | km~' an estimate of the horizontal wavelength
is Ay =36 km. For .V = 2.5 cph. the horizontal
wavelength is A\, = 30km. [n making these estimates
of t.ie horizontal waveiength a value of the buovancy
frequency at shailow depth (145 m) was used since
STD casts were not taken routinely at great depths.
The buovancy frequency may be smaller further
down, say at 500 m, and a deeper value of .V may
be more appropriate since the vertical waveiength
A, = | km. In the dispersion relation {Eq. 16.2)]
effects of rotation were neglected. However, such
effects would decrease the estimate of 1, by n0 more
than 30%.

16.3)

Opservations of the semi-diurnai internar uide in
the central Pacific (42°N. (38°W) have been re-
portza by Barnett and Bernstein «i9735). Their ob-
servanons suggest that the vertical displacement of
isotierms is detween 5 and (0 m. in good agreement
with the presently reported resuits. The vahidity of
Barrett and Bernstein's use of isotherms as a
tracer of vertical water movement is degraded by
the presence of weak temperature gradients and
lemperature inversions which frequenty occurred
in their data at the 100 m level. If one ignores the
data at the 100 m level. the coherence bSetween
the 75 and 150 m levels is 0.834 and betweer, the 30
and (50 m levels is 0.76 with phase shifts of —4°
and - 13°. respectively. These values of coherence.
while smaller than those presenuy reported. are
in good qualitative agreement with our observa-
tions. The coherence between isotherms might be
expected to be less than that batween sopvcnais
because density is a better tracer of water mouon
than is temperature. The phase estimates of Barnett
and Bernstein agree in sign and approximate magni-
tude with the observations reported here. Both sets
of observations suggest that deeper-lving surtaces
lag a given surface by an amount dependent on the
mean separation between surfaces. This result s
consistent with an interpretation of upward propaga-
tion of energy.

One may make an estimate of the horizontal wave-
length of the semi-diurnal :aterai ide dased on the
phase difference between :he moonngs reported n
Barnert and Bernstein 11975). Thev ooserved a co-
herence of 0.7 and a phase difference uf I between
temperature signals measured from !wo moonngs
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5.2 km apart. If one assumes that the wave crests
were onented perpendicular to the line between
moorings. an astimate of the horizontal waveiength
Ay = 33 km is obtained {1360/37) x 3.2]. If. how-
ever, the wave crests were oriented at some angle ¢
to the line between moorings. the estimare of A,
would be reduced. [f it is assumed that waves from
any direction are equally probable, then the esiimate
of 33 km must be muitiplied by the absotute
magnitude of sind averaged over the interval
{0.7:2). Under this assumption A, = 2! km. These
estimates are in fair agreement with values of A,
determined from our measursments and Egq. (6.2).
Barmett and Bernstein found no significant co-
herence between moorings separated by distances
of 30 km or more. This result is consistent with
ail the estimates of \, reported in this work and
supports third-order modal dominance of the ob-
served internal tide. There were no moonngs for
separation distances in the range 5.2-30 km.

Hendry (1977 has reported an analvsis of the
semi-diurnal tide based on observations in the Nocth
Atlanuc during the Mid-Ocean Dynamics Experi-
ment. He finds that the first baroclinic mode is
dominant in the internal semi-diurmal tide. The
calculated and observed horizontal wavelengths
corresponding to the first mode are 160 km. The
internal tide appears to be generated near the
Blake Escarpment 700 km from the observational
area. Our results and those of Barnett and Bern-
stein 1 1975) appear to be inconsistent with Hendry's.
However, given the uniqueness of the Blake
Escarpment. the generation and characteristics of
internal tides observed in the central North Pacific
may be quite different from those obsarved by
Hendry.

Additional reports of open ocsan measurements of
the internal tide are comparatively rare in the litera-
ture (Wunsch. 1975). The amplitude of the semi-
diurnal internal tide observed during POLE is about
10 m. This value agrees well with similar ooserva-
tions off the California continental shelf (Lee, 1961:
Reid, 1956: Summers and Emery. 1963). Mid-
Atlantic observations (Seiwell. 1942) show much
smailer semi-diumal intemal wave amplitudes. as
small as 2.2 m. Observations by Weaston and Reay
1 1969) made during southwest approaches to Britain
have amplitudes 5-6 m higher than those presently
reported. More observations are required before an
adequate description of the semi-diurnal internal
ride can be made.

7. Comparison with theory

The local response of the weil-mixed laver to a
transient wind stress is discussed theocetically by
Pollard er ai. (1973). The PRT modei predicts that.
after one-half pendulum day. deepening is arrested
at a depth h g, given by

, 1AL, -
T ———— ' .
M CNFRE J
where ('« is the friction velocity. / the Coroils
parameter and V the buovancy frequency of the
stably stratified fluid below the well-mixed laver.
not including the step in stratification at the base.
The mixed-layer depths observed during POLE are
tvpically two to three times greater than those pre-
dicted by the PRT model. This suggests that entrain-
ment at the base of the mixed layer. due to the shear
of the mean Yow. was insignificant during the POLE
Experiment. This result is coasistent with velocity
measurements made during the experiment (Davis
et al., 1978). They tound that. at frequencies beiow
0.05 Hz. :he currents at all levels above (33 m
were highly coherent. neariv parailel and of simtiar
magnttude. The velocity measurements imply iittle
shear availabie 10 erode the base of the mixed layer
as required bv the PRT modei.
Niiler (1973 suggests that for steady. positive.
surtace heaung and wind stress. deepening is
arrested at a depth

h'na.\' = ZM.”“ —l’l‘ p"CD'BgQ:)- 7.2
Pa

where Q, is the surtace heat dux. ¢, the specific
heat of sea water, 3 the thermal coefficient of 2x-
pansion of sea water and g the acceleration due
to gravity. The conastant m,; 1s related (o the
Kraus-turner constant m through the relation m
= (C0Px Pa)t *m,. where ¢, is the drag coetficient
at [0 m. p, ard pn are the densities of air and water.
respectively. For values of Q, greater than a few
mW cm™. the predicted values of riq,,. with
m = 0.0012. underestimate the observed mixed-
laver depths bv about a factor of 2. This impiies
the assumed value of m is o0 smail by a simifar
factor.

The theory of the seasonai thermocline advanced
by Kraus and Turner (1967) assumes that the turbu-
lent energy available for mixing is some constant
fraction m cf the downward transfer of znergy trom
the local wind field. Through entrainment. this
2nergy is used to raise the potenual energy of the
water column. Since the salinity did not contribute
significantly 1o the observed density structure dur-
ing POLE. the potential energy mav be caicuiated
by the method of Turner +1969). A mixing 2vent
370 h into the experiment was chosen since it was
least likely to be atfecied by horizontal aavecton.
Analysis for this event yields a value ot m = 0.0017.
in fair agreement with the value m = 9.0012 oob-
served by Denman 1i973a.b).

Considerable disagreaement exists in the reported
values of m. Perhaps m 1s not a constant but
rather a functon of local oceanic conditions. The
possibility of high-energy nertial oscillations :n the




880 JOURNAL OF PHYSICAL OCEANOGRAPHY VoLt mE 9

o] T T ai
= =
i
- -
- —y
T L -
p =
100 -
§
!
|
L ] .
200
'Q 2 14 I
o]
| c |
r ;
I 7
|
- -
I :
z - J
S @
z oo 1
% | )
3 r -
{ !
- 1
H I
g -
’ |
[ 0
L L
zC,GZS.O 5.5 280 268

SIGMA T

mixed layer at the time of observations reported
by Turner (1969) may partiaily explain the order-of-
magnitude discrepancy in the reported values of m.

8. Advection

Mean profiles of temperature, salinity and o,
based on all the STD casts taken during the experi-
meat. are shown in Fig. 14. Departures from the
mean, calculated as one standard deviation from the
mean, are represented by the dashed lines in the
figure. The data suggest that considerable variation
occurred in the vertical distribution of temperature,
salinity and density observed Jduring the experi-
ment. A mean T-S5 diagram for the upper 200 m.

(@]

TV TUTUrTTTT T Ty

DEPTH (m)
8
. B

| JRUN T T
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FiG. (4. Meun prodiles of temperature, salinty and . Jor the
experiment. The dashed lines represent one standard deviation
about the mean proile. Considerable verucal vanabiiity n tem-
perature. salinity and o. was voserved throughout the expenment.

together with standard dewviation. is shown in Fig.
15. Several features are immediately evident from
these figures. The high temperature and salinity of
the surface waters are representative of the Eastern
North Pacific Cantral Water characteristically found
near 35°N. This water mass musi be disunguished
from the larger Western North Pacific Centrai
Water mass. (Sverdrup er ul.. 1942). The shailow
salinity minimum in the figure is charactenstic >f
the eastern Nocth Pacific (Reid. 1973: Kenvon.
1978) and extends southward to the equator. This
salinity minimum shouid be distinguished from the
minimum associated with North Pacific [nter-
mediate Water which occurs at greater Jepths.
This Intermediate Water s present below the
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central water masses all over the North Pacific.
Below the Intermediate Water. the salinity increases
reguiarly. Here Pacific Common Water is found.

Individual hydrocasts taken throughout the ex-
periment are shown in Fig. 16. They show the
frequent presence of salinity-compensated tempera-
ture inversions at the base of the upper layer and
suggest that horizoatal advection., variable with
depth. is relevant to a compiete understanding of
the observed structure. The salinity maxima shown
in the figure can be associated with the Subtropical
Water Mass formed in the trade winds region north-
east of the Hawaiian I[sland Chain where the flux
of latent heat typically exceeds 3.8 mW cm™ over a
24 h period (Wyrtki, 19635). The intermittent lateral
interteaving of this water mass is characteristic
of observations made during the POLE Experiment
and may partially explain the failure of one-
dimensional mixed-layer dJeepening theories (o
properly model the observed mixed-layer depths
and surface temperatures.

An estimate of the horizontal temperature gradi-
2nt can be made from the vertically integrated con-
servation of heat equation

%ﬁ.-vwm - VAVAH = Q, (8.1)
t

where 3H/3t is the local rate of change of heat
content A. V-(UH) is the horizontal divergence of
the heat flux, due to advective processes associated
with ocean current U, V- (VAA) is the divergence
of heat flux. both horizontai and vertical. associated
with mixing processes. characterized by an Aus-
tauch coefficient A. and Q is the total heat flux due
to turbulent and radiative transfer processes at the
air-sea interface.

Vertical motions at the base of the verticaily inte-
grated layer are neglected. Mixing processes of the
form V- (VAH) may reasonably be neglected for
time scales of a few hours. The air-sea heat ex-
change processes were measured directly and the
local change in heat content was calculated
from the observed temperature profiles. The second
term in Eq. (8. 1) was caiculated as the residual of the
remaining terms. Current meter observations (Davis
er al., 1978) suggest typical velocities past Flip (i.e..
relative currents) are of the order | to 10 cm s~".
These results lead 1o temperature gradients of the
order =0.1 to =0.01°C km~".

Errors associated with the total surface heat
flux are about =10%. The vertically integrated
changes in heat content are within the stated ac-
curacies of the observed temperature profiles ( =3%).
The most serious error in the estimate of the hon-
zontal temperature gradient may be the neglect
of vertical advection at the base of the vertically
integrated layer. These errors, coupled with
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F1G. |5, A mean 7-5 diagram. constructed from wul the proties.
The dashed line represents one standard deviauon apout :ne
mean. The zastern North Pacific Central Water s evidenced
by the high temperatures and salimues of the surtace iayer. The
shallow salimty mimimum s charactensuc of the ¢astern North
Pacific and should be distinguished from the salimty mimmum
associated with North Pacific [ntermediate Water wmch occurs
a¢ greater Jdepeht.

errors in the current meter observations, suggest
that the above estimate of horizontal temperaturs
gradient is accurate only to within an order of
magnitude.

Our estimates of horizontai temperature gradients
can be compared with the analysis of XBT. AXBT
and STD observations during POLE by Barnett
et al. (1977). Thev found that the average near-
surface (0-350 m) horizontal temperature gradient
over a region 400 km in diameter was 0.005 *C km~:.
Superimposed on the mean field were fluctua-
tions having a standard deviation of 0.4°C about
the mean. Approximately half of the vanability
was associated with honzontal scales of less than
50 km. Taking 0.2°C (25 km)~' = 0.008°C km~™' we
obtain an estimate of the charactenstic tempera-
ture gradient associated with small-scale vanability.
When this gradient is added to the mean gradient.
the estimate of local gradients fails within the range
we astimated from our observations.

9. Conclusion

Analysis of |5 davs of intensive STD profiling
from R.P Flip as part of the NORPAX POLE Ex-
periment yields the fotlowing resuits:

1} Autocorreiations for the time series of depth
of several o, surtaces confirm the presence of a
semi-diurnal internal tide in the observed records.
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F1G. 16. Individuai profiles of temperature. salin'ty and 7, taken during the experiment. The salinity maxima frequentiy ocgurnng at
depth suggests horizontai advection of the Subtropical Water mass formed n the evaporative basin northeast of Hawau.

The period of 12.7 h determined from the auto-
correlation analysis is not statisticaily significantly
different from the 12.4 h period of the M2 semi-
diummnal tide.

2) The amplitude of the semi-diurnal internal
tide is about 10 m and agrees with other observa-
tions in the Pacific.

3) The coherence between all pairs of time
series of the depth of o, surtaces is high. ranging
from 0.97 to 0.91. The peak in the coherence spec-
trum corresponds to a period ot 11.6 h, close to the
M2 semi-diurnal tidal period. Energy from the semi-
diurnal tide is smeared into the next highest fre.
quency band. The limited length of the records
prevents finer spectral resolution in the frequency
domain.

4) The coherence between a given 7, surface and
deeper lying surfaces decreases slowly with the
mean separation between surtace. An estimate of
the vertical wavelength A\, of the semi-diurnal
internal tide obtained from the coherence vs mean
separation data is | km.

3) The vertical coherence scale suggests that most
of the energy of the semi-diumnal tide 1s in the third-
order modes.

6) For a given ~. surface. deeper-lving surfaces
lag the given surface in time by an amount dependent
on the mean separation between surfaces. The data
suggest that the phase ditference 'ncreases with
separation at the approximate rate of =35° (100 m)~.
Deeper lying surfaces lagging shallower surfaces s
consistent with the suggestion that energy is being
propagated vertically upward. An estimate of the
vertical wavelesngth A, from the phase datais [.2 km.

7Y An estimate of the horizontal waveiength of
the semi-diurnal internal tide calculated from the
measured buovancy frequency and the dispersion
refation for internal waves under the assumptions
of a linear density gradient and the Boussinesq ap-
proximation is 30 < A, < 35 km. Affects of rotation
were neglected but can etfect the estimate by no
more than 209%.

3) The observations of the semi-diurnal internai
tide presently reported are consistent with those re-
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ported by Bamett and Bemnstein 11975 based on
temperature observations made from moorings in
the central North Pacific. Our results and those of
Barnett and Bernstein  1975) appear to be inconsis-
tent with those of Hendry (1977).

9) One-dimensional mixed-layer deepening models
failed to predict the mixed-layer depths and tem-
peratures observed during POLE. Honzontal advec-
tion, as evidenced from the salimity maximum fre-
quently occurting at the bottom of the mixed layer
and other near-surface changes in salinity and tem-
perature unassociated with local surface forcing, are
respoasible for the failure.

10y For the one mixing event in which the pos-
sible effects of horizontai advection could be ignored.
a value of the mixing energy-fux coetficient m
= 0.0017 was obtained. This is in fair agreement
with the value of 0.0012 reported by Denman.

11) Estimates of the local temperature gradient
calculated as the residual in the conservation of heat
equation from measurements of the surrace heat fux
and vertical temperature structure are within the
range 0.1-0.01°C km~'. These values are consistent
with similar 2stimates made by Bamneti er qf. i 1977)
using XBT. ABXT and STD observations.
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Abstract: Fourteen midwater irawl collections to depths of 430 m 0 1,400 m were aken a:
eieven stations in :he 3Bering Jea and adjoining regions of :he northern North Paciic by the

R,V Hakuzo Maru juring :he summer of 1973.

A otai of 29 xinds of Ssnes were idenrided.

\Mesopeiagic isnes of the famiiies M yctopmidae, Gonostomatidae and Bathyviagqudae pregomi-
nated in :he tatches, coatnibuung L4 species 94%) of the dsnes caugnt.

Seventeen ipecies of 3snes were caugnt :n :2e Sering 3ea, and ail of ihese are known
irom neardy areas. Tne mesopelagic 3sh fauna of the Bering 3Sea s simuiar 0 :hat n
agjoining regions of :he aortnera North Pacide Ocean: endem:c species are rare or apsent.

Stenobracnius nannocair was usually the most common mesopeiagic 3sh a1 our catches.
Stenoorachius leucopsarus 's 1 diel vertical migrant chae 's usuaily the iominant mesopeiagic
ish :a modided Subarctic waters of the northeasterm Pacidc. The :nange 12 iominance irom
3. nannochir 1n the western Bering 3ea to S. leucopsarus :n the eastern Bering 3ea :3 reiated

10 diferences in oceanograpnic conditions.

1. Introduction

The mesopelagic dshes of the norshern North
Pacific zave been studied by Soviet, Japanese
and American scieatists .RaSS, 1953; Pariv,
1961, RawacgucHI, 1973, WISNER, 1976; and
others;. FEDOROV 71973a,b) presented a derailed
account of the icnthyorauna or the Bering Sea.
To our xnowledge, however, this is the frst
paper on e relative and actual adbundance of
the oceanic deep-sea 3Ishes from this region.
Preliminary comparisons of the mesopelagic fish
fauna of the Bering 3ea with adjoining regions
of the North Pacific Ocean are aiso made.

2. Method and stations

Fishes were coilected from the R,V Hakuho
Maru Cruise KH~75~4) with a2 3-m Isaacs-Kidd
Midwater Trawl (IKMT) towed obliquely from
the surface 20 a maximum depth of 450 to 720 m
{shallow tows) or to a maximum depth of 360
t0 1,400 m {deep tows) at fourteen stations (Fig.
1). A tow was aiso made over the contineatal
shelf (Sta. 12) 10 45 m, but ao fish <vas coilect-
ed. A TSK Depth-Distance Recorder, wiich

* Received Aug. 8, 1978, revised Apr. 3 and
accepted Aug. 14, 1379.
** Schooi of QOcesnography, Oregon State Univer-
sity, Corvallis, Oregon 97331, USA
*** Ocesnt Research Institute, University of Tokyo

osrovided esumates of the distance and water
volume sampied, ndicaced thac depths writhia tke
sampling interval were sampied about equaily.
Tows were made betwsen June 28 and August
11, [975. All :ows were macde during daylight
“or twilight) except for :he shaiow tow at Stn.
3 ‘see Table 1).

The fourteen tows in which dshes were coi-
ected were [rom eieven different stations which
represented the foilowing -egions: Kurie-Kam-
chatka area o the Komandorskii ‘Commander;
Isiands, the western and the eastern portions
of the Bering Sea aiong 37°N, the Gulf of
Alaska, and the western Subarctic Pacific ‘see
Fig. 1).

3. Resuits

A total of 29 different species of fishes were
identified from the fourteen IKMT tows (Table
2). The families represeated by the mast species
were Myctophidae [six specias), Gonostomatidae
(four species) and Bathylagidae four species).
These three families comprised 94 75 of the total
aumber of Sshes coilected. Myctophids were by
far the most aumernus 72 25 of ihe numbers),
followed by bathylagids ©13 95, and gonostoma-
tids (9 %),

Myctophids of the genus Stencbrachius
numericaily dominated :he fish :atches: S.

™
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Fig. 1. Sampling position ot [saacs-Kidd Midwater Trawi ‘n :he Bering 3Jea
on the Hakuho Maru Cruise XH-73-4 1a 1973
Table 1. "‘Summary of [saacs-Ridd Midwater Trawis on :he Hakuno Maru Cruise KH-73-4.
. Location Mid Point . Wire Maximum Deopth
Station Latitude Longitude Date Time Qut .m) of tow .m)
3 46°30.5°N 154°26.7'E June 28 0145-9319 2,200 340
3 146°36.1'N 154°41.3'E W 28 N333-2710 4,000 1,200
4 49°37.0'N 157°29.6’E W 29 J740-0930 2,300 700
5 54734, 4N 164°37.6'E July 1 1830-2000 2,000 630
7 37°10.9'N 169°04.3'E w2 1610-1730 2,100 320
7 37°24.5'N 167°12.0’E w2 1742-2353 4,300 ..=00
3 57°00. 4'N 170°58. 'E w3 0903-1043 2,300 37
10 37°02.3'N 179°08.6'E w7 1255-1420 2, 000 320
11 57°07.3'N 176°33. 7 w T 1328-2125 3,000 360
11 37°03.9'N 176°57. 0"\WV A 2120-2222 1.500 430
12 37°01L.U'N 172°27.8'W w9 1002-1017 130 43
20 33°02.6’N 168°06. 0'W . 13 1733-1911 2,000 430
26 49757.5°N 155°02. o'W b L 1945-2113 2,000 T20
27 50°00.3'N 144°33. 1'W . 20 0647-0816 2,0 390
33 47°56.5'N 170°58.9'E Aug. 11 2025-2130 2, 000 1,300

nannochir and S. leucopsarus comprised respec-
tively 40 % and 29% of ail the individuals
captured Table 2). Next in importance were
Leuroglossus schmidti (10%) and Cycinthone
atraria 'S 73). These four species made up
87 % of the catch.

Stenobrachius nannochir and 3. leucopsarus
oceurred at all stations and in every tow. One
of these two 3pecies was the most aumerous
species in eieven tows, and the two species

ranked first and second in abundance in aignt
coilections. Stemobrachius nannochir was more
common than JS. leucopsarxs 'n all sampies
except in the eastern Bering Sea 3tns. 10 and
20) and in the westarn Subarstic Region ‘Sta.
33, deep;,. Whers S. nannochir was the most
abundan: species, :t somposed 23 0 6375 of
she caten; where it was not dominant, J. lex-
copsarus comprised 25 0 34 7% of :he numbers
of §sh caught and was usuaily the most sumer-
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cus fsh.

Ia the more numerous shallow tows, the
average abundance ‘I aumbers / 2 estimated
volumes of water fitered) of 5. ngnnochir was
0.62 individuals /1,000 m! {range 0.24 w0 1.35),
and for S. leucopsarus was 0.36 individuals /
1,000 m* ‘range 0.03 to 2.28). The relative
abundance of 5. nannochir was nighest at the
western stations .Stns. 4 and 0) near Kamchatka
and in the Guif of Alaska ’Stns. 26 and 270,
and was lowast in the Bering Sea. The vaiues
decreased from 0.33 to 0.26./1,000 m*® along the
four stations Stns. 7, 3, 10, 11) transect irom
west 0 east acrcss the Bering Sea at a iatitude
of 37°N.

Leurngiossus schmidei juveniles and larvae)
was found at ail stations except Stns. 27 and
33, :hose stauons in ihe Guif of Alaska and
the western North Pacific farthest from !and.
Largest numbers per [.000 m® were caught n
the Bering Sea and aear Kamchatka.

Seventeen of the totai of 29 species of Gsnes
were caught in the Bering Sea. All 17 were
ais0 caught trom other regions sampled on this
cruise, axcept for five species (Lampanyctus
regails, Nectoliparis pelagicus, Theragra chalco-
gramma, Atheresthes evermanni, and Reinhard:e-
tus hippoglossoides) which are known from
cther areas of the aorthern North Pacific (see
Tabies 2 and 3). Two species are reported for
the first time (20 oSur xnowiedge) from the
Bering Sea: Cyclothone pailida® and Cyclo-
thone psendopailida. Two of the species caught
in regions other than the Bering Sea have not
previousiy Deen reported from the Bering Sea
by other researchers: Nansenmia candida and
Scopeloberyz sp.

The major difference between the species
composition of our deep and shallow tows was
attributable to the larger numbers ot Cyclo-
thome atraria in deep taws {94) than in shaillow
tows (2). The average size of S. rannochi»
was also larger in deep than shallow tows.

4. Discussion

There is no evidence for a unique, endemic
mesopelagic Gsh {auna in the Bering Sea [Table
3). All the species caughe in our study in the

* RASS (1953) lists 'C. pallida (?)'" far the Bering
Sea, but MUKHACHEVA 1964, 1967) does not list
it for the Bering Sea.

Bering Sea are known 10 occur .a cther regions
of the North Pacific. None of the 35 species
of rmesopeiagic-bathypeiagic disnes lsted 3y
FEDOROV (1973a) from the Bering Sea :s a .ocal
endemic. Most are widespread :n the northern
part of the North Pacific. Some are most
common in the eastera North Pacific, others
the western North Pacific.

The number of species of ocesn:c leep-sez
fishes iisted by FEDOROV "1972a; for the Benn
Sea is almost as many as that listed by PARIN
‘1961) for the northern North Pac:fc. suggestng
that the species diversity of mesopeiagic dsnes
may a0t 2e reduced in the migh-autucde Benng
Sea basin. Some of the species ‘ound in the
Bering Sea ‘e. 3., 2. thompsoni. D. theta. T
macropus) may De axpatrates, icwevar. anc
may not be part of reproductiveiv viabDie POGu-
ations. We have lirtle informatoa on this
subject.

The aredominance of S. nanntociur in most 3¢
our sampies suggests that it may 2e the most
common species of Stemobrachius. 2nd the most
common mesopeiagic 3si, in the aorthern Normr
Pacific. PARIN 1961 and KAWAGUCHI cers.
comm.) aiso found that 3. ngnnocas was mors
abundant than 3. leucopserus in sampies :n ine
northwestern Pacific. PEARCY .anpudiished:
caught mare S. nannochsr than 3. leucopsarus
in oblique IKMT tows to depths of S00m or
Lelow wrereas S. leucopsarus was mcst numer-
cus in tows o 200m at =might in the vicinuty
of the Guif of Alaska and Alaskan Panriaswa.
Off Oregon, 3. leucopsarus is e most aumer-
ous mesopeiagic fish, doth in the 0-1,000=
water column or n the upper 200 m at night
(PEARCY, 1964, 1977; PEARCY et al., 1977,

Thus 3. nennochir appears to be more common
than S. leucopsarus in the northern North Pa-
cific within the upper 1,000 m, but :t apparently
does not migrate into epipelagic waters at aight
as does JS. leucopsarus. These diferences in
vertical distributions and diei migrations mav
be the best expianation for the lack of 5. nan-
nochir in Aron’s [1960) shaliow IKMT samplies,
and for the predominance of 3. [vucopsarus over
S. nannochir reported Sy PARIN 136i. :n the
northern Northeast Pacific.

Many smail 25-45 mm standard leagikl .
nannochir were caught during our cruise, dut
only large specimens are known irem Transi-
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Taoie 3. Known sccurrence of each species of dsh caught from chis and other studies :of [sur regions
of :he nortnern North Pacidc: Western Norta Pacidc .WV. N. Pac.., Xuriie-Ramcnatka rea X.-X.,
Bering Sea .B.S.., and Guif of Alaska .G.A.). 1: WISNER 1976), 2: PARIN 1961, 3: RAsSs 1933,
4: MAKUSHOK [1970), 3: ARON .1962), 6: KULIKOVA 1960), 7: FEDOROV -1972a.2,, 3: MCUK-
HACHEVA [1964), 9: KAWacGUCHI :1973), 10: HART .1973), 11: Rass and KASHKINA 1967,
12: JOHNSON .1974) 13: EBELING (1962), l4: SHMIDT .1950), 15: BEKKER .1967), 16: UENO .1971).
.= indicates species caught in this study; L: Larvaie) oaly)

Species W. N. Pac. K.-K. B. S. G. A
Protomvciophum thompsoni 1. 2 1. 3, 4 3.5 7,13 23
Stenobrachius cucopsarus l-..’.’.li 1,3 4 6 3.5 7 1—,2. 3. %
Stenobrachius nannochir .26 ‘.- 2,4 6 2‘ 3.6, 7 ‘— 2,3
Scenoorachius 3p. - T - :
Lampanyctus jordam 1. 2,8 1,3 4 6 1, 3.6, 7T R
Lumpanycus regaiis 2 L3 4616 T R
Diaphus theta 2 4 ‘.'_ w23
Cyclothone pallida 2‘ 3. 4, 6 2.
Cyclothone pseudopailida 3 4 3 B -
Cyclothone atraria 3 37 4 3 3.. T3 3.3
Gonostoma gracile 2-.- 9 ; 4 9 ;

Chauiiodus macouni 2 3.. + 10, 16 3, 7.0 2, 3,510
Tactostoma macropus 2 3? 4 16 7— 2,3 5 10
Bathylagus pacificus 2, 6, 11 3, 4. 11, 18 3; T, 2_ 3,10, 12
Bathylagus milleri 2.. i1 3: 4, i1, 16 3.7 1L 2, 3 1l
Bathylagus ochotensis 11 -&. u ; :
Leuroglossus schmidti 2 3- 4, 16 ; 70 2,310
Nansenia candida - - L—O
Macrops micr a 2 3. 10. 16 .16 .‘— 3.0
Benthaibeila dentasa 12 n % 6 2 12
Mlamphaes lugubris 13 4 13 7 5- 13
Poromitra crassiceps 3-. 4, 16 7 0
Scopeloberyz sp. - :
Nectoliparis pelagicus * 4010 18 710, 14 5. 10
Malacocortus sp. 4__ 4 16 L:t i0
Hemilepidotus sp. 4,10, 14, 16 10, 14 W0
Coryphasanoides sp. 5: 4, 10, 16 3. 10 3. 10

L Theragra chalcogramma L; 14 A.O 14 0. 14

L Atheresthes evermanni id. 18 B T4

L Reinhardtius hippoglossoides 10, 14, 16 10. 14 10

L Unidentified !srvae -
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uonal-modified Subarctic wwaters in the north-
2astern Pacific PEARCY, uapubpiished). This
indicates a :eproductive populaticn of 5. nan-
nochir in the northern North Pacific. Some
small S. leucopsarus were aiso caught on our
cruise; but voung amumais predominate in the
catches off Oregon where all age-groups are
present ‘PEARCY et 2., 1977; SMOKER and
PEarcY, 19700

Theretore we conciude that 3. ngnnociir s
basicaily a lower mesopeiagic species adapted to
the oceanographic coaditions 3t the northern
North Pacific.  Stenobrachius leucopsarus, on
the other hand, s 2 diei vertical migrant that
is most abundant in modifled Subarctic waters
of the northeastern Pacfic. [a the genus
Stenobrachius, only 3. nannochir 13 found n the
zold Sea of Okhotsk KAWAGUCHI, pers. comm.)
which is covered with ice in the winter. The
distribution of 3. nannochir therefcre :ndicates
that 1t :5 better adapted to cold temceratures
than 3. leucopsarus.

Stenobrachius -nannochir was the most abua-
dant lanternfish at the two western stations,
but 3. leucopsarus was mcest abundant at the
two easiern stations along 37°N in the Bering
Sea [Taoie 2 and Fig. 1}. This change in pre-
Jominance of these wo JStenobrachius species
across the Bering Sea may also be correlated
with oceanograchic diferences. The mamn 1adow
into the Bering Sea is between the Commander
and the Near Islands where surface waters are
wypical of ~he Subarctic Pacidc (FAVORITE, 1974;
HCUGHES ez af., 1974). A southerly dow ot coid
water aiong the Kamchatka Peninsuia produces
a general counterciockwise gyre of cold water
in the western Bering Sea . TAKEZNOUTI and
OHTANI, 1674). The water in the deep portion
of the central or eastern Bering Sea is modified
by upwelling of water associated with counter-
clockwise fow and surface divergence. This
water nas a deeper upper mixed layer, lower
salinity gradient 1n the thermocline, and a
warmer dichothermal and mesothermal layer
than the western Bering Sea see TAKENOUTI
and OHTANI, 1974}, A gyre of relatively warm
water 13 aiso indicated in the deen water of the
eastern Bering Sea TAKENOUTI and OHTANI,
1974).

Oceanographic measurements on the Hakuho
Maru Cruise indicate that the temperature and

salimizy in the western Bering Sea were simiar
to those of the Subarczic region soutn or the
Aleurian [siands, having a strong seasonai
thermocline, and cold water of about —3.3°C
at 30 m. A ‘ongue of this cold water of less
than 1.0°C extended eastward a: about 200 m
depth from 3Stns. 7 and 3, but 4id not zrotruge
as far 2ast as Sta. L1{ Fig. 2. The temperature
mimimum of the dichothermai ‘ayer was weax'yv
developed :n the eastern vs. the western Bering
Sea. [sohaiines domed toward the surizee .n
the centrai area, and salinity vaiues z2craased
markedly along the eastern and svestern margins
of the Bering Sea HATTORI. iY77 . Thus ine
eastern Sering 3ea was .es3 straufed 2na was
warmer :than the western Bering Sea :n :ze
summer see aiso FAVORITE, 1374 and may se
a more favorabie 2avironment for 5. lencopsarus
:n this region.
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FEEDING HABITS OF COD, CAPELIN. AND HERRING IN BALS-
FJORDEN, NORTHERN NORWAY, JULY-AUGUST 1978:
THE IMPORTANCE OF EUPHAUSIIDS }

W.G. Pearcy, C.C.E. Hopxuns, S. Gronvik & R.A. Evans

SARSIA

o\ . 4
’m\ Midwater and bottom trawls were used at two stations . 120 and (830 m depth :n j

Pearcy, W.G., C.C.E. Hoexins, 3. Gronvik, & R.A. Evans 1979 i2-21. Feeding
nabits of cod, capeiin, and herring :n Balstjorden. northern Norwav, Julv-August
(978: The importance ot euphausiids. Jarsia 64:269-277. Bergen. [SSN 0036-+4327.

‘f’ﬂ', Balsfjorden during the summer of (978 :0studv rhe feeding of fishes on euphausiids.
/ \) N one of the majocr causes of (20 kHz sound scattering. The principal food of coa

consisted of capelin Mallotus tllosus:. euphausiids  Thysanoessa rascai, T. :nermis,
and .\Veganvctiphanes norvegiza). and shrimp  Pancalus borealis..

Ac the 120 m stadon. herring and smail cod ted mainiv on supnausids. Because
of diel vertical migrations, euphausiids are presumablv close 10 the bottom during
the dav ac chis depch. and hence verv suscepubie to predation bv both peiagic and
benthic fishes. During the darkest period of the 24-hr dav cod caught in midwater
13070 m depth; had aporeciable quantites of fresa eupnausiids :n their stomacns.

At the 180 m station euphausiids were relariveiv unimportant in :he food of zod
caught in bottom trawis but were numerous in cod caught in mudwater trawis at
depths of the 120 kHz sound scattering laver. The scattering iaver did not impinge
on the bottom at this stauon. [t migrated irom depths of about :30 m bv dav :nto
the upper 100 m at night; both capeiin and cod were associated with the laver. Ai-
though copepods were the most numerous ivpe of prev in capeiln stomachs {rom the
180 m stauon. euphausiids predominated volumetrically.

-~

W.G. Pearcy, School of Oceanography, Oregon State 'miversuy, Corvallis, Oregon 37 331
U.5.d. = C.C.E. Hopkins. 3. Gronvix, and R.A. Ezans. Insutute of Biology and Geolog>.

LUniversity of Tromsd, N-3001 Tromsd, Norway.

INTRODUCTION

Biological sound scattering lavers  3SL's) are a
common feature of oceanic regions - FARQUHAR
1971} as well as of some aeritic areas. including
flords of northern Norwav. In Baisfjorden,
Hoekins & al. 1978} found high concenctrations
of euphausiids or krill, calanoid copepods, and
chaetognaths at the same depths as dense
120 kHz SSL's. Scattering at this f: quency has
been associated with euphausiids bv Kivzer
{1971), SameoTo '1976), and GREENLAW ' 1979).
Diel vertical migrations oi animals, like euphau-
silds, mav result in large concentrations of
biomass near the sea floor during che day
Horxins & Gurriksex 1978) where thev are
vuinerable to predation by benthic fishes during
davlight periods ‘Tsaacs & ScHwarTzLOSE [963).

The objective of this study was to sample
animais with large pelagic and benthic trawls,
often at depths of the 120 kHz sound scattering,
to learn more about the predacion of krill by
fishes and the role of SSL organisms in the food

web of Balsijorden. Of the :wo benthic stations
sampled, one was shailower and rthe other
deeper than the davlight depth level of the
SSL's. The importance of cuphausiids in the
inod web of commercially important tishes should
be evaiuated hefore development of intensive
krill fisheries in an area.

MATERIAL AND METHODS

Collections with a bottom shrimp trawi and.or a
midwater trawl were made on three cruises in Bais-
fjorden from F:F johan Ruud or Ottar on 13 Juiv, -2,
and 25-26 August {978. The first two cruises sampled
near Tennes 69°17" N, 19°23° E, where the bottom
depth was about {20 m. The {ast cruise sampled near
3vartnes 69°21’ N, 19°06° E. where the bottom was
180~190 m.

The shrimp trawl had a footrope of |8 m and + cm
stretch) mesh in the bodv and codend. The pelagic
trawl had an {8 x 3 m mouth opening and mesh
that graded from 10 cm to | cm in the codend. The
pefagic trawl was used with a sonic pinger Simrad
Trawl Eve: which was used to monitor depth of the
net while fishing. All tows were 30 0 50 minutes
durauon.

MR Ty ' O CAPCRRYY, M e T
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Simrad EK {210 and or EK 38 <Hz echosounders
were used t0 measure Mwtogical sound scattering sn
he Fonan Ruud :ruises, dut untortunateiv the 120 xHz
echosounder was not operauve on the .~I August
cruise.

The species composition of the trawi catches was
aoted and the rank order of abundance oi the common
species was =stimated based on visuai esumates of
volumes. Fishes were measured wtai length) and
stomachs of cod and herring were removed and

reserved in [0-20 °, formalin and seawater at sea.
Stomachs of similar-sized specimens ot one species of
fish were preserved in the same bottle. A total ot 170
cod and 53 herring stomachs were removed and
examined. .

In the laboratorv. stomachs were opened, tullness
was noted on a scale of O empev to + fuils. and the
degree of digestion of food was noted on a scale of |
fresh) to 3 ' well-digested). The number and tvpes of
organisms in each stomach were recorded. [n :he
case of weil-digested animais. numbers were esumated
irom the least digestibie parts such as suphausiid eves
and fish vertebral coiumns. Aiter all stomachs tor a
size group of {ish were examined. wet weights of
fishes. suphausiids, shrimp, and miscellaneous animai
taxa from the stomach contents were obtained to the
nearest 0.1 z. Food organisms found loose in the jar
were included 1n these weights.

Capeiin were preserved whole in {0 %, formalin ac
sea and stomachs were removed in the (aboratorv.
A total of 134 capelin were examined. Numbers and
kinds of food organisms were noted but because ni the
small amount of stomach content wet weights were
not aken.

Table |. The species of crustaceans and iishes caught

SV ANS SARSIA 3¢+ 379

RESULTS

The oresence of fishes and mouiie crustaceans .o
‘he shrimps and midwater rraw! cotlections. aiong
with the rank order >{ abundance of ‘he most
common species. are snown n Table |. The
total aumber of species caught at the w)
stations was low,

Catches

120 m startioa. Pandaius horeails comprised
tt.e bulk of the bottom shrimp :rawl catches at
the 120 m station. averaging about 20 0 30 xg
per half-nour tow. tollowed »v cod  Gadus
morhua:, long rough dab Aipsngiosiodes piares-
sotdes: or capeiin Matiows silosus . Manv her-
ring - Clubea Aarengus. were caught in dne shrimp
rrawl tow | August. 1630-:720 h. In the mud-
water trawl at this stanon snlv cod ar capeiin
were caught. Abour 230 kg > :apelin were
caught in the dav-nme ow 0 30-33 m, and
about 100 kg of cod were caugnt in the night-
nme midwater rrawl at this depeh. These were
the largest catches of tish :n this study

180 m scacion. Acrhe 130 m stanon. cape-
lin comprised the iargest portion of al sinmp

in sanmp- and midwater-irawi tows ar the {20 m and

180 m station. Numbers indicate the rank order of abundance of the iour spectes comprising the iargest volume

in the catches, and the presence — . oi other species.

120 m ' 180 m

Shrimp trawi | Midwater © Shnmp trawl Midwater trawi
s/ &l 3 8,3, 833 3% 3 2:3 3
Davomomhand  ZigTiglasoigio fo ERIEE A 0808 50 £
~ IR IR RS DS Sae It INEIIE- T TSI

3"-‘-‘-]-:_:«q-:zgwsz;;“,ﬁgﬁa;;sm;};7:5;.::5:«:;5“: $22

1 i : T ! | I
Pandalus borealis . ......... E O A U T T i - { 20 20 3 20 - - I

Meganyctiphanes norvegica i ! | ‘ i | i . :
and Thysanoessa . ... ... . —l— - - = i— -!—i-l 3 { I
Gadus morhua ............ 1 30032 200 b | 4+ 4020 ¥ 2 2 3
Trisopterus esmarkii . . . . . I e I A e B e - Z
Clupea harengus ........... ‘— 20 =" =1 - =i i= = == - -
Mallotus milosus. . ......... R I T T U - O O O 2 3002
Ammodytes marinus ... ... .. == - - B e - 3 : -
Lumpenus lampretagformis ...\ — | = | = | = ! —= | =} = = — - - - -
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rawi catches. odowed wuaihy ov chrnimp. long
rough dab. and od. Capeiin were ai0 common
«n midwater trawl carches. all of waich were
towed at depths of 120 kHz scatrering :avers.
Euphausids  Veganyapnanes noriegica and Trv-
sanoessa spp.  however were the most abundant
animals in chree of the four midwater ows.
Since most of these euphausiids wvould not be
retained bv the coarse + cm mesh, these catches
represent oaniv a fraction or those entering the
net. Cod was the second to fourth most Jommon
species. Small cod were rare at thus stadion.
wand eel. Ammodytes marnus. was common in the
night and arly morning ows.

Fieding nabus of ood
The xnds of animals found in cod stomachs
rom ail coilections are listed in Tabie 2. Because
of the limited numoer of fish examined and the
restricted g=ograpaic and seasonai coverage. the
number of prev species is \ow compared 0 other
studies e.g. Rag 1367 'A. Kiementsen unpubi.
daca foc Balstjorden .

Fish. xril. and snrimp were the most um-
oortant {oods for cod at both stations during tne
. studv period Tabies 3 and +-.

20 m station — shrimo frawi
A clear wrend was apparent in rthe tvpe of food
consumed Hv different sizes of cod caught in the
shrimp trawl coliections at 120 m. Smalil cod

< 25 cm total iength mainly ate knill 73-94 2,
of the wet weight of stomach contenrs,. Euphau-
sitds were TAvsanoessa inermis and 7. raschu in
apout cquai proportions. Thev were 1+ to
25 mm long totai length.. All small cod had
kriil in thetr stomachs. Numbers averaged 23-26
per 2od stomach during the day and 38 at "night’
2320-2330 h:, suggesting rthat krill are moce
available to small cod near the bottom during
periods of high light intensity. The number of
stomachs examined was low. however, and slow
rates of digestion (Daax [973) may coniound
these diel trends.

Amphipods ‘mainly Parathemisto abyssorum and
Halirages juivocinctus: were found in 88 2, of the
stomachs of small cod. All stomachs thac con-
rained amphipods also contained euphausiids.
Polvchaetes were present in onlv 3 of +3 small
cod indicacting thac these fisn {ed predominantly
on vertically migrating pelagic or hvperbenthic
animals.
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i

abie 2. Food .rems .genuiled ‘rom :od >tomacas.

Fishes

ladlotus cilosus
{mmodyies marinus
Leotociinus macuiatus
Hippogiosso:des platessoraes
Leptogonus decagonus

Shrimps. aermit craps
Panaalus joreauts
Ja01nea septemearinatus
Pagurus vernnaraus

Eupnausiids, mvsids
Thysanoessa .nermis
Thysanoessa rascnu
Meganyctipnanes norcegca
Mysidacea

Amphipods
Parathemisio aovssorum
Huyperocne meausarium
lonoculodes yackarar
Rhacnotropts macropus
Arrais pnvilonyx
Halirages ulvocinclus
[scnyrocerus anguipes
Lvsianassigae so.

Cumaceans
Diastylis spp.

Asteroid
Ceenodiscus crispatus

Polvchaetes
Veothys sp.
Harmotnoe :crsi
Lumorinerats sp.

Pelecvpod ~ unidenuiied
Gastropod — unidentifiea

Large cod 27-72 ¢m ate mainiv shrimp
Pandalus doreaiis or capelin. The cod taught
around mudrnight had mostlv capelin in e
stomachs. These capelin were in advanced
stages of digestion and were probablv =aten
earlier in the dav. [t is therefore uniikelv that
these capelin were eaten by cod in the net ie.
net feeding,.

Most of the P. boreatis in the cod stomachs.
on the other hand. appeared to be iresh and
undigested, raising suspicions that thev mav
have been consumed after both cod and shrimp
were concentrated in the net. A, Klementsen
‘pers. commn,, who also lound that shrimp
were the most important {ood for large cod in
this area of Baisfjorden. ohserved no corriation
between the trawl! catch of P. jorealis and rheir

P/% A Ay
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Tabie 3. Food of e cod at the (29 m stauon :n Baisiioraen 2n 1 Dercentage a=ight Dasis OF I2MACHs -

ZVANS JARSIN 4 ¢ 3TH

witn fved. The rthree most :ommoen >pecies Zaugnt .a +ach -rawt Jotlecion v volume  are 2.0 given,
where Sa = shrimp. Dab = .ong rougn aab. Her = herring, Cap = caoeun. and Euph = <upnausuas.
> means more ibundant than.. n = number of cod stomachs.

Date. ume h- Length Percent — wet weight
Common species. n range of cod Eupn. Fisn Shnmp  Misc.
em.
Shnmp trawl
{3 Aug. 1130-1230 3h > Dab > Cod 22 +1i9 34 9 3 3
3 20-25 32 5 .0 3
11 27237 i3 -5 51 2
4 38—+8 2 +2 36 )
I Aug. i530-1720 Sh > Her > Cod'....... + 20-25 ™3 0] 22 5
3 27-33 +i +2 o D)
2 +5-70 30 J 2 1)
| Aug. 2320~2330 Sh > Cod > Cap. ... .. T 1T-2! T D 5 !9
il +1-33 <! 7 2 )
A 38-72 < 30 e )
Mudwater trawi
. Aug. 1930-2000 /Cap > Cod: 30-33 m 3 34-70 <! .00 ) 0
2 Aug. 0000-3030 ‘Cod > Cap: 30-93 m 3 3240 ; 33 D] D)
0 +0—46 7 I 2 D)
10 3556 L 3 J )

numoers in 2nd caught :n the same tows. [n
some instances, cod had shrimp in :hetr stomachs
2ut a0 shrimp were caught :n the net. Therefore
comsumpuon of shrimp mav not be an artfact
ot net feeding dut simpiv a result of slow diges-
100 rates.

20m scacion — midwacter trawl
The :wo midwater trawl rows at chts stauon
were made at the same depth, 30-63 m. at 1930 h
and 2400 h o observe possible diel diiferences
:n cacch and in {ood habits that mav be asso-
ciated with vertical migratons. The 38 kHz
echograms showed fish-tvpe echoes at this depth
during the 1930-2000 tow: these were probably
capelin as large numbers - ~ 250 kgi of this
species were caught. The few cod caught in this
tow had almost exclusively capelin in their
stomachs averaging 2! capelin per stomach).
some quite {resh :ndicative of recent feeding.

During the 2400-0030 h midwater trawl a
few fish-cype echoes were orecent at the 30-53 m
towing depth but most of them had ascended
into the upper 30 m. Only a few capeiin were
caught in this tow but large numbers of cod
"~ 100 kg; were captured. The differences be-
tween these two tows suggest ascent of both
capelin and cod into upper waters when ir-

A AEOO - v P

radiance was munimal. These -od <ontained

paruallv aigested <apeun in rher stomacns

whicn comprised 33-33 ), of the weight of thewr
stomach contents. Interesungiv. xniil wwere aiso
important 7-:7 ’, of the wet weight and :ne
average numbers per stomach were 2, (7. and
34. for 34~4). $0-50. and 33-56 cm cod respec-
tivelv. Most of :hese xrill were undigested and
had probabiv just Deen consumed. The aiei
diiference in the amount of ¢od caught and :heir
feeding habits in midwater appeared 1 e re-
lated 0 the vertical mugrauon of euphausuds.
Differences between the :mportance of 2
dorealts \n the teeding habits of cod caugnt :n
the shrimp and midwater irawls are discussed
later. Another difference between catches of the
two tvpes of nets was the apsence of smail cod
in midwater catches. Smail cod apparendy did
not migrate off the bottom as much as iarge cod
‘see BRUNEL 963, (972} perhaps a behavior
that reduces their vulnerabilitv (o predanon bv
large cod Daax 1973: O.M. Smedstad unpuol. .

180 m station — she:imp trawi
Capelin was bv far the most important {ood for
cod caught near the bottom in the shrimp trawl
at this station Table +.. Because oniv two cod

v i
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-Taoie +. Food of cod at the :30 m stavon :n Baistiorcen an a percentage weignt 2asis rom stomachy zon-

:aimng tood. The three most common amimals dv woiume :a ne zatcnes are 1sd iven, ~vhere Cap = apeun,

3h = sanmp, Dab = 'ong rough dad. Ammo = sand #et. and Lupn = cupnausidas. > means Mmore anundan:

tnan. 1 = aumber of cod stomachs.

Date.ume n. Lengtn Percent — wet weight
Common spec:es. n range oi cod Eupa. Fish  Shrimp  Musc.
cmy
Shrmp trawi
25 Aug. 1715-i745 Cap > 5h > Dab: ..... + 50~70 2 9 ' <!
26 Aug. JH0-0430 Cap > 5h > Dab: ..... 3 59~57 3 32 0 b)
3 3949 10 37 3 <!
26 Aug. V740~-0810 .Cap > 3h > Cod: ..... b} 21-55 <l 36 + 0
26 Aug. |40-1300 Cap > 35n > Dab: ..... 3 46~52 ) 32 i2 2
Midwater trawi — in 120 kHz SSL
25 Aug. 1602-163+¢ Cap > Eupa > Cod:
i30m ...... e + 37~73 39 »0 2 J
3 30~50 R T4 J ]
2 271 4 3 b 3
26 Aug. V137-0240 Cap > Eupn > Ammo.
35-100m ..o .. 4 n8~74 + an Pl
h 3i-oi 50 + 3 .
26 Aug. 06i16-0703 Cap > Euph > Ammo;
30m L 3 ++-38 24 B 5 D)
26 Aug. :309-1400 Euph > Cao > Cod!
B0 m oL 3 J9-7+4 +t +7 3 )
smailer than 30 :m were caught, the diets of  Feeding “aoits of nerring
smail and large cod could not be compared. 190 m s:ation = shrimo Tradwl

Shrimp were less important at this station :han
at the {20 m swaton. Although kriil occurred
irequentlv thev never constututed more rthan
1) 7, of the total weignt of stomach conteats of
any group of zod caught in the shrimp twrawi.

Diei differences in diet were not evident.
Most capelin irom cod stomachs were partiailv
digested. indicating that thev had not been
=aten while in the net.

180 m station — midwarer trawl
Cagelin was aiso the predominant prev of cod
caughr in regions of mudwater sound scattering
that were sampied with the midwater trawl
during all tows Table +'. Euphausiids, however,
were also important and comprised {rom + to
94 %, of the stomach contents of these pelagic-
caught cod. Both M. norvegica and Thysanvessa
spp. were common. The aumber of krui eaten
by rhese cod was large. averaging 29 o [46
krill per stomach for all but the smallest cod
27—+l ¢m; where it averaged 3.3.

An example of the 120 kHz echograms shows
that the scattering laver was at about [30 m
during the dayv and between 30 and {00 m at
night Fig. | . These were cthe depths that were
sampled with the midwater trawl.

The stomachs of <9 herring 23-31 :m wers
examined trom the sarimp irawi caccaes ac o
120 m stanon. Neariv all ot these hermng had
stornachs full of supnausiids. Thsansessa :nerrus
and 7. rascan comprised 34 2, of the stomaca
contents v weight. Thev were relauvely iresh
and undigested. Copepods were ai:o dresent
percentages based on numbers ot copepods
were: Stage [V and V. Metnaia fonga 30 0,
Pseudocalanus spp. 3 ~,. and unidenufied 5 °, .
Amphipods Parathemisio aovssorum: and post-
farval P. orealis were someumes present. These
results are a {urther :ndication that suphausids
were concentrated near the dottom where thev
were preved upon bv herring and smail cod.

180 m station — midwater trawli
Sixteen herring !3-13 cm, were also examined
from a midwater trawl catch at {50 m at the
180 m station. Copepods were iound in ail but
one of the stomachs and manv stomachs con-
tained hundreds of individuais. Of :he copepods
identiied. 90 2, were M. jonga. 3 7, Prenaocatanus
sop., and 3 7, unidenuiied. Euphausids and
euphausiid eves were found in six herning. In
this collection. copepods. and not euphaus:ids.
were the major lood of herring.




274 WS PEARCY. oI HOPKINS, 3. SRONVIR, x R.A

ZVANS 3ARSIA ey (]

o -

L}
v

59

Fig. i. 120 kHz echograms at the 180 m stauon n Baistjorden. Upper: During midwater trawi at 130 m.
25 Aug. 1978, 1602-163+ h. Lower: During midwater trawl ac 33-100 m. 2% Aug. 1973. 01370240 1.

Feeding habits of capelin

120m station — midwater trawl,
The +4 capelin examined from the midwater
trawl at the 120 m station at depths of 50-563 m.
1930-2000 h, all had stomachs that were less
than one-half full. Many stomachs were empev.
The food items that were identified consisted
mainly of a few copepods per stomach 9t 7,
Pseudocalanus elongatus. 3 *, Calanus finmarchicus,
and + %, \Vetndia longa) or more rarely a few
chaetognaths or mvsids. Euphausiids were not
found.

180 m station — midwatar trawl
and shrimp trawli. [n contrast :0 the
120 m station. the 110 capetin {0-i3cm TL
examined {rom both :he midwater trawi in the
vicinitv of the SSL at 33-130 m and the hotinm
rrawls at the (80 m stauon, had larger amounts
of {ood in their stomachs. Taysanoessa spp. were
the main food Tabie 3° on a voiumetric Rasis.
The average number ot euphausuds {rom stom-
achs that contained kril was |3 anmmais
capelin caught :n both bottom and midwater
irawls. One capelin contained =ight <nil. Cope-

« akiona,




SARSIA 5 4 1979

Taole 3. Occurrence oi euphausids Eupn. and :ope-
pods Cop. from :he stomachs ot capetin caprured
tn shrimp and mudwater awis ac tae 130 m saacon.

Frequency Frequency ot Average
Time of tow of empty _accurrence aumoer
stomachs Euph. Coo. Euph. stomach

Shnmp trawl

1T15-1745 5.10 44 D4 1.0
0400-0430 920 70 w1l 1.0
0740-0810 317 HPRE I AT ) 1.3
1400-1300 5,14 59  +9 i3
Midwater trawi
1602-1632 1017 7 37 0.9
01570240 9:14 13 45 0.8
6160703 3,7 2,4 34 0.5
1309-1400 3.1 3.8 13 2.0

pods were common prev in about one-third of
these capelin, and although thev were much
more aumerous than euphausiids. on the aver-
age. thev never comprised the bulk of the
contents for fish in a trawl coilection. Cver 95 %,
of the identified copepods were Metrndia longa.
A few Pseudocalanus siongatus and one Padon
were identified.

" DISCL3310N

Although euphausiids and pelagic animals are
aot important food for cod in the North Sea
Rag 1967: Daan [973: ArNTz. 1974, thev are
xnown to be verv important in more northern
seas. WrBoRG 1948. (949" reported rhac krill,
mainly T. inermis. was the most important {ood
for 0, I, and [I-group cod on trawling grounds
in northern Norwav and fjords of northern
Norwav. inciuding Balsfjorden. T?Avsanoessa iner-
mis was also important cod {ood otf Bear [sland
and Spitsbergen, especially during the spring
and summer BrowN & CHENG (946) and in
the Barents Sea Brotsky 1931 as cited by
Brown & CHeEnc). Siporenko /1962 found
that cod fed extensively on euphausiids in
waters off western Greenland, and ZabuLskata
& Smiryov 1939} reported thac kriil and
hyvperiid amphipods were of greatest importance
for cod in the Barents Sea. Zatsepiv & PETROVA
11939} noted a pronounced seasonal cvcle in the
feeding of cod from the southern Barents Sea:
krill were :he most important food in summer
months and capelin. herring, and polar cod
were most important at other times <f the vear.
In more recent vears. capelin and shrimp were
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reported 0 De the most :mporiant :00d Or aa
0 the Barenwns 3ea O M. Smeastad anouod
BRUNEL 1983 ound that herring. capenn. ana
cuphausiids  Tavianoessa and  legansciiphans:
‘0 that order. were the Most .mportant peiagic
orev for cod from rthe Guit > St. Lawrence.

Few studies have heen made on the ieeding
habits of capelin and herring irom northern
regions. Capelin are known ro prev on >uriace
swarms of TAysaonessa rascut in the Barents Sea.
and according 10 ProkHOROV [983" euphau-
siids compose most of the weight of the stomach
contents of capelin in tnis region. loilowed nv
copepods and amphipods.

In chis study. 2uphausiids were important
prev for the three commerc:ally impor-ant fishes
that predominated the catches: cod. capeiin.
and herring. Euphausuds were the maun iood o
small cod and herring ac e (20 m sauoa.
During the davtime. eupnausiids oresumabiv
are near the bottom at this depth and hence
were particulariv susceptible 0 capture ov 0
tom or near-bottom fishes. At the {80 m stauon.
120 kHz sound scattering iavers and assocrated
euphausiids did not impinge on the botrom
Fig. | . but re:xided at aoout .30 m dunng :the
dav. At this stauon. {ew euphausuds wvere caugne
in bottom compared o midwater rawis ana
cod captured in dottom trawis had not fed as
heavilv on euphausiids as midwarter-caught cod.
Apparentiv at this deeper station. 2uphausuds
were far enough above the bouom to escape
intense predation bv hottom-dweiling cod. Thus
interactions of diel migrants. such as euphau-
siids, with benthic and midwater fishes mav e
an :mportant mechanism lor transter S snergy
in marine food webs [saacs X SCHWARTZLOSE
1965 .

Several observanons suggest two different
{eeding behaviors for cod in Balsijnrden: pelagic
feeders and benthic feeders. Large cod caughe
in bottom tows act 120 m ate substantial amounts
of shrimp. Cod caught in midwater at night. on
the other hand. had eaten mainlv capeiin and
only 3 small Pandaius. This suggests that these
midwater cod had not recently fed on the
bottom and had been preving almost sxclusively
on pelagic animals, mostly capelin and eu-
phausiids.

At the {80 m station, cod caughr on the
bottom during dav and aight periods had few
euphausiids in :heir stomachs. Converseiv, cod
caught in midwater contained large numbers 3¢
euphausiids during either dav or night periods.
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These differences in feeding habies suggest that
some cod were primartly benthic and had noc
migrated far off the sea tloor to feed and >thers
were predominantiv peiagic and preved on
verticallv migrating capelin and kril.

Several Leptoclinus maculatus were found in cod
caught in midwater at the !20 m station but
this fish, normailv considered to be benthic. was
also caught in mudwater trawls Table [, so it
cannot be used as an indicator of benthic
feeding. Similarlv, small P. boreaits were found
in a few of cod caught in midwater at night at
both stations. but small shrimp were also caught
in night-time midwater trawls. so their presence
in cod stomachs does not necessarily represent
benthic feeding. dmmodyees were also found :n
both cod stomachs and midwarter trawl carcnes
from night-ume tows.

BruNer 1963, 1972 reviewed the evidence
for vertical migranons, the pelagic existence of
cod and possible causal mechanisms for migra-
tory behavior. In his studv in the Guif of 3t
Lawrence, ne distinguished two tvpes ot verucal
migrations: a tvpe bringing cod into mudwater
at night and near che bottom during the dav
and a ‘residual’ tvpe when cod reside in mud-
water during the dav. These conclusions were
based on echograms, catches of cod in Dottom
trawls and gl aets, tood habus of cod, and the
abundance of their main prev. He thought that
the cod were attracted to midwater during the
dayv by visual stimuli of pelagic prey swarming
during the period of maximum daviight from
May to mid-July. Trovt 1937 and Tewmeiz-
MaN & Freming 1962 aiso recognized that cod
mav live in midwater for extended periods. or
migrate vertically and reside close o the bottom
during the dav. We suggest that cod exhibit boch
types of behavior in Balsijorden during the
summer.
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Abstract: Diatom floral analysis of {16 sediment surface sampies obtained off Peru
reveals a boundary in the sediments between coastai upwelling intluenced sediments
and sediments outside the highly productive reaim. Sinuous parterns of relative
abundance for meroplanktic species (Acrinocyclus ocronarius. Actinopevchus se-
nartus. and Cyclotella striata/stylorum) may preserve the meander-like parterns or
surface water parameters off Peru. The occurrence ot loci of high abundance of
diatom valves per gram of dry sediment. and the limited occurrence of Skeleconema
costatum and of a species ot che genus Delphineis are additional pieces of evidence
that upweiled tongues of cold water have a correspondingly patchy sediment signal.

Introduction

The diatom fraction of 116 sediment surface samples collected off
western South America was studied in order to identify on the Peru
continental margin the sediment record of coastal upwelling. The
purpose was to differentiate sediments containing this record from
those not influenced by the high rates of primary production as-
sociated with coastal upwelling (Ryther 1969).

Diatoms dominate the phytoplankton communities in coastal up-
welling regions (Blasco 1971, Margalef 1973, Hart & Currie 1960.
Berger 1976), and the preservation and abundance of their vaives in
hemipelagic sediments along the western coasts of continents has been
documented (Calvert 1966, Calvert and Price 1971, Zhuse 1972). This
study analyzes the distinct patterns of diatom distribution found in
recent sediments preserving evidence of recurrent coastal upwelling
off Peru.
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The coastal upwelling process is described by Smith (1978). He
sstimates that the response to wind events off Peru occurs within
30 km from shore, with a depth of origin around 70 meters subsurface
for the water found at the surface after favorable winds. A poleward
undercurrent dominates the shelf with mean currents in a direction
opposite to the mean wind, except in a shallow surface laver. The
curvature of the midshelf bathymetry and of the shelf break are
thought to influence the alongshore flow, its variability, and the
magnitude of upwelling (SCOR Wg 36 1976). Maeda & Kishimoto
(1970) have found upwelling centers to be present consistently at 5°,
11° and 15°S over a 17 year period, but further observational studies
are needed to describe and locate the physical process of upwelling
and to delineate its effect on plant and animal populations. This
sediment study provides a testimony to the persistence of upwelling at
certain locations.

Materials and Yethods

Samples were taken from the uppermost sediments retrieved at the
coring stations listed in Table 1. The numbers in the first column will
be used in the rest of this paper when referring to stations (see also
Fig. 1). The ship and year of the cruise are registered in the OSU core
numbers: e.g., W77- indicates the 1977 cruise of RV Wecoma; Y71-,
the 1971 cruise of RV Yaquina; FD753-, the 1975 cruise of RV Francis
Drake.

Those cores collected by the Reineck box (RB), the Kasten (K), the
free fall (FF), and the gravity (G or MG) corers appeared to success-
fuily retrieve the surface layer of sediments. The uppermost sediments
may have been lost in the recovery of some of the piston (P) cores.

The uppermost few centimeters (in some cases, only the first one cm;
at most, the first 20 cm) of the Wecoma cores were placed in plastic
bags when the cores were first opened aboard the ship. Samples were
later taken from these bags of composite surface sediments. Thus. the
nearshore samples, which may have been deposited at rates of about
66-140 ¢cm/1000 years (see Discussion), represent from about 7 to
300 years of deposition.
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Fig. 1. Station locarions, some stations are not numbered. J. stations not included
in data analysis because of evidence of reworking of older floras; *, barren samples.

Samples were taken from bags as described above. or from the top
sediments of cores stored in the OSU Core Repository. The procedure
was to fill a bulk density ring of ca. 1.5 cm diameter (1 cm high) by
pushing it into the soft sediments. Piston cores and gravity cores are
split in half lengthwise for storage, and the tube samplers were
pushed into the middle of the top of a core-half at a right angle to the
long axis of the core-half, thus sampling the top 1.5 cm of the core.
Downcore samples from W7706-64 were taken in the same way at
selected depths in the core.




All samples were oven dried for 24 hours at 60°C in the sampling
tubes and then extracted into the beakers used for the acid cleaning
procedure. The dry weight of each sample was in a range from 0.3-2.0
grams.

Slide preparation followed the procedure outlined in Schrader (1974)
and Schrader & Gersonde (1978) with the following exceptions:
1) Slides were made for all samples from a 50 ml dilution of the acid
resistant residue remaining after cleaning and fractional sedimenta-
tion to remove the clay fraction. Automatic pipets were used for this
subsampling. 25 ul were placed on slides for surface sediment
samples; 30 ul for downcore samples. 2) Coverglasses were allowed to
air dry.

The microscopical investigations were done on a Leitz-Orthoplan-
Orthomat microscope using high power and high resolution apochro-
matic oil immersion objectives. Counts were made using the highest
available magnification (Objective Apo oil 100X, n.A. 1.32. Ocular:
Periplan GW 10X M) with counting procedures standardized in our
lab after Schrader & Gersonde (1978). Each slide was counted in
traverses randomly laid over the middle of the coverglass. About 300
valves were counted per slide, although. in some stations from the
oceanic plate or outside the productive coastal region, limited preser-
vation of diatoms in the sediments prohibited reaching this figure.

Observations

Numbers of diatom valves per gram of dry original sediment were
calculated as described in Schrader & Gersonde (1978) and these
values are listed in Table I. Barren and almost barren surface sampies
are indicated in this table by a zero value.

Approximartely 110 different marine planktic and benthic species were
identified. Some species represented reworked or exposed Pleistocene/
Pliocene/Miocene floras. Some species were displaced freshwater
diatoms. These occurred in greatest abundance (still less than 1% of
the total assemblage) at sites 91, 94, 95, G9 and 104. Core tops with
displaced shallow water marine benthics and with reworked older
material are indicated in Tabie .




Sixty-three species or species group categories were adopted ror
svstematic counting and the relative abundance values in these cate-
gories were determined at 91 starions. From these 91 starions. 9
stations outside the coastal regime were eliminated from further
analysis (stations 11-19), and 7 stations (27, 42, 38, 61, 70, 71. and
102) were eliminated because of evidence of reworking ot older tloras.
The data from the following stations were combined because of
proximity of the stations: 6+7, 910, 33+—34, 35=36, 37—38. 39—40,
43+44, 48+49, 3051, 34+36+57, 64+-65+06. 6672, 85—836—87~
88, 89+90, 93+94, 95-101+103.

The original 63 species categories were altered in the following
manner. Some species were left out of further data reduction because
they are very rare in the samples (Coscinodiscus A.. C. asteromphalus.
Lithodesmium undulatum, Thalassiosira gravida. Pseudotriceratium
punctatum), or because they are displaced benthics (Tricerarium
alternans and the category '‘marine benthics'’), or because they
represent reworked tloras (i.e., Cussia lancerrula). Some species were
combined because similarity of morphology prevented consistent dis-
tinctions between species during routine counting procedures. i.2..
Actinocyclus curvarulus/Coscinodiscus rothii: Thallasiochrix medirer-
ranea/T. longissima: Thalassiosira eccentrica/T. symmerrica/T.
punctirera/T. spinosa; and all Chaeroceros resting spores. To decrease
the number of variables, species of similar distribution in our data set
were combined as follows:

— Cyclocella striata + Cyclotella stylorum

— Asteromphalus group = A. #1 + A. #2

— Coscinodiscus africanus + C. tabularis

— Coscinodiscus nodulifer -~ C. radiatus

— Coscinodiscus obscurus + C. perforatus

— Stephanopyxis palmeriana + S. turris

— Thalassiosira A + Thalassiosira B

— Thalassiothrix spp. + T. mediterranea/T. longissima — T. frauen-
feldit

Further analysis then was based on the resulting 43 taxonomic

categories. The matrix of 49 stations and 42 “'species” (Table II) was
the basis for a Q-mode (Fortran IV program CABFAC. Klovan &




[mbrie 1971, Imbrie & Kipp 1971) analysis of data. R-mode analysis
(SPSS Subprogram FACTOR. PA2, Varimax Orthogonal Rotation) of
the same data set (but without stations 111 and 113) was aiso
accomplished.

Discussion

Interpretation of our data allows conclusions regarding the location of
recurrent coastal upwelling off Peru and regarding the identification
of species and species groups characteristic of sediments influenced by
coastal upwelling. Pre’iminary data analysis supported the hypothesis
that upwelling influenced sediments may be recognized and separated
from adjacent regimes by the diatom composition of sediments. A
factor analysis of species counts in 3S categories from 70 stations was
undertaken to verify a sediment signal of the coastal upwelling
process. This analysis produced 3 factors accounting for 93% of the
variance in the data set and the factor loadings did generate inter-
pretable distribution parterns for these factors.

Factor 1. accounting for 63% of the variance (Fig. 2). has high
loadings in all conrinental margin stations. It is dominated by the
resting spores of Chaeroceros. Factor 2, accounting for 20% of the
variance (Fig. 3), has high loadings in the oceanic plate stations. It is
dominated by Coscinodiscus nodulifer. It is not unexpected that 83%
of the variance in our data set rests on the large differences berween
oceanic and coastal phyvtoplankton assemblages since Q mode analysis
compares abundant species. Factor 3, accounting for 10% of the
variance (Fig. 4), has highest loadings at stations 22. 27, 30, 40. 34,
and 61, and is characterized by Cyclotella striara/stylorum. This
factor did resolve distinct regions of importance for an assemblage
which may be characteristic of coastal upwelling.

Fig. 2. Factor 1. Contours in this figure and Figs 3. 4. 7-12 were drawn. in those
places where there was poor sample control, so as to conform to the concept of a
sinuous seaward boundary for upweiling influenced sediments. This concept is
strongly supported in areas of good control. Fig. 3. Factor 2. Fig. 4. Factor J.
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Meroplankrtic Species

Cyclotella srriara/scylorum. along with two other relativelv abundant
species, Actinocyclus octonarius and Actinoprychus senarius. are
meroplanktic species, i.e., organisms which either produce a resting
spore or possess a sedentary stage or dormant phase in their life cvcle
(Smayda 1958). Meroplankrtic species are cosmopolitan in middle and
low latitudes and occur in turbulent near-shore waters. Apparently
none of the meroplanktic species abundant in sediments off Peru
dominates phytoplankton assemblages in the surface waters (Strick-
land et al. 1969). But heavy silicification of the valves of these diatoms
enhances their preservation, and the high supply of all diatoms rto
deposits underlying areas of high fertility and productivity accounts
for the presence and abundance of meroplanktic species in these
sediments.

When the abundance of the meropianktic group of species (relative to
all diatom species) is plotted in a depth-shore distance profile. the
restriction of this component o a particular depth and shore-distance
range becomes apparent (Fig. 3). Highest relative abundance occurs
between 20 and 60 nautical miles from shore and in water depth of
less than 2500 meters. Chaeroceros resting spores, which we have seen

" are also important in sediments underlving the near-shore productive

region, have their peak in abundance further offshore and thus at
greater water depths (Fig. 6). Formation of Chaeroceros resting spores
may occur during a Chaerocerns-dominated stage of succession when
nutrients are nearly exhausted in the euphotic zone (Guillard &
Kilham 1977). Thus, the offshore distribution parttern for these spores
may be interpreted to reflect the seaward edge of nutrient-replete
surface waters.

Zhuse (1972) recorded Chaeroceros spore dominance on the sheif off
Callao. She also tound that diatom assemblages consisted of large
“nertitic’’ species at some of her coastal stations. She characterized

Fig. 3. Distribution of relative abundance of the meroplanktic species group
{Actinocyclus octonarius — Actinoprychus senarius — A. splendens — Cuvclotella
striuta/stylorum). Sample stations were piotted according to their water depth and
distance perpendicular to the coastline. Fig. 6. Distribution of relative abundance of
the Chaerncerns resting spores. Sample stattons plorted as i Fig. 3. Fig. ~. Occur-
rence ot Delphineis.
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the distribution of her moderarely-warm water — subtropicai diatom
complex, which consists chietly of ““neritic’” species. as corresponding
with the area of the cold Peru-Chile current. The exzension of this
complex away from the coast in the latitude of Callao {12°S) concurs
in general with the high relative abundance of our meroplanktic
complex at stations 39, 40, 34. 33, 37, 39-61. 63-65 and 69-71.

Diatom Abundance

The circulation within a coastal upwelling regime accounts for its
anomalous character compared to adjacent regimes. The tamiliar
protile or circulation (Hart & Currie 1960) includes wind induced
otfshore transport of surface water and compensating upwelling of
nutrient rich deeper waters. This circumstance provides for high
fertility and high primary productivity in a near-shore zone and
concomitant preservation of siliceous microfossils in sediments under-
lving this zone. There is a boundary, then., berween the productive
coastal upwelling region where nutrients upweil 0 the euphotic layer
and the less productive oceanic realm where light energy is separated
from deep nutrient reserves. This boundarv is documented by our
surface sediment data.

Our calculations of abundance of diatoms per gram of drv sediment
reveal a sinuous boundary of the coastal upwelling region of high
abundance with the oceanic realm. and discrete loci of highest
abundance within a definite latitrudinal range. Five clusters of high
values occur at these stations: (1) 23, 24, 26; (2) 33, 34: (3) 22, 43, 34
(4) 48, 38, 61, 62, 63, 66, 68, 69, 70, 71, 72, 73, 74; (3) 91. 99. 102.
Four areas are offset from the coastline suggesting offshore centers of
upwelling influence, in addition. perhaps, to the near-shore region of
high abundance evident at about 12°S. The inner shelf region is not
well represented in the sample net; this study is predominantly of
midshelf of oceanic plate sediments. Other inner shelf deposits were
not sampled.

Available accumulation rates are in permissive agreement with the
coarse distinction between diatom-rich sediments within the upweiling
region and oceanic diatom-poor sediments. Pb 210 dating of the
uppermost part of the cores from stations 34 and 635 gives sedimenta-
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tion rates of 140 cm/1000 vears and 60 cm, 1000 vears respectively.
Accumulation rates calculated for these cores [dry bulk density (salt
corrected) X sedimentation rate X number of diatoms/g] are 7.4 and
0.3 million diatoms/cm? year. On the other hand. accumulartion rates
for oceanic plate sediments range from zero to about 0.05 million
diatoms/cm?/year.

Zhuse (1972) also established the existence of a region of highly
siliceous facies in a restricted area near Peru, and her figure of 20-30
million valves/gram of sediment on the shelf and trench near Callao is
in general agreement with our dara (her data did not include the area
south of Pisco berween 13 1/2° and 19°5). She also remarked that the
quantitative distribution of diatoms in the surface laver of sediments
is “*highly uneven’. Variations are indeed great in sediments at the
coastal stations. Qur data, as was stated above, could not be en-
compassed by simple contours parallel to the coast.

Occurrence of Delphineis

The distriburtion of one species of the genus Delphiners matches in its
occurrence offshore areas of highest diatom abundance per gram (Fig.
7). Areas ot grearest relative abundance (greater than 2%) are centered
at station 23 and at station 60 matching the two major centers of
diatom valve abundance, near 8°S, and between 13 and 14°S. Delphi-
neis is present in greater than % relative abundance at stations 93
and 99. in the center of high abundance of diatoms per gram around
17°S. It is relatively abundant (1.4-3.3%) near station 42 where
diatom abundance was also greater than 30 million valves. gram.

Delphineis is of particular interest as it may be a specitic indicator of
coastal upwelling. We have found that it occurs only in active coastal
upwelling regions of the present and in deposits representing locations
affected by very productive coastal surface waters of the past. The
taxonomy of this genus is currently under revision. Simonsen (1974)
described a form from the Indian Ocean as Rhaphoners surirelloides.
some specimens of which we feel belong into the genus Delphineis as
definred by Andrews (1977). A similar form described by Fryxell &
Miiler (1978) from the west coast of South Africa as Fragilaria
karstenii probably also belongs to this genus. In addition. Rhaphoneis
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ischaboensis. found by Zhuse (1972) in sediments oft Peru. and
described by Mertz (1966) from the Pisco Formartion. has strong
affinities for Delphineis.

Relative Abundance Data

The relative abundance data for all 43 species categories (Table II)
were examined in order to identify species, or groups of species.
characteristic of coastal upwelling. The parterns produced by these
basic data may also be used to characterize sediments underlying a
coastal upwelling regime and to describe the geographic limits of
influence of the coastal upwelling phenomenon on surtface sediments.
The sinuous pattern of sedimentation of important diatom species
and species groups, and the localized high abundances of species and
groups distinguishes this region.

[mportant species with highest abundance outside the coastai region
berween 7° and 18°S include: Coscinodiscus nodulirer. Pseudoeunotia
doliolus. and Thalassionema nirzschioides v. parva. The caregorv
Coscinodiscus nodulifer +— C. radiatus is present in greater than 20%
at all stations west of 84° W with a high value of 61.1% at station 21.
But it also has high abundance (greater than 13™) at these stations: 8.
22, 25, 35+36, 45, 33, 74, 76, 77: and occurs in all samples examined.
As Zhuse suggested (1972), the distribution of a complex of diatoms
associated with the ““tropical’” region may be illustrated by the
distribution of Coscinodiscus nodulifer. The eastern boundary of this
complex must be characrerized. however, as approching and receding
from the coast as it outlines the areas of upwelling intluence men-
tioned above (Fig. 8).

Pseudoeunotia doliolus occurs in greater than 3% at aimost all
stations on the oceanic plate, but it also occurs in greater than 3% art
stations 77, 82, and 84. Thalassionema nitzschioides v. parva occurs
on the margin in greater than 3% at stations 4, 6-+7, 8, 45, 0d4—05—

Figs 8-12. Relative abundances of Coscinodiscus nofulifer/C. radiatus. Cvcloteilu
striara/stylorum. Actinocyelus octonarius. Actinoptychus senartus. and the Thalus-
siosira eccenrrica group. — Fig. 13. Shannon-Wiener diversity vaiues showing a
displacement offshore of highest values.
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66, and 83. Other species identified as characreristic of tropical
oceanic waters which are present in lesser percentages include Thalas-
siosira oestrupti, Roperia tesselara. and Rnizosolenia bergonil.

Important species east of 84°W include Chaeroceros resting spores.
Cyclotella striata/stylorum, Actinocyclus octonarius. Actinoptychus
senarius. Thalassionema nitzschioides. and the Thalassiosira eccentri-
ca group.

Chaetoceros spores reach 75-85% of the entire populartion atour southern-
moststations, 111 and 113, whichisin agreement with Zhuse's (1972) data
from off Antotagasta(23-24°S). However, we also found high percentages
(greater than 50%) at stations 4, 23, 24, 33+34, 42, 48+49, and 62, as
well as in 8 stations in the region not covered by the Russian survey:
74, 75, 85-88, 91, 93=94, 95-101+103, 104, and 103. In fact there are
only 9 margin stations with values less than 30% Chaeroceros resting
spores: 22, 25, 28, 30, 37~38. 3940, 60, 82, and 92.

Cyclotella striata/stylorum has a maximum abundance of 337 at
station 22, greater than 20% ar 28 and 15-20% at 25, 26, 30 and 33. It
is present at all margin stations and is greater than 3% at 32 stations
(Fig. 9).

Actinocyclus octonarius occurs in greater than 10% relative abun-
dance at 6 stations with a maximum of 30.8% at stations 89+90. High
abundances occur in the following additoral stations: 28, 30. 37+38,
39+40, and 92 (Fig. 10).

Actinoptychus senarius occurs (with a maximum of 25.5% at station
60) in greater than 3% at 23 stations but in greater than 10% at only 9
stations: 3, 2S, 28, 35+36, 46, 5031, 33, 39, and 60 (Fig. 11).

The Thalassiosira eccentrica group occurs in 1-3% at many nearshore
stations between 11 and 18°S (Fig. 12). Station 60 shows an especially
high percentage of 26.3%.

Thalassionema nitzschioides occurs in margin samples at greater than
10% at 24 stations. This category includes all forms of this species as
described by various authors (Heiden & Kolbe 1927, Hustedt 1959,
Van Heurck 1880, Frenguelli 1949, Hasle & de Mendiola 1967, Hasle
1960, Kolbe 1954, 1955, 1957. and Mertz 1966) except the variety
parva.
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Factor Analysis of Samples in the Coastal Region

Q-mode tactor analysis was applied to reveal the major patterns of
variation within the coastal upwelling region itself. 98" of the total
variance in the diatom taphocoenoses was accounted for by five
factors. The species which were major contributors to these 5 factors
are the Chaeroceros resting spore group already menrioned, Coscino-
discus nodulifer/C. radiatus characteristic of oceanic waters, and four i
other species: Actinocyclus ocronarius. Cyclotella striata/stylorum, j
Actinoptychus senarius, and the Thalassiosira eccentrica species
group (see Table III for the calculated factor scores showing the
contributions of these species and groups to the five factors). The
Varimax Factor matrix in Table IV indicates the importance of each
factor at each site and the distribution of these factor loadings
supports the major conclusions with regard to the character of the
upwelling intluenced region.

The sediments influenced by upwelling do indeed have a diatom tlora
which is distinct from that of sediments associated with adjacent
oceanographic regimes. 69% of the variance in the dara is located in
two factors which define this distinction. The boundaries ot the near-
shore productivity region coincide with the area of highest loadings
for Factor 1 in which the Chaeroceros resting spore group is domi-
nant. The highest loadings for Factor 2 reflect the incursions of a
more oceanic assemblage.

The characterization of the upwelling regime as producing tongue-iike
patterns of sedimentation for almost all diatom species and species
groups found in sediments is also supported in this analysis. The
loadings of those factors dominated by meroplianktic species illustrate
the discontinuous nature of the upwelling signal in the sediments.
That is, our findings are in permissive agreement with a concept in
which high primary production as a result of coastal upwelling occurs
in relatively stable plumes or areas of upwelling (SCOR Wg 36 1973,
1974, 1976). Our work can be considered along with other observa-
tions and efforts in modelling upwelling ecosystems which have modi-
fied the more conventional view of upwelling as a continuous band of
nutrient- and phytoplankton-rich water parallel to the coast.

The Q-mode factor analysis satisfied our interest in the relation:
ships among the samples. Interest in species associations or assem-
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blages required R-mode analysis in which even the rarely encountered
species would receive equal consideration along with the abundan:
forms that dominated the cross-products matrix analyvsis of CABFAC.
28 R-mode factors were necessary to account for 90% of the variance.
This is not unexpected considering the patchy distribution of many
species (see Fig. 13 for a map of the Shannon/ Wiener diversity values
for our samples). 66.5% of the variance, however, could be explained :
by 10 factors (Tables V and VI). Many of these factors pointed to a 1
variety of distribution patterns within the two major realms recog-
nized in the first two factors of the Q-mode analysis: Five factors
(explaining together 60.0% of the variance explained by the 10 factors)
are interpreted as describing relationships between oceanic diatom
complexes and elements of the predominantly meroplanktic upwelling
assemblages.

"

Some of these factors deserve special mention. The assemblage most
characteristic of oceanic waters, and accounting for 25% of the
variance explained by the 10 factors, included: Coscinodiscus noduli-
fer/C. radiatus. Nitzschia marina, Pseudoeunotia doliolus. Rhizoso-
lenia bergonii. and Thalassionema nirzschioides v. parva. Important
to negative loadings in this factor were Chaeroceros resting spores.
Another factor explaining 14.4%, collected Acrinoprychus senarius.
Stephanopyxis paimeriana/S. turris and Thallasiosira species,
including the Thalassiosira eccentrica group and 7. oestrupii
Actinopeychus curvatulus/Coscinodiscus rothii, members of the genus
Asteromphalus. Coscinodiscus africanus/C. tabularis form an assem-
blage which has a pattern of distribution which. loosely, is inverse to
that of Actinocyclus ocronarius. Cyclotella striata/stylorum and Cos-
cinodiscus obscurus/C. perforatus are important in a distribution
pattern occurring mainly north of 13°S.
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The distribution of the Delphiners species was also highlighted in one
factor (Factor 10, accounting for 5% of the variance explained by the
10 factors) in which this species dominated the factor loadings. It is
significant that this relatively rare species helps account for a porttion
of the variance, from an objective statistical viewpoint as well as from
our more subjective view.

Of special interest was a factcr (Factor 7) accounting for 6.5% of the
variance explained by the 10 factors. The highest factor loadings
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define an area coinciding with otfshore regions of high abundance of
diatoms in the sediments. Skeleronema costarum. a dissolution sensi-
tive species. is important in this factor. Its occurrence in the sedi- \
ments (Table II) corresponds to the area of the highest factor load-
ings, and its presence in sediments below even 3000 meters warter
depth is a reflection of the abundant supply which enhances diatom
preservation over this narrow region. Skeletonema costarum is. then.
another indicator species for coastal upwelling off Peru as it also
points to the influence of high productivity induced by coastal up-
welling.

)

In summary. we have established a base line for coastal upwelling otf
Peru which can be described by: (1) the sinuous pattern ot relative
abundance of individual species and species groups, and of species
collected by factor analysis to describe the variation between samples.
and (2) the occurrence of discrete centers of upwelling influence.
marked by high abundances of some indicator species. including the
“‘endemic’’ Delphineis species. Areas of upwelling influence occur otf
Peru at abour 8°, 13-14°, and abour 17°S.

Comparison of our surface base line with surface samples from
another upwelling area will help verifvy a common response of bio-
genous components to coastal upwelling in other geographic areas.
Historical variation in the location and intensity of upwelling may be
determinable by downcore studies of the tluctuation in the abundance
of diatoms and in the relative abundance of species groups that we
have shown to testify to the influence of coastal upwelling. Preliminary
analysis of downcore samples trom one core (W7706-64) within the
coastal upwelling intluenced region strongly suggests that historical
variation in the abundance of the oceanic versus the meropianktic
component is of significance. The parallel occurrence of Delphineis
supports an interpretation of hemipelagic and pelagic intervals based
on sediment color change. Further analysis of downcore samples trom
this and other stations within the upwelling region will establish the
persistence of the phenomenon over time and the reoccurrence of
parameters that we have shown to be evidence of the influence of
coastal upweiling.
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. Optical and Particulate Properties !
at Oceanic Fronts '

J. RONALL V. ZANEVELD aAND HASONG J. Pak

: School of Oceanographny, Oregon Siate (niversiy. Corvaltlis. Oregon 7733(

Distnbuuonal patierns of opucai and particulate properuies at oceanic fronts fotllow general patterns. ‘
These patterns are examined by means of three examples: :fte front associated with the Columbia Ruver
plume in winter, the upwelling front off the Oregon coast Junng the summer. and the (ront 1 the eastern
equatonal Pacific. [t s shown that the opucal and particulate matter distnbuuions at oceanic fronts ire
the result of three major processes: | 1) advection of norganic matier (o the (rontal zone. /2) advecucn
of biological matenals (nto the tront, and (3) generation of paruculate matter 0y brological processes in

!

the froat wself.

INTRODUCTION

The distribution of opucal and paruculate properties of
oceanic tronts s intluenced dy the dynamics at the tront both
directly by means of advection and mixing of particulate mat-
er and indirectly by means of biological processes wn the spe-
c1al eaviroament of the tront. There are many types of froats.
Of :he s types listed by Bowmgn (1978] we will here present
opucai and panicle distnbutions of three types: (1) a froat at
the boundary of a nverine plume. the Columbia River plume
wn wanter. (2) a coastal upweiling front. and (3) a front of pian-
etary scale, the equatonal front un the 2ast equatonal Pacidc.

Siace a (ront s the boundary between !wo water masses
with different temperature, deasity or other charactenstics,
one can aiso expect different optical charactenstics as the bo-
logical environments on either side of the front are probably
dissumilar. Since the water masses have a diferent origin and
history. the mnorganic component of the suspended matter caa
be expected o ditfer as well.

The light scattering characteristics of a water mass depend
largely upon the nature of the suspended materials, since the
scaitering due to water itself is usuaily smail compared to that
due to suspensowds. The light absorpuon characteristics of a
water mass are due (o water itseif, dissoived salts, and the so-
called ‘vellow matter’ (humic acids. by-products of organic
decay). Attenuanon s the sum of light scattering and absorp-
uon. For oceanic waters, light scattering is the more varable
parameter. [n the visible region of the spectrum atteauation is
due to absorption and scattering by particulate matter, ab-
sorption by vellow matter and attenuation due to ‘pure’ sea-
water. Absorption by yellow matter is sirongly wavelength de-
pendent. in the visible region decreasing exponentially with
increasing wavelength. One can closely approximate the at-
tenuagion due to particles only by measuring the atteauation
coefficient at 3 wavelength larger than 600 nm. where vellow
matter absorption is very low. aad subtracting the atteauation
due to water.

The directional properties of the scattering are described by
the voiume scattering functioa, 3(4.

The volume scattenng function 1s defined by

B = —=——— m s

Copynght D 1979 by the Amencan Geophysicai Uanton.

where d/(#) 15 the radiant wnteasuty of scaitered hight emanat-
g from the volume stement 4v when s Wluminaced by 2an
irradiance £. The total scattering coerficient b s thea given by

b=1r| B3P snhad m™

0

If we then denote the ipsorpuon coedicient by a im™'), we
may set

-1

cam'Yya~-5 m

where - is the attenuauon coerficient. The light scatienng
properties of suspended malter are related to other properties
of the suspensowds w1 a complicated manner. For 2 ziven
sample, the light scattenng depends on the conceatranon. suze
distnbunion. index of refraction distnbution. and shape distn-
bution of the suspended matter. {n confined areas. the latter
three parameters are otien nearly coastant. so that the parucu-
late light scattenng and attenuation an be considered o ¢
proportional (o0 the particulate mawter coacentrauon. For 1 re-
view of the oplical properties ot seawater. see Jeriov [ 1976
Paruculate matter concentration can be Jescribed as a
weight concentraton if the sampies are obtawnea by ditrauon
and weighing, or as a volume concentrauon if a resisuve pulse
(such as Coulter) counter s used. The stope of the particle size
distnbution can be used as an wndicator of the average size of
the particles. [n order 10 do 0 one must assume a mathematt-
cal model for the size distribution. The most commoniv 2m-
ployed one is the Junge oc hyperbolic distnbution given by

gDY= ND=°

where g D) 15 the number of particies with diameters {arger
than D um. .V s the number of particies larger thaa | um
diameter. and C s the slope of the size distriounion. C s in-
versely refated 10 the mean size of the particles. A measure of
the index of refraction of suspended partcles can be obtawned
by using the method of Zaneveid and Pak [1973). or Zuneveld
er al. {1974]. )

Parucuiate matter parameters and hence opucal parameters
wn the ocean are nonconservative. The concentrauon and
composition of suspended maiter 1n 1 water mass change con-
stantly due 10 settling. Mological actuvines. docculation. and
chemical reactions. These processes Jdo :ake ime qoweser. 50
that withun scales of tens of kilometers ana davs, paruculate
matter parameters iend to behave conservauveiy

Paper number 9C1179. 7781

1148-0227/79/009C-1179801.00




—— P —— T
7782 ZANEVELD AND PaK. OPTICAL PROPERTIES AT OCEAN FRONTS
- 2 29 2
- - Ta1qi Sart g J3ume -
- - —r PR - - - . 2 .
c 3(4%) . e s o« O 3
t - - . om -
.- cm-str ! - i
vism i- .
Pl A om . .
Squmity e 25 e . .
om : LA N

Tl e
sk ef -
. \\\ S
L. "«‘.\\ /Q_ e
228 . W\ remoay
& Lo

—— . . -a8 A
s -
R
\-'2
.
% 2
2
k) 24
—_
PR T —a? e -
\ - -~
re 2 N
- N “ waswi
2 N
e |
Sannity (Y%e 22= & [ .
25m N I
, . LA -
. RN
\“ »
Sl o~
i
PN
\‘/a“_/‘-
\! weres)
W ~
25 ' TN
— . —a8 g . . —s a5 Tofet Sgrtcte voume -
! ; 2
e - 3(aS), che e somx 0% S e
- 3 -
i (m-str) g 2%m P
25N . 25 A
. 25m “
,
i) 24 75 Ta <

W
"

Fig. 1. Salimty, light scattering at 45°, and total particle volume at 0- and 25-m depth off the Oregon-Washington coast
during November (973.

Large gradients of temperature, salinity, and deasity are
generaily accompanied by large gradients in particle and opti-
cal properties, as the hydrographic differences coastitute dif-
ferent biological climates. The inorganic particle component
is also likely to be different due to the different histories ot the
water masses.

A anumber of researchers have published data from regions
where froats are common (for example. Gibbs [1974], Amazon
River outflow: Kuilenberg [1974), West African upwelling re-
gion). Zaneveld et ai. [1969] have reported an observation of
optical properties at a froat obtained by towing a beam trans-
missometer across the front. Pak and Zaneveld (1974, have
used optical properties to study frontogenesis in the eastern
Pacific Ocean.

First, we will consider a {ront during a period when biologt-
cal activity is minimal. so that the only nonconservative tea-
ture of the particle dynamics 18 settling. Such a front occurs at
the edge of the Columbia River plume w1 the wunter. Fronts
associated with large biological actuivities display more com-
plicated opucal and particle parameter distributions than the

front associated with the Columbia River plume i wunter.
Such biotogically active froats occur at those locauons where
a large densuy gradient 1s accompanied by a nutnent gradi-
ent. In this paper, we will discuss two such fronts. The first 1s a
front associated with coastal upwetling o the Oregon coast.
The second is the equatonai froat found un the eastern Pacific.

THE COLUMBIA RIVER PLUME FRONT

Figures ta-1/ show distributions of :hree parameters associ-
ated with the Columbia River !roat. [n the wunter and 1ail
(these data were taken duning November 1973) the nearshore
current 1s toward the north. The {resh ana parucle nch nver
water forms a strong salinuty and opticai tront near the nver
mouth (Figures la. (6. and t¢). The optical properues, for ex-
ample light scattening at 35°. 3(45°), at the surtace shows the
offshore boundary ot the plume to be virtuaily 1dentical :o
that defined by the salinity distribution at the surtace. The to-
tal particle volume shows a sumilar distribution. The river wa-
ter mixes with the ocean water as (t ‘ravels north. and hence
the froat 1s weakened. The opucal ind parucie froats at the
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surface 30 not weaken more rapidly :han the salinity front.
a0r (s there any evidence of settling is there s no appareat
aorth-south gradient of light scaltenng or paricle volume -
side of the river plume. Over a distancs of some 50 km along
:he plume :he opucal and particle properties at ihe surface
thus behave 1 a comservative manner.

The subsurface tronr (Figures la. le. and 17) preseats dif-
ferent {eatures. At 25-m depth the salinuy tand heace density)
‘ront 15 much weaker than at the surface. whereas the dpucal
and particie (ronts ire stronger than at the surface. The much
‘ess Jense nver water iends (0 stay it the surrace. whereas a
fraction of the particulate matter tends to settie. This sorung
af paructes must occur already wn the aver mouth uself, as no
{urther evidence of settling (reduction of parucle concentra-
uon wn 3 poleward Jirection iloag the axs of the river plume)
15 present. [n addicon. bottom nepheiotd layers could contrib-
ute to the particle concentration at 25-m depth since the water
depth 1n this region is approximately 25-30 m. The weather
and water conditions Jo not vary a great deal meridionally in
the area of study, so that the bottom nepheloid laver ia this re-
3100 does not vary to a large extent within the plume (about
90 km along the Washington coast). Thus the high particle
concentratton under the Columbta River plume showa at the
25-m level may partly be drawn from river-borne particles
and parly from the bottom nepheloid layer generated by win-
ter storm activity. For 2 further discussion on the formauoa of
botiom nepheloid iavers along the Oregon coast. see Pak and
Zaneveid (1977).

The wndex of retraction of suspended particles were caicu-
lated using the method of Zaneveld and Pak [1973] (Figure 2).
The number plotted is (refative index of refraction ~1) X 100.
[t is seen that an :ndex of refraction gradient 2xists at the
front. The high index of refraction matenal in the plume 15
orobably suspended matter of termgenous vngwn. The ofshore

waters with 1 higher proporton of bioiogical maienal. have <
lower (ngex of refraction.

COASTaL UPWELLING FROANT

Stevenson 2r al [1974] and Mooers ¢r 2 (19751 Jescnibe 1
circuiation near the rront. Shoreward of :he ‘ront :ne Jow
consists of onshore dow over most of the water column. with
fast offshore dow wn 3 shallow surface laver. At 'he froat :he
fast offshore dow meets the lighter water mass and dows un-
der 1 offshore. Offshore of the troat. another upweiling cell
circulating i the same sense is found. A sunpler modei of
zonal circuiation is presented by Auver (1976 [a that case
only one cell s present and the froat s a surtace divergence. [t
is possible that both types of circulation exist. :he one ceif dur-
wng the height of an upwelling event. aad :ae¢ two ceil dunag
refaxauon. Little direct evideace for the omshore-off-shore
dow regime exists. and the opucai Jata can de parucularly
useful 1 such a case [Pak er al, 1970 Kitcnen 2t 30, 978).

We wil examine here the data from a cruise durng August
of 1974 od the Oregoa coast. The wind was weak 1ad vanable
(2-5 m/s) dunng the cruise, but wn the preceding week up-
welling favorable wwnds have been preseat. Some aspecis of
these data are discussed wx Kircnen et al [1978).

Figure 5 shows the light transmission at 600 am. :he iog log
slope of the cumuianve swze distnbution and “he temperature
for three consecunive transects taken 1t 43°N jautude from )
to 20 km offshore. The three consecutive (ransects were ‘aken
in less than 48 hours. 50 they show the temporai vanauons w
the zonal dow regime. [n adl three transects strong surface Jpo-
uical iand hence particle concentration) (ronts occur at 3-i2
«m offshore. Oniv wn the thurd transect :s :here evidence of 2
temperature {ront at the same location. At all rransects 1
strong thermocline s present as weil as a parucie maxumum
(indicated bv 1 transmissioa muumum) ihat, betweea 3 and
{3 km odshore. s lccated 2.5 m beneath the dottom of the
surtace mixed layer. coinciding with the thermocline. Figure 4
shows verucal prodles of s, and particie voiume caiculated
from transmission vaiues. The maxumum parucle conceatra-
1o occurs at the surtace wshore of the tront and at about 3-
m depth odshore of the froat. [t should further be noted :hat
the opuical surtace troat 15 associated with a large honzoatal
gradieat wn the slope of the parucle size distnbutioa. Siace
smail stopes wn parucie size distributions umply a refauve
abundance of large particles and vice versa. it is seen that the
particles shoreward of the froat are oa the average much
larger than those seaward of the froat. This is further demoa-
strated by the partcle size distnbutioas themselves (Figure 5).
Clearly. two types of size distnbutioas are present: (1) wshore
of the froat (at 3.7 km offshore) at |-m depth. the coaceatra-
tion of iarge particles is two orders of magnitude larger :han
ofshore of the front. {2) at 3-m depth the front :s not quite as
sharp. but aa order of magnitude separates the lacge parucie
concentration 3t - 4 and | 1.1 km ofshore.

Nutnent and chlorophyvll a data taken it the same ume as
the data s Figure 3d show that there is a {arge cveriap un the
regron of high chlorophvll conceatration near the coast and
the region of low slopes ot the cumulauve size Jistnbution.

Zoopiankion hiomass determinations were made thres davs
prior (0 the data displayed on Figure 3a. The ume Jiference
15 large 1 a region of hugh vanabdity. but it was aoted that the
zooplankton Domass s highest wa regroas of ugh chiorophvil

v AR ey
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Fig. 3. Transmission. log-iog siopes of :he particle uze tusiograms aad :emperature of four Onsecutive transects at
\

45°00'N latutude off :he Oregon coast.
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and particle conceatration. The offshore aear-surface water
had 2 orders of magnitude less zooplankion biomass than the
near-shore near-surface water.

It is geperally assumed [ Mooers er al., 1978} that upwelling
wtroduces autrieat nch water wto the euphotic zone near-
shore. permicting rapid growth of phytoplankton. The size dis-
tributions (Figure 5) shows that these wishore plankton coasist
of a relatively (arge aumber of larger planktoa (log-log slopes
are less than 3.0). Offshore of the troat the surface waters are
poorer in autrieats and coatawn few parucles. Thus the par-
ucle distributton suppocts the phytoplanktoa growth condi-
uons across the front. At the thermochine there 1s stdl eaough
light 1o permit growth. and autrients are also present although
in smail quantity. These nutneats reach the thermocline by
means of upward didusion from the autrient rich deep water.
The thermocline is a stabie environmest wz waich parucle
residence umes can be large and wn which autrients and sun-
light are available. Hence 3 vertcal particle maximum is pres-
ent at the thermocline offshore of the troat. An unportany re-
sult is the distinctly different size distributions wnshore and
ofdshore of the front. While the aumbers of small particles on
either side of the troat are of the same order of magnitude, the
number of large particles differ by :wo orders of magnitude.
Abundance of the layer particie tashore of the froat is coasis-

tent with favorable grow conditons for phyvtoplankion. which
owes 10 nutrient supply associated with upwelling. Thus :he
{ront separates Jisunct molegicai savuonments which are
manifesied tn opucal nd particie charactensucs.

ENUATORIAL FRONT

The front of the zastern equatonai Pacudc has deen le-
scnoed by Wyrtki [1966], Wooster [1969]. Stevenson ot 1l
[1970), and Pak and Zaneveld [1974]. The roat s 1 per-
manent. shallow feature contined to the upper {30 m. The lo-
cation vanes seasonally. The froat 1s probabiyv reiated 0 up-
welling in the equatonal undercurrent :Cromwell Current).
Near the Galapagos [slands the froat 5 ipproximately on-
ented un a zonal durecuon.

The equatorial froat is sumilar to the upwelling froat off Or-
¢goa w that a colder, nutrieat nch water mass is adiacent 0 a
warmer. nutrient poor water mass ( Figures 6a-64). The resuit-
ant distnbutiona of opucal properties s dussumular to that off
Oregoa (Figure 7a). Whereas wa the coastal upweiling Iroat
the maximum ught scattering 1nd munumum (TagsMisson oc-
curred wn the cold. nutnieat nch water. w the equatonal !roat
region. the light scartering maxumum appears 10 oceur oa the
autnent nch side of the froatai zone :tseif. This observatioa s
supported by the parucie coaceatranon data Figure Th) A
companson betweea the (wo f{roatai regrons shouid not be
carned (00 far as the scales are completely aiuferent. the equa-
tonal {roatal zone being tens of kUometers wide. A stuay of
the parucle size distnbutions shows a weak wmndicanon of 2
band of larger average particle size ac the froat.

DISCUSSION AND CONCLUSIONS

[f we define an oceanic front as the boundary between two
water masses. then this troat wiil w aeariyv ail cases aiso be 2
bouadary of optical and particulate matcter properties. Differ-
eat water masses are wnfiuenced by difereat sources of w-
organic materials. Most umportantly. suace the hvdrographic
and chemical properties of two water masses must be Jufer-
ent. their oceanic climates must be duferent as weil. As a re-
sult, the Jora and fauna w each water mass shouid aiso be du-
ferent.
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A small change w the dissolved chemicais (qutrieats) can
have a large edect on the biological nature of a water mass.
Smail chemical or hydrographic differences can thus lead 0
large differences in optical and particulate matter properties.
In such a case, optical properties would be sxtremely useful
for the study of froats.

The froatal zone uself can provide a unique bioiogical ¢avi-
ronmeat. [n 2 boundary zone between a autrient rich coid and
a gutrient poor warm water mass, the water may suil be warm
enough and also coatain eaough autrieats for a plankton spe-
cies from the warm water mass to bioom. [n such a case the

Horizontal distributions of T{°C), 5(%e), 3., and mutrate iug 17') 1n :he sea surtace.

front ts marked by optical and parucie propertes that difer
from the two adjacent water masses.

[nterestingly, none of the data presented here shows any di-
rect effect of settling. Figure lc shows a particle and scattering
maximum near the bottom. but this maxumum does aot -
crease to the north. Furthermore. paructe size data show that
the average size of the particies w thus near-bottom maxunum
is smaller than in the surface particle maxumum. Thewr wdex
of refracuon, however, s larger. This seems (0 indicate :hat
smaller but opucally more dense tand hence probably also
possessing a higher specific gravity) parucles settle out almost

28 ] 4N
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unmediately. The opticaily less dense. but larger parucies stay
at the surface. [n the time requured to carry the partcles some
90 km to the north (oa the order of several days) a0 signifi-
cant settling from the surface layer can be detected. nor do
any blooms occur. The distribution of optical properties at the
Columbia River front is thus governed by northward advec-
tion. The zonal gradients of light scattering and particie coa-
centration at the western edge of the plume become smaller
due to diffusion as the materiais in the plume are transported
to the north. At 25-m depth the optical gradients at the froat
are larger than the hydrographic ones as much of the particu-
late load of the river Jows out near the bottom, whereas the
less dense nver water stays aear the surface. As meationed be-
fore these particles may also be related (o a bottom nepheloid
layer. The contnbution of bottom erosion to the plume s

— 40N

6¢

smail as the offshore boundary of :the particle nch water s
well defined and the outer bouadary of the bottom aephelod
layer is usually not sharply defined (Pak and Zaneveid, i977).
The zounai gradieats at the optical froat are determined by
lateral muxing as the curreat carmes the riverine parucies
aorthward. Biological eveats and settling do oot appear to
have much iaflueace except in the vicianty of the nver mouth.
[t 15 of interest 10 speculate whether the observed distnbu-
tions tn the coastal upweiling regime tend o support the
single- or two-celled zonal circulation modeis. [a the absence
of meridional vanatioas the observations do aot suppor the
single-cell model as there would be no source for the clear sur-
face water offshore of the froat. The double-cell modei might
apply if the clear surtace water otfshore of the front consu-
tutes a cell. it 1s much more likely that the observed distnbu-
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Fig. Ta

Fig. 7. Honzoatal distnbuuon of total volume concentrauon of suspended parucies. volume scattening runction at 45°,
£(45°), and A. one of the parameters in the expoaential particle size distnnbucioa Ve~ '“, (n :he sea surtace.

tions are not the result of the oae- or two-celi circulation mod-
eis but of the circulation during and after an upweiling event
(Halpern, 1976},

Dunng an upweiling event rapid near-surface offshore ow
is present while nutrients are brought to the surface. This re-
sults in hiugh producuiviy with the maximum concomitant
with the equator surface jet (L. Small, personal communica-
uon). During relaxation of the upwelling event the biomass
maxumum moves nishore. Since our observations were made
duynng weak winds foilowing strong northwest winds. it is
likely that the observations represeat the distnbution of par-
ticulate matter and optics duting relaxation of an upweiling
eveat. Our observations woud then support Halpern's [1976]

wterpretationa of an upwelling event and subsequent retaxa-
tion and the associated biotogical processes a5 descnbed dv
L. Small (personal communicatuon). The opucal troat s thus
the outer boundary ot the shoreward transported bromass pro-
duced earfier duning an upweiling event.

The tongue ot turbtd water at the thermocline ofshore of
the froat (depth s about 10 m from 3 to 15 km offshore. see
Figure 3) is of considerable waterest. as the data contradict 2ar-
lier interpretations ot such features. One usually assumes that
such a tongue of turbid water indicates advection of the turbd
water along an isopycnal or sett{ing ot particies rrom the sur-
face layer i1nd subsequent :rappiog at the maximum Jeasity
gradient. The optics and temperature data would tead 0 sup-
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Fig. ¢

port that conteauion. The particle size distribution data (Fig-
ure 3) shows, however, that the particle maximum 1w the
thermocline ofdshore is different from that inshore of the
froat. This does oot unply that advection at the depth of the
thermocline is nonexisteat. Since the nature of the partcles is
different at either side of the front simple advection cannot ex-
plain the maxunum. [t is possible that advection exists but
that the phytoplankton are consumed by zooplankion at the
same rate as the advection. [n a sense the thermocline is a ver-
tical front, separating cold nutrient rich water and warm au-
trient poor water. Such a situation can give rise to an optical
‘amplification’ of the boundary, by means of phytoplankton
growth. [n this case, as the boundary is horizontal, sufficient
sualight must penetrate also. The maximum 15 probably not
the result of settling of particles into a deasity gradieat, as the
westward current is strong eaough to transport the particles
out of the region before the nearly neutrally buoyant phyto-
plankton can settle to the thermocline.

The strong vertical deasity gradieat is a region of large sta-
bility and hence minimal vertical mixing. The particles gener-
ated tn that region by a biological process will not rapidly dis-
perse by vertical mixing, so that the weak mixing of the
thermocline does coatribute to the verticai particle maximum.

The particle maxumum at about [0-m depth (the top of the
thermocline) is due to growth of phytoplankion in the upper
thermocline region where sutficient daylight penetrates and
where sufficient autnents are availabie via upward diffusion.
The population can mauntain itself as vertical mixing is a mia-
imum. Haipern [1976] shows that the rapid offshore dow dur-
ing an upwelling event occurs down (o about |5 m. The of-
shore extent of the particle maximum at the thermocline 13
thus only weakly influenced by the upwelling event in con-
trast with the wnshore surface maximum.

A feature sumilar to the thermocline particle maximum can
be observed in the equatonal front. Since the troat is several
tens of kilometers wide w this case, the residence tume s long
enough to permit particie concentrations wa the troat of two (0
three uumes those outside of the froatal zoae. The parucies

the front tend to be larger than those outside (Figure “c¢). [t s
likely that the parucle volume maxunum near the Galapagos
Islands is related to terrigenous particies watroduced by cur-
rent wnteraction with the tslands (for a discussion of the unter-
action of the curreat structure of :he Galapagos [slands. see
Pak and Zaneveid {1973)).

It can be concluded that the optical and particulate matter
distributioans at ocean froats are the result of three major proc-
esses: (1) advection of inorganic matter. termgenous w ongn
to the front; (2) advecuoa of biological matenals (plankion
and detritus) to the froat: and (3) gemeratioa of particuiate
matter by biological processes ia the front itseif.
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Optical properties of turbidity standards

J. Ronaid V. Zaneveid, Richard W. Spinrad, Robert Bartz
School of Oceanography, Oregon State University
Corvallis. Qregon 37331

Abstract

Measurements of light scattaring and light attenuation were made ‘or suspensions of
formazin and diatomaceous earth. Light scattering was measured for lignt of wavelengtn
532.8 nm at angles from 3.1° to 1.0° and for light of wavelengtns 430, 300, 55GC, 630, 530,
ind 700 nm at d45°, Light attenuation was measured aver 3 25 ¢m oathlength for lignht of
860 nm. Tnese measurements were made for suspensions wnich viaried from 2 to 40 Jacksan
Turpidizy Units of Farmazin and O to 30 mg/! of diatomacaous =2arth. The resul?ts indicacte
*he necessity for multiole optical measurements for determinations of turbidity of water.
In addition %he ctaoles and curves presented may be used in the calihration 37 light scact-
taring metars and transmissometers wnich are ysed for turpidity studies.

{ntroduction

tmpnasis on the monitoring of anvironmental narametars nad l1ed =9 tnhe nead for a peczar
metnod of quantifying the tuyrbidity of water., (ertain standards nave deen usad in the 2Jast
as indicators of turbidity. Specifically, formazin and diatomaceous 23arth are the mos:
common substances used for turhidity calibrations!»? Thase substances iars usea Hecause oF
the availapility, 2ase of preparation and raproducibility of calibration results. In che
resedarch gJgescribed Aersin transmissian measurements wer2 made w~ith 'ignt of wavelangtn 3560
nm in various cancentrations of formazin in water and diatomacaous aar<h in w~ater. in

addition, volume scattaring functions were measured at near-faorward anglias ana at 45° “ar

both substancas in varigus concentrations. The scattaring measurements w~er2 made witn lignt
of wavelangth 632.3 nm for the n~-r-forward measurements and 530 nam for tne 13° measure-
ments. In addition measuremants «ere made of the volume scattaring Sunction at 137 “or

~aveiengths of 400, 450, 500, 600, 450, and 700 am far both substancas. Parsicia size
analyses w~ere made using a Coultar Countar.

The gpticzal properties descrided 3dbove are innerent propertias wnich 30 not change witn
changes in the radianca distribution3. Within a water sample lignt may ne atsanuatad oy
absorption and/or scattering. The attanuation coefficiant, ¢, “hersfare ragresents <%ne
ratio of rtne radiant flux lost from a Seam of infinjsesimai widtn o the inciden: Flux ana
divided 2y zhe thickness of the layer 2af the medium through whicn the beam is 32assing.
Also,

c 2 a *2
where 31 i35 <ne absorotion coefficient and b 15 the scattering coefficient, 2acn 2efined
simitarly to 2 but reoresenting only absorotion or scattering, ~aspectively. The unils OF
a3, 5 and ¢ 1re 7', The fraction of light <ransmitted througn 3 2athliengsh » (in meters,
is retated o0 : as fallows:

T a g-CT

The volume scattering function, 339)' is defined as the radiant intensity {w~atts/
staradians; from a volume alement I{md) in 3 given direction, (3) per unit of irradiance

‘watts/m¢) and per unit volume:
L di(s
s0) = 4

wnere [{3] = radiant intensity scatterad at angie 2 ~miative =0 Zhe Mal" seam
£ = irradiance
v s volume

in addition, Austin® has snown that

31(3) =

- o
O e

~p——
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wnere P5 fs the power of light incident an :the samole volume; Ps ‘5 tne Jower
ieaving the volume at 2ngle 3 from the main 3eam; . is the langtn 3f =he /oiume along =ne
direction of propagation of unscattered lignt; and 2 is tne solid angles in%o wn12n tne “ignt
is scattered.

The volume scattering function, 3(3), and the scattering coefficiant, 3, are ralatad as
follows:

L4
b =2 [ 3(3) sinsde
0

Measurements of T, ¢, b for forward angle scattering, and 3(45°) were made ia the re-
rese@arch described herein,

The measurements of “ransmission and scattering were made in order to Quantify the opti-
cal properties of tyrbidity standards. The need for such a guantification was empnasizea oy
Austin® and Freeman3. B8y accurately determining the optical properties of turdbidity stan-
dards intercalibration of optical aquipment can be simplified and standardized. The results
of this work supply an easily reproducible calibration procedure for light transmission and
Tight scattering measurements. Aftar calibrating a transmissometer or a 'ignt scattering
mecter using a formazin or liatomaceous earth suspension as ~as d0ne in this researcn a w~ater
sample may bde tested for transmission or light scattering. The results can then 2de compared
to a concentration of formazin or diatomacecus =ar<h that Jives =he same Cransmission or
iight scactering value. [n this way all water samples could be zompared %o iniversal sctan-
dards of transmission and scattaring. No single measurement is sufficiant to identify any
w4ater mass. Givbs’ and Austin® stress the importance of using many types of Jotical! 7ea-
surements t0 identify 2 watar mass. Water masses containing different types of oarticles
may have nearly identical transmission propertiesd3. For this reason, various scattering
and transmission measurements were made on the turdidity standards used in zhis work.

cxperimental Procedyrs

The measuraements af lignt transmission wers made with 2 25 <m pathlength peam <rans-
missometar 3s described by 3artz, et al.?., [: operatas at i wavelang:n af 380 am. Zonsa-
quently, affacts of yellow mattar (or dissolved humic acids and dy-oroduces dof >iological
activity) in the watar will not be seen in the data obtained since the attanuation of 360 am
light Dy yellow mattar is negligible3. The attenuation detected by the beam fransmisso-
meter is due only to absorption ana scattering of light oy narticles in the w~atar and the
water itself. The use of a 1/4 m pathlength termits measurements of transmission 9f light
in samples having very nhigh attenuation coefficients. Concentrations of “ormazin w~ere mixed
4sing the method as described in Standard Methods far zhe Zxamination of Aater and wWasta-
watari. The concentrations usad TOr the transmission and 45° scatcering measdremencs wera

, 0.25, 9.3, 9.75, 1.0, 1.5, 2, 3, 5, 12, 24, and 30 Jackson Turpidirty dJdnifts .JTU}.

A concentration of 400 JTU was obtainad by mixing 3 mi of a 1% (by weight, nyarazine sul-
fate solution with 5 mi of a 10% (by weight) solution of nexametnylenetetramine ang 30 ml
4iitilled water. Different concentrations (i.e., JTU's) were obtainea 5y 1:'uting the 200
T samole with distiiled water. The diatomaceous 2arth was mixed to abtain i1dent cal <on-
centrations based on the fact that Jackson Turvidilty YUnits are aguivalent to Jarts der
million silica (diatomaceous earth)?., Replicate measurements of attanuation and scatsiering
were made for each concentration of each substance. 7o test the reproducibility of che
results two separate batches of both the formazin and diatomaceous earth suspensions were
used for the experiment.

Measurements of light scattering were taken at the same time as the transmission Jetar-
minations. Light scattered at 35° was measurad using a 3rice-Phoenix lignt scafttering
photometard. Measurements were made for light of wavelength 650 am for eaca 23ncantration
of formazin and diatomaceous earth. In addition, light scattering measurements w~ers made 3%
400, 450, 500, 550, 500, 830, and 700 am for an arbitrary concentration of 2ac¢n 2% the 2wo
substances. This w~as done to de:ermine the gualitative variation af tne s/olume scattering
function with wavelangth for tne formazin and diatomaceous 2arth,

Jsing the narrow angle scattering meter and method as sescribed by Soinrag, 2
measurements of the volume scattering function at angl!as bertween {.!° and 1.37 w
3 number of concentrations of the formazin and d4iatomacaous 2arth suspensions.
cally, near-forward angle volume scattering functions were daetermined for “3yrma:z’n :z3yncen-
trations of 3.5, 1, 2, 3, 5§ and 12 JTY and for diatomaceous earsin concentrasigns <3rres-.
ponding to 2.5, 1, 2, 3 and 12 JTU. These concentrations were Jsed since -hey 23rav:ied the
Jest signal-co-noise ratio ‘n tne cutdut of tne narrow ingle scattering meter .lwer z3ncan-
trations produca very (ittla scattared lignt and nigner concentratiang ~3duce o7e T3:" zean
rafarence 1ight tQ an 2xtremeiy low value. Measurements 2% zhe agar-forwdrd /0iime scac-
tering *function are important For correcting errors in Iransmission 4etarmMindI INS wnicn are

v .t
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OPTICAL PROPERTIES OF TURBIDITY STANOARDS

caused Dy forward scattared light.
Rasults and Jdiscussion

and Figure 1 foar 30tn

The rasults of the transmission 2xperiment are snown :n Tan.2
T, s measured, is converczead

tne formazin ind the Jiatomaceous 2artn. The trinsmission,
into a beam attenuation coefficient, ¢, as follows:

T = a”c¢r

where r = optical nathlength (0.25 m in this case)
Ty
1

¢ attanuation coefficient (in units of m

therefore ¢ = -4 1n T

TABLE I
3(45%) - 3(35%) iter
- fm] . R
C - Chater M ) T srar
Jacksan
Turbidity Corrected for Standard Standard
Units Mean Farward Scatter Jeviation Mean Jeviation
Diatomaceogus Earth
J 9 9 ! 2
.25 .1040 .0134 .00519 .20082
.3 . 1967 .3258 .2199 L0724 .20130
.75 . 28290 .0068 L0141 .26209
1 .3692 .9263 .0208 .01943 .00030
1.3 .5598 .2363 .23020 .00315
2 .7062 1.364 .3028 .0391Q L2112
3 i.963 3.064 .2248 .06480 .00967
5 2.131 .3213 L1097 .31524
12 4.289 3.348 .3976 . 24367 .35036
24 3.355 L1527 .42947 .00325
10 13.32 .3889 1.0855 .12780
Formazin
0 0 0 J 0
.25 L1121 .Q048 .30972 .J00¢s1
.3 L2203 .2626 .3007 .01811 L0
.73 . 3289 .9053 .02323 .00123
1 .4340 .3070 .0092 .J330860 .30077
1.5 .6485 .0099 .05464 .30092
2 .8681 1.019 .9158 .07208 .00204
3 1.2973 1.748 .0230 . 10688 .J0459
) 2.5950 3.398 .0386 .20920 L0118
12 §.2340 6.154 L0915 .486156 .21389
24 10.2533 L1172 1.07629 .02899
40 16.4300 L1735 2.04907 .07750

The term c, represents the beam attenuation coefficient of claan water {0 JTU or 0 !
of sitica). Since we are interested only in the ootical sroperties of the formazin and
the diazomacaous 2arth ¢, is subtracted from the value of ¢ 45 obtained from the :irans-
migsion 4datca.

The beam transmissometer has an accaptance nalf-angle of 1.35° in water. This means
tnat any light that is scattered w~tthin 1.35° of the main deam wiil Je Jetected Jy the
ingtrument and will be deemed to Ye unattenuated light., "o :orrect far this narraw ingle
scattering results are used as follows:

The total scattered lignt within an angle, 1, from tne ma:n dedam {s given Dy
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2
be ® 21 ;33 sinada
d

wnare 3(3) is the volume scattering function iana is apgproximateis constant :n <ne
near-fgorward region:-.

Therefore,

b3 E

be = 273(3) [ sinede 4
o

1

= 273(3) {1 - cosa)

The transmission, s measured wil! include this scattered light.

So,

Tmeasured
and

‘theoretica)

Therefore,

T . =T 270
theoratical neasyred”
Qr
exo(-ctr) = exo(-c,r) axo(-2r3(3) (1 - cosa)) ?
shere ¢, and ¢, are tha theoretical! and measured atsenuat:ian coefsiciants, ~asdec- i
tively. - '
For r = 0.25 m, this yields, '
3
Ce ® Cp ” 8rii2) {1 - cosa) ;
In Table [ ¢y is listed as (¢ - ¢cy) and ce¢ is listed as (¢ - Cy) corracted faor “orward {
scattear. The rasylts as snown in Figure 1 demgnsctrate the 9Jbvigus difar2nces in trans- !
nission vs. concentration Setween formazin and diatomaceous earth. Zorracted deam 3attan-
yation coefficient values are consistently higner for the diatomaceous =2artz. That s, 3
concentration ‘ia terms of JTU's) of Ziatomaceous eartn will transmit lass iignt tnan :Ine
same concantration of formazin since the amount of forward 3scattered lign: -5 diff2rant o~
each. The siope of the farmazin curve cnanges lass <nan tne s'ooe of the zurve for aia-
tomaceous aarth when corrections for forward scat=ering are made. Tais 15 due 10 tne fac:
that the diatomacaous earth suspension has a larger mean 2articia size than tne Farmazina
3 -l

Large particles scatter much more light at near-forward angles than do smaller darticies.
Thig is shown by the mean values of the near-forward angle volume scattering functians °n
Table [l. Mean particle diameters are 1.35 um for the formazin and 3.75 .m for the 1fa-
tomaceous eartnhn. The scattaring at near-farward anglas is consistently higher For tne
diatomaceous earth samples.

TABLE I
n Mean Near-Forward Yolume Scattering Func::an44m"s:e*l:
JTY or tﬂ Silica Jiatomaceous zarth Formazin

2.5 18.51 5.067
k 1.0 73.36 13.47
i 2.0 122.9 21.81 3
: 3.9 _ 286.3 §4.1°
§ 5.0 115.0

12.9 533.5 231.2
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JPTICAL PROPEATIES OF TURBIOITY STANOARDS

Figure 2 shows tne variaticn af scattering at 43° 530 am) «i:n concentration of 2acn susoension. The
scattering values of sure water ‘0 JTU or 3 «& 51713, nave Deen sudtracied 0 ye’a sniy ine Jarsiculata
scattering. 3cattering vaiues Jf Ine “ormazin ire ilways 1igner <nan ncs2 SF 2iatomacaous 2arn a3t 430
anereas tne size distridution cetarmined the 1ifferent curvas 27 1ear-7orward scatter'ng tne reiattye
ingices of refraczion [0 water! I0u’d Se MOre impOrTant ‘n letarmining tre 1 ¥ferent s.gpes T ne /0. .ume
scattering fynctigns at 45°. S~om Figure 2 't would saem -hat tne :ncdex Jf refraction 3F <ne “ormazin -
nigher tnan zhat af “he 1iatomaceous 2artn. fGenerallv, 1 51ze Jistribution 37 3 singie mater'ai «1:! s¢
tar more at 15 the higher its incex of refraction !s--.:2. “or near-forward angie scattersng narzicia2
size is generally more imoortant <nan index of refraction in detarmining the volume scattaring “unction.
Jsing a metnod as described by Wooaward:® it is ‘ound tnat multiple 'ignt scattering wouid not Je axper--
mentally detectable {ar Teast 10% nigner than single scactering values) until the concentration :s 2pprox:-
mately 30 JTU aor 40 ﬁﬂ". This is apparent in Figure 2 as tne !‘nearity of the curves disappears it some
concantration detween 24 JTU and 40 JTU.

3
atT-

The qualitative variation of light scattered at 15% with wavelength For formazin and diatomaceous 2arth
is shown in Table [I{ and Figures 3 and 3. Arbitrary concentrations [of approximately 1.0 to 3.3 JTU) of
2ach suspension were ysed %o determine tne wavelength dependence of 3catiaring <or 2acn sudstance. ~he
results indicate a ! dependence of scattering for doth the formazin and the diatomaceous 2arth. This
clearly shows that neither of the two samples is colloidal since a colloid w~ould be 3 Rayleign scattarer
with 3 2% scattering dependenca. 3oth formazin and diatomaceous earth are suspensions in wnich rhe
scattaring Dy particles larger than the waveiength psredominatas. “orel-3 nas shown tne :-- deoenaence “or
scattering by parcicle suspensions.

TABLE [1iI

Spectral Scattering of Tormazin

i onm 3(45) m"ster'I
400 3.3637¢
450 0.04355
500 3.33297
350 9.02858
530 0.02447
830 3.22203
700 2.21837

Spectral Scattering of Dratomacaous Zar<n

1

1

A nm 3(45; 7 'ster
400 0.206802
459 0.16Q33
500 2.12753
550 3.71'58
500 2.096338
530 3.97542
700 0.35649
Conclusions

The use of JTU's as indicators of turdidity has been questioned?-“-3-1%.  Callaway, et 3:.3 nave demon-
strated that water samples naving identical particle concentrations may display very different iight atlen-
uation coefficients. This has been demonstrated here for two commonly used turbidity references. Jbviously,
the use of the Jackson Turdidity Unit is inadequate %o define zhe optical prooerties of a sarticular ~atar
mass. The JTY can, however, be iaccturately used 23S an indicator of 3 particle concentration.

The tables ind curves oresented in this paper suppiy information that allows the caliprat:ion of Seam
transmissometers (at 560 nm) and light scattering pnotometers (at 550 nmj using common, w~eil-testeq cur-
2idity standards. The ¢naracteristics of the particular instruments [sucn 1§ acceotance ingies) muset Se
known :t0 maxe use of the information contained herein,

[t is important <0 emphasize that :the resyits obtained here show very :learly that a0 single optica’
measurement is surficient to define a wacer mass. Measurements of cransmission ilone ar scattering aione
do not define turdidity. The single concept of turbidity is Dest replaced dy a matr x of parametars
including transmission and scattering (both near-forward and it large angles).
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figure Captions

Fig. 1. Beam attenuation coefficient, ¢, versus particle concentration {:n JTU “or :ne “ormazin an¢ 24
for the diatomaceous earth). Plots are for formazin corrected for “orward scattared 'ight °©
(voven ), diatomaceous 2ar%h corrected for forward scattered light ¢ -.- -.;, “ormazin uncorrectaq
(-=-==) and diatomaceous ear%h uncorrectad {—!,

Fig. 2 Volume scattering function at 457, 3(33)}, versus sarsicle concantration 'in [T for the “ormazin
and %ﬂ for the diatomaceous 2arth) “or formazin '----! and diatomaceous 2arth

Fig. 3. olume scattering function at 457, 3{4S), yersus wavelengtn, -, 3f ‘ncrzent ":grt “ar ‘ormazen
sampie. Line corresponds to 2(45) = 38 .=+ . 13.2401.

Fig. 1. ‘folume scattering functfon at 45°,

31(45), versus waveiengtn, .. 3f 'nctdent 1°gnt “sr 272%0maceous
sarth samolie. Line corresgonds 20 3(

4
4

5
45, = 132.36 -7 - J.1272.
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Productivity, sedimentation rate, and sedimentary organic
matter in the oceans—I. Organic carbon preservation

P. J. MCLLER” and E. ScCEssT
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Abstract—Companson of rates of accumuiauon of organic carbon 1 surlace marne sediments {rom
the central North Pacific, the conunentai marzins oif northwest Alrica. nocthwest and southwest
Amenca. the Argenune Basin, ind :he western 3aitic Sea with primary jroduction rates suggests
:hat the fraction of pnmary producsd organic carbon preserved n ihe sediments :s Jniversauly
related (0 the buik sedimentation rate. Accordingly. iess ‘han 0.01°%;, of :he pnmary proguciion
becomes {ossilized in slowly accumuiaung pelagic sediments (2 to 6 mm (1000 v1™*] of the Centrai
Paaific. 0.1 0 2%, in moderatety rapidly accumulaung [2 to ] om 11000 y1~'] hemupelagic
sediments off northwest Affnica, northwest America (Oregon) 20d southeast America (Argentnal,
and [l to 18% in rapidly accumuiatiag (66 to 140 cm (1000 vi~'] hemipeiagic sediments o
southwest America (Peru) and in the Baitic Sea.
The empincal expression:

0.0030- R §7°
.l -

impties that the sedimentary organic carbon content (7, Org-C) doubies with each (0O-foid increase
in sedimentation rate ($). assuming that other factors remain constant : r.e., pnmary producion (R),
sorosity () and sediment density (p,). This expression aiso predicts the sedimentary organic ardon
sontent {rom cthe primary production cate. sedimentation rate, dry densuy of soiids, ind their
sorosity . It may be used 0 estimate pateoproductivity is weil. Appiyng ‘his refationsnip 0 2
sediment core from the continental nse ol northwest Airica 'Spanish 3anara) suggests that
productivity there during intergiaciai oxygen sotope stages | and 3 was about the same 1s wday
out was higher Dy a ‘actor of 2 (0 5 dunng giacial stages 2. 3. and 6.

% Org-C =

INTRODUCTION

IT 15 A charactenstic {eature of many hemipelagic sediments. accumulaung fast 2aough to
cesolve the ast glacial and interglacial periods. that glacial secuons contain considerably
more organic matter than intergiacial sections. Such a distribution has been Jescnibed for
sediments {rom the northwest African continental margin (MUULER, [97%a, 5: HARTMANN,
MCLLER, SUESS and vaN DER WEUDEN, 1976), the Argentine Basin (STEVENsON and CHENG.
1972) and apparendy is true also for South [ndian continental slope sediments | MARCHIG,
1972), as shown by HaRTMANN er al. (1976).

As an exampie, Fig. 1(a) shows organic carbon Huctuations in 2 sediment core {rom the
nocthwest Alrican continental margin at a water depth of 2375 m. The oxvgen :sotope
stratigraphy (Fig. 1d) for the core s that determined by SHACKLETON (1977} 1see also
THigpe, 1977 Suess, THIEDE and MULLER. 1978). Accordingiy it penetrates the past
140.000-vear record and shows low orgamic matter contents in sediments deposited Juring

* Geoiogisch-Paldontologisches [nstitut der U mversuae Kiel. Olshausenstr. 4)5). D-1300 K ei. £ R.G.
* S¢nooi of Oceanograohy, Oregon State Uaversity, Corvallis. OR 97131, U.5.A.
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Fig. L Organic carbon and total nitrogen disinbuuon i core 1239321 irom the continentai rise off
Spanisih Sanara. aiter SUESS ¢t af.. (978 (for stauon dawa see Tabdile |;: 3xvgen 1s0(0pe siraugrapny
from SHACKLETON (1977%; CFB = Carbonate iree basis.

interglaciai stages | and 5 but higher concentrations by factors of 3 10 7) in sediments
deposited during glacial stages 2. 3 and 6.

The vanadons of major constituents n this core, t.e., caicium carbonate and to a lesser
axtent quartz (Suess er al., [978), which act as dilutents of orgamic matter, are not large
anough to account for the cyclic organic matter distribution. Therefore. the relative organic
carbon fluctuations remain the same when caiculated on a carbonate-free basis (Fig. lc).
Similarly, variations in grain sizs composition (CHAMLEY. DIESTER-Haass and LanGe, 1977)
are smaller than the organic matter uctuations, thus excluding a textural control. There s
aiso no evidencs that a significant fraction of the organic matter 1 the core ts Of non-manne
origin { Deayser, PsLET and DasTILLUNG. 1977) so that quite liksly the cyclic organic matter
distribution reflects changing primary production rates duaing glacial and nterglaciai umss
{with the exception of the relatvely cold and brief oxygen 1sotope stage 4 where no increase
in organic carbon contents was noted).

[t is a general feature of such cores with cyclic organic matter distributions that organic
rich sections coincide with increased buik sedimentation rates (STEVENSON and CHENG.
1972 HARTMANN et al., 1976): rapid sedimentation enhances the preservation of organic
matter. TotH and LErRMaN (1977) and Berner (1978) showed that the first-order reaction
rate constants for reduction of tnterstittal sulfate and producuon of intersatial ammonia
and phosphate are proportional to the second power of the sedimentation rate, suggesting
that increasing sedimentation rates favor the preservation of labtle organic substances.
Heat, Moore and DaupHin (1977) found that the organic carbon accumulation caies in
marine sediments are proportionai 1o the 1.4th power of the bulk sediment accumuiaton
rate points to the same phenomenoaq.

Hence the question is raised as to whetner the higher organic matier contents in giacial
sections of core 12392 (Fig. la. b) and similar cores are due to better preservation or higher
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tnput of organic matter (cf. HarT™aNN et ul., 1976). The purpose of the present study is 0
find a guantitatve relationship between primary production rates as reflected ov organic
matter input to sediments, sedimentation rates. and sedimentary organic carbon contents
as an answer 0 the above quesuon.

DATA SOURCES

This study is based on 26 analyses of surface sediments from Pacific Ocean. Atlantic
Qcean, and Baluc Sea regioas covering a wide range of sedimentary organic carbon
contents. sedimentation rates. and primary production rates of the surface waters. The
regions selected are thought to meet a basic requicement in that the major fraction of
accumulaung organic matter is of marine origin and thus retlects pnmary productvity. The
regions are the Central Pacific Ocean southeast of Hawaii. the continentai slopes oif
northwest Africa (Spamish Sahara), northwest America 1Oregon). southwest Amernca
{Peru), the Argentine Basin, and the Eckernforder Bay of the western Baitic Sea (Fig. 2).

Fig. 2. Principal areas of investigauon (for station daca see Tabie 1)

Geographic positions and water depths of all core locations are listed in Table |. Organic
carbon contents. sedimentation rates, and primary production rates were selected from the
pubiications listed in Table 2 after careful scrutiny of the various methods used :n
generating the data.

Assumptions were made with respect to the dry density of solids and porosity of the
sediments because in most cases only water contents were available as dJirec:
measurements. The mean dry density of !4 Holocene sediment sampies oif northwest Artica
is 2.71 g em ™} with a standard deviauon of 0.04 rafter KoGrer., University of Kiei,
unpublished data:. This value was used in calculauons {or all northwest Aincan seaiments.
A slightly lower value (2.6 g em ~?) was assumned for the carbonate-poor Argentune 3asin
and Baltic Sea sediments. Porosities of the above sediments were then calcuiated using :ne

S e RN 5

ey she £ maeort 47




1330 P. 1. M(LiER and E. Scess

Tabie |. Geographic positions and water depths of surrace sediments and core (2392-1 used :n s siudv. Cenzrai
Puciic station numoers correspona (0 origingi snipooard Jesignations V4Q5-dm(4, 14053493, 1408-1-13,
V40R-3-19. 408~ 1-36, V408-1-41 and V408-1-38 as used :n tne rererence cited

Water
Region Sanon Lacituge Longitude  depch (mi Reference
Northwest Afrca 12392-¢ 571N 16°S1'W 2578 SewoLo. 1972
12310-3 230N 18°33'W 3076 .
123274 23°08'N 17°34'W 2037
12328-4 209N 18°34'W 2798
123294 19°22N 19°56'W 3315
12336-1 16°14N 20°26'W 3645
123374 15°S8'N 18°07TW 3085
12347-1 15°5O'N [7°51'W 2710
12345-4 15729'N 7722w 966
{23343 15°26'N 17°00'W 71t "
" 13209-2 127N 20°03W 473 SEIBOLD and HINz. 1976
Argentine Basin V.135-141 45°9S 30°45'W 3934  STEVENSON and CHENG. 1572
" Ve15-142 454’ 51°3TW 5885 "
West Baiue 13947 S4°3N 10°04'E 28 WHITICAR. {978
. 13939 543N L0°04'E 28 .
. 12897 54°31I'N {0°02’E h] "
Central North 10127-2 13°42’N 151°39°'W 3686 SCHULTZE- WESTRLU M. 1973
Paaific 1015321 81N 148°57'W 5004 BEIERSDORF er al.. 1974
10140-1 915N 148°45'W BIEN “
101414 907N 148°4TW 5189
101451 00N 144°49¢W 1399
10147-1 3°50'N 145°02'W 3619
. 10175-1 919N 146°01'W 5164 "
Peru Margin 7706-39 11°t5'S TTSTW 186 This study
. 7706-36 {3°37'S TEIIW ;70 .
Oregon Margin 7610-8 44°36'N 126°20W 2060

expression ¢ BerRNER (1971):
Wp,

o1}
T Wo, s (1= Wpw

1)

where W = °, H,O (wet wt)/100; p, = dry density of solid sediment matenial (g cm ~3):
pw = density of intersutial water, taken o0 be 1.028 gem ~?

Porosities listed in brackets in Table 3 were estimated by comparison with sediments
from the same region and similar lithologes because water contents for these sampies wers
not available.

The dry density and porosity vaiues for the Central Pacific sediments were taken from
HarTMANN, KOGLER and MCLLER (1978), and those for Peru and Oregon margin sediments
were calculated from wet bulk densities and water contents determined by KzLLEr (Oregon
State University) and kindlv made available for this study. The very low drv densities of the
Psru margin sampies are due to their extremelfy high organic contents (Tabie 3).

ORGANIC CARBON ACCUMULATION RATES

The organic carbon contents of the sediments ranged {rom 0.2 to 0.4%, (dry wt} in the
Central Pacific to up to 21°%, off Peru and co-vary to some extent with the sedimentation
rates (Fig. 3A) (see also HeatH er al., 1977). Comparison with primary production rates
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Fig. 3 Organic carton contents of suriace sediments versus sedimentauon races A . scatenng s

in part due (o the concomitaat :ncrease in primary production rates «B). The soua regression iine

(Y = 0.46X%%7 n = 26, r = 0.90) suggests 2 2-foid increase of orgamc cardon with 2ach Lioid

ncrease of the sedimentation rate (see :ext {or restrictions). The dasned line represents equation (4}
taking 7, = .58 and o = .30 imean vaiues rom Tabie ).

(Fig. 3B) suggests that the scatter in Fig. 3(A)is in part due to the different productivities in
the regions studied, but “dilution™ of organic matter by varying amounts of calcium
carbonate and quartz may be equaily important.

Organic carbon concsntrauons were ransformed o organic carbon iccumuiation rates
using equation {2) {see aiso: MURRAY, GRUNDMANIS and SMETHIE. 1973) to compensate for
“dilution™ effects and mors importantly (0 make the values comparable 10 primary
production rates:

C_4=£16§p,ll—'b) i)
where C, = organic carbon accumulation rate (gC m ™%y ~¥): C = organic carbon content
(°; dry wt): S = sedimentation rate (cm(1000y)~']: p, = dry sedimeat density (g dry
sediment per cm’ dry sediment): and @ = porosity (volume of water per volume of bulk
wet sediment).

Organic carbon accumuiation rates are listed in Tabie 3 and piotted against the
sedimentation rates in Fig. 4. They are [owest in the slowly accumuiaung pelagic sediments
of the Central Pacific and about four orders of magnitude higher in the rapidly deposited
sediments of the Baltic S¢a and the upper continental slope of the Peruvian margin. Off
northwest Africa and nocrthwest America and in the Argentine Basin, organic carbon
accumuiation rates are between both sxtremes. The two Black Sea sediments inciuded :n
Fig. 4 tarrows) were not considered in caiculating the cegression line and wiil de discussed
separately.

The regression equation obtained from the log-log plot in Fig. 4 1s:

C, = 0.0246 §'332, (3)

where C, and S are the organic carbon accumulation rate and sedimentation rate as defined
above.
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Fig. 4. Organic carbon aczumulation rates (Y) as a {Unction of sedimentation rates .1 inumber of
samoies: n = 26 correlation coefficient: » = 3.986). Two samples irom the Black Sea are shown ior
comparison iarrows) put are not included :n regression analysis 1see texti.

We should like to point out that in Fig. 4 C, and § are partiaily dependent variabies [ses
sguation (23] such that a correlauon 2xists a priori between them. However, this ieads oniy
to fortuitous fAndings if che C-org contents remain consiant. This is not the case mn our qata
set. therefore we find it legitimate to use this functionality to derive :quauons (5) and (61.
The 2xponent of the sedimentation rate in 2quation (3) is in good agreement with the value
of 1.4 calculated by HeatH e al. {1977) for 30 marine sediments 1 10 were the same as it this
study) using g cm ~* (1000 y) ™! as untts for the sedimentation rate. Accordingly the organic
carbon uccumulation rate in marine sediments should approximately doubie with 2ach [ .6-
fold increase of the sedimentation rate.

Subsututing squation (2) for the organic carbon accumuladon rate 1C ) in 2quation i3)
and solving for the organic carbon content (C) we obtain equation i+} which predicts the
sedimentary organic carbon content {rom sedimentation rate (5), dry demsity {p,). and
porosity (®):

0.246 - §9-32

C 5 4
ol =®) )

Equation (4) suggests that the sedimentary organic carbon consent increases by a factor of
2 with each 4-iold increase of the sedimentation rate as iilustrated in Fig. 3. However, thisis
obtaineg irom a relationship not considering producuvity changes. which to some extent
paraliel the changes of sedimentation rates (Fig. 3) and thus probably overesumates the
degree of preservation by increasing sedimentauion rates. To compensate ‘or this eifect
organic carbon accumulation rates were normalized to the pnmary production rate. i.2..
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Fig. 5. Organic carbon accumuiation rates normalized 0 pnmary production rates iexpressed 1s
’,) 3s a function of sedimentauon rates (n = 25; » = 0.992). Two samples 'tom :he 3lack Sea
1arrows) are shown {or comparison only and are not incluged (1 the regres.. a analvsis (see (ext.

expressed as °; of primary production (Table 3)and again plotted versus the sedimentation
rates (Fig. 5). The resuiting regression equanon 's:

%_ 100 = 0.030 - St-30, 131

where C ,, R, and § are the organic carbon accumuiation rate, pnmary producrion rate. and
sedimentation rate {same units as defined lor equauon (2}].

Again subsuruting equaton (2) for the organic carbon accumuianon rate in equation 1 3¢
and solving for the organic carbon content we obtain equation 6), which also is grapnicaily
displayed in Fig. §:

0.0030- R - §230
=— 6)
ol =D

Equation (6) predicts the sedimentary organic carbon content (C) from the aanuali
average pamary production rate (R), sedimentation rate (S), dry density !p,). and porosity
(D) to within a factor of 2, as illusirated in Fig. 7. Moreover. it shows that the organic
content of a sediment doubles with 2 10-fold increase in the sedimentation rate. assuming
other factors remain constant. We feef that this is 2 reasonable estimate of the etfect that
sedimentation rate has on the peeservation of accumulatng orzanic matter.

Conseguently, in slowly accumulating pelagic sediments with < 1%, orgamic carbon
contents as in :he Cantral Pacific, only about 0.01°, of primary producsd organic carbon
is preserved (Tabie 3. Fig. 5), a figure already esumated by BRUYEVICH (1963). On the other
hand, {0 to 20°; of the primary produced orzanic carbon 1s preserved in sediments
acgumulating as rapidly as in the Peruvian margmn and Baitic Sea deposits studied qere. [n
regions with moderately rapid sedimentation rates 1.2, 2 lew csnumeters 0 1 ‘ew
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1®). The constants assumed ire average values ior northwest Ainivan sediments isied :n Taole 3 At

4 constant onmary production rate the Ofgamic carpon content approximately Joudles witn 2acn
10-foid :acrease in ine sedimentanon rate.

o

decimeters 2ach 1000 v: ¢.g.. off northwest Alrica, on the Orzgon margn. and in the
Argentine Basin) the respective percentages of preserved organic carbon range betwesn 0.!
and {°, of the amounts produced.

The inding that the sedimentauon rate iargely determines the fracuorn of pnmaniy
produced organic carbon that aventually becomes fossilized 1n sediments aiso suggests tnat
most of the organic material sscaping the photic zone s rermneraiized it the sea dottom
rather than during settling througn the water column. Thus s mainiy a consequence of the
differsnt residence umes of particles in the water coiumn and at the sea pottom. For
sxampie. particle settling times through a 3000-m deep warter cciumn are :n the order of
weeiks. months or vears, depending on particle size and shape and also on curreats ie.g..
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2quauon (61, using the data listed 1n Tabie 5. The vaiues agree within 2 factor of 2, as shown by the
Jotted lines.
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Lerman, LaL angd Dacey, 1973, McCave, 1975 Bercer. 1976 Hownio. 1977, CaLwer,
1973): however, particles remain at or close to the sediment-water interface for hundregs or
thousands of vears depending on the sedimentation rate, dioturbauon, and rasuspension oy
bottom currents.

The retationships described here are based on sediments deposited under more or less
oxygenated seawater (see also Dow. 1978). Only at the Baitc Sea and Peruvian margin
stations can the oxygen of bottom waters be e¢ntirely depleted. and then oniv seasonaily. ;
Sediments accumulating under permanently anoxic bottom waters. 2.g., modern Black Sea ’
sediments, may exhibit similar relationships. but the fracuon of primary produced organic
carbon that becomes fossilized is much higher than under oxic bottom water condituons
and may reflect an unknown fracton of terrestrially derived orgamc mattar. Relevant data
and discussions on preservation of organic matter as a function of oxygen content of the
water column are in Deuser (1971), Degens (1974), HirsT (1974), Ross and DeGeNns (1974
and DemaisoN and MooRre (1979). The organic carbon preserved in Black Sea sediments is
eguivalent to 4 to 6°; of the primary production 1 DeUszr. 1971) and thus higher by a factor
of 3 t0 6 than predicted from Fig. 5. This may reflect a slower rate of degradation of organic
matter in suxinic environments. However. Black Sea surface sediments appear to e
dominated by tarrigenous organic matter. as shown by SimoNerT (1978) on the basis of
solvent-solubie markers and by PeTers, SWEENEY and KarLan (1978) on the basis of stabie
carbon and aitrogen isotopes. Hence, the deviation of the two Black Sea sampiles irom the
regression line tn Figs 4 and 5 may reflect a higher terrestnial organic matter input relanve
to marine sources rather than slower degradation.

ESTIMATION OF PALEO-PRODUCTIVITY

The relationships described here enable us to test whether the cyclic organic carbon
distribution found in sediment cores off Spanisi Sahara (HArRTMANN 2r gi.. (976) redects
temporal changes in productivity or differenices in degres of preservation as a resuit of
varving sedimentatioa rates.

The following discussion concerning such a test is based on data from core 12392-{ from
the continental rise off Spanish Sahara. The organic carbon and nitrogen distributions are
shown in Fig. l(a). (b), the oxygen isotope stratigrapny has been studied i detail by
SHACKLETON (1977), the biostratgraphy by THIEDE (1977). and the accumuianon rates wers
estimated dy Scess et al. (1978).

The sedimentation rates in core 12392 range from 3.3 to 23 cm each 1000 v and show a
pronounced maximum during oxygen isotope stage 2 |Fig. 3a). In Fig. 3ib) the measured
organic carbon distribution is compared to that calculated from squauon (6), assuming
that the primary production rate remained constant at the present rate (7SgCm~ 1y},
SCHEMAINDA, NEHRING and ScHuLZ, 1975) during the entire ume interval cored and using
the dry density and porosity values determined by Suess ec al. (1978) for each |0-cmn depth
interval. The nearly perfect agreement between measured and caiculated organic carbon
contents in the intergiacial stages | and § suggests that productivity was simiiar during
these periods. This approach ignores a possible diagenetic loss of organic carboa: however.,
as explained by HarT™aNN ¢f al. (1976), the major mineralization procssses of sedimentary
organic matter take place at the sediment surface tsee aiso Baizsx. [978) whereas the
diagenetic loss ol organic matter in northwest African sediments does not exceed 2%, of the
amount still present.
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Fig. 3. Sedimentation rates 1al, organic carbon Jistribution (b1, 2ad estithated paieo-production
rates (c) lor core 12392-1. The periect agresment of caicuiated iequauon §) and measured organic
carbon contents in stages | and § suggests that producuviry was suumiar todav and dunng
aterglacial scages. Duning zlacial siages 2. 3. and 6. however, productivity must have deen nigner
by a factor of 2 10 3 in order to explain the higher orgamic carbon contents ior the prevailing
sedimentauon rates. Pajeoproductivity was estimated using sguatian (7).

In contrast (o stages | and 3, the two organic carbon curves :n Fig. 3(b) deviate
considerably in stages 2. 3. and 6. indicating that the increase of sedimentation rates during
glacial periods was far from high enough to account for the higher organic carbon contents.
Consequently, the organic carbon input must have been higher during glacial periods.

Provided that our assumption oi negligibie terrestrial organic matter input 15 correst
iDesYseR et al., 1977). then the paleo-primary production rats can be ssumated {rom
equauon (7), which is obtained from 2quation {§) by rearranging:

’C~p,-tl-—¢n
0.0030 - $539

Substituting the measured organic carbon contents (C). sedimentation rates (S). dry
densities of solids (p,) and porosities (®) [for units see equation {2)], we obtain the paleo-
primary production rates (R) plotted in Fig. 8(c). The rates thus calculated for stages 2. 3.
and 6 are higher by a factor of 2 to 3 than the present productivity at Sta. {2392, with most
values ranging between 130 and 250g C m~?y~!, the highest occurring during stage 3.
with almost 300gCm~2y~*.

R 7

DISCUSSION

The primary production rates estimated for stages 2. 3. and 6 (Fig. 3¢c) are comparable to
the rates presently prevailing on the shelf at this lautude (SCHEMAINDA er af.. 19751 This
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may indicarte ¢ither :hat upwelling centers shifted offshore dunng serods of low sea levei.
thus providing for a argner organic matter input to conunentai nise seciments durnng giac:ai
periods. or that coastal upweiling was generally higher. perhaps as a resuit of stronger
northeast trade winds (SARNTHEIN and WaLGER, 1974: SARNTHEIN and DiesTER-Haass.
1977 . SARNTHEIN, 1978).

On the other hand. productivity in coastai regions may aiso be increased by river-derived
nutrients. This has been shown Dy SCHEMAINDA er al. (1975) for the region betwesn 10 and
25°N oil northwest Africa where the annual average prnimary production rates on the sheif
remain refatively constant (i.e., between 180 and 245 gC m ™" v "'} aithough the annuai
duration of upwelling decreases from (2 months in the north to only | month in the south.
According to the authors this is due to the nutrients supplied by rivers south of about 1 7°N
where the present climate is increasingly moce numid. Therefore the higher primary
production rates during glacial stages could also be due to the nutnent supply by !ormer
rivers if the glacial ciimate was humid.

The discussion on climauc changes during the Late Quaternary oif northwest Africa is.
however, controversial. For ¢xampie, DieSTER-Haass er af. (1973), DigsTeER-Haass (1976),
and CHAMLEY et al. (1977) deduced 2 humid climate for the last glacial period ("Warm™,
interrupted by a2 more arid phase during oxygen isotope stage 3) from their coarse gramn
and clay mineral studies off Spanish Sahara and Mauretania. However, SARNTHEIN 11973)
concluded from the distribution of active sand dunes (3,000 years ago that the concespt ol a
pluvially glacial maximum has to be reversed.

If the view of SARNTHEIN (1973) is cocrect. then we can exclude a significant river influencs
on productivity during the glacial maximum (stage 2) at the.latitude of core 12392 and may
thus conciude that the higher produczivity during this period was gnmaniy caused dy an
increased rate of upwelling. This conclusion is supported by the CLIMAP reconsiruction of
the glacial Nocth Adantic 18,000 vears ago (Mcintyre, Kipe. Be, Caowrey. KELLOGG.
CaronNER, PRELL and RuDDIMAN, 1976). which revealed a surface water temperature
anomaly of 6°C off northwest Africa, signaling an increased rate of upwelling at thac time.
Thus is also in accordance with the conclusions reached by DtESTER-Haass et al. 11973).
MCLLER 11973a), DiesTerR-Haass {1977, 1978) and Bercer, DiesTER-Haass and KitLinGlzy
11978), althougn most parameters investigated in these studies were nonspeciic for
upweiling (Di1ESTER-HAAss and MCLLZR, (979). Presently the most refiable indicators of
upwelling seem to be coot water pianktonic foraminiferal assembiages (SepoLd. 1975) and
an sndemic diatom species reported by SCHUETTE and SCHRAOER (1979).

In view of the ongoing discussion on climatic chaages during the Late Quaternary off
northwest Airica we leave the question open whether the high productivities estimated for
stages 3 and 6 reflect increased rates of upwelling or influence of increased sediment suppiy
by rivers.

In the sediment cores from the Argentine Basin (STevensoN and CHENG. 1972) and the
Indian continental margin (MarcHiG, 1972), referred to in the introduction. changes in
sedimentation rates and organic carbon contents between glacial and interglaciai sections
are similar in magnitude to those off Spanish Sahara (MULLER. [975a: HarT™aNN er 3l
1976: SeidoLd. DiesTer-Haass. FUTTERER, HarT™aNy, KoOGLik. LanGe. MULiER.
Priaumany, SCHRADER and Suess. 1976) suggesting that the phenomenon of higher 2lacal
productivity is not restricted to northwest Africa. This may indicate that the ferniity of the
oceans was generally higher during the Late Quaternary glacial periods than today and in
other interglacial times.
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CONCLUSIONS

The above results show that the 2vajuauon of spanal and temporal ductuauons of
sedimentary organic matier may e helpful in reconstructing past changes or cycies in
oceanic iertility. The preservauon effect by differing secimentauon raites has only to be
taken mto account If the rates are iarge relative to changes 'n sedimentary organic saroon
contents. As a first approximation. one can expect a doubling of sedimentary orgaaic
carbon coments with 2ach 10-foid increase in sedimentation rate, provided that other
factors remain about constant. This means that the sedimentaton rate has to be considered
if organic carbon contents of sediments from such different environments as the deep sea,
coaunental slooes. or shallow seas such as the Baltic. where ssdimentanon rates generaily
diffsr by several orders of magnitude. ars to be compared. On the other hand.
sedimentation rates within the siraugraphic record from one and the same location seidom
differ by more than one order of magnitude so that organic carbon fluctuations by more
than a factor of 2 can thus directly De intarpreted in terms of paleo-producuvity provided
terrestrial sources are insignificant and the physical sropertes similar.
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INTROOUCTION TQ OCEAN OPTICS

General [ntroduction

[n this introductory survey of oplicai oceanography w~e frst prasent the fundamental :nnerent 4nd 1prarani Soucal
properugs of natural waters. Relauonsmos oetween these inherent ing ippdrenl 20UCd Jropernes. is raldled [nrougn he
radiative transfer 2quation. are then presenied. Foilowing the first inree (neore:cal seclions dne! IisCussions 1escroing
the applicauon of Ocean opucs to geopnysics. diological oceanography. ind oc2an remole sénsing 4re then presented.
Authorsaup for 2acn section 5 indicated by initials after the section heading.

. Inherent Optical Properues 'J RV Z.;

Introducuon

Electromagnetic radiation (raversing the ocean an :nteract with the water and he matenais dissoived ind suspended
in it. This interaction takes the form of sbsorption, scatiering and fluorescenca. Absorpuon s ine cnange of adiation 'nto
other forms of 2nergy. Scattering 's the redirection of radiauon 9v means of refracuon, retlecuon ind difracuon.
Fluorescence 15 (ne absorpuion of radiation it one wavelength and 2russion il 4 :onger wavelengeh. The dolarizauon ind
waveiength of the radiation aiso affect the ypsorpuon 4and scattenng.

If the absorpuon. scattering, and (luorescent characteristics of :he medium are known, the benavior of lignt n ine
medium can pe predicted by the means of the 2quation of radiative transter. The iosorption. scattering and :he:r Jenvea
properties have oeen ta@rmed :nherent opucai properties ov Preisendocter as they Jo not Qeoend airectly on :he 2xizrnal
lighting condiuons of the medium.

For monochromatc unpoiarized light. the parameters that need 10 He known [0 descripe :he denavior of .gnt 0 any
medium are the absorption coefficient. the scauering coefficient. and ine volume scautering funcuon. These ind some
refuted functions ace defined below. The defimuons as well 2s the notanon ire those idopted dv :he [rigrnauonai
Association of the Physicai Sciences of the Ocean. Jertovi. ivanoff®. and Preisendorter’ nave 2xceilent discussions of the
principles of optical oceanograpny and should e consuited for more Jetaiied descriptions.

Radiant Flux, $. The rate of transport of radiant 2nergy.
dienergv transporied)

D = - . -{
Jttime)

Radiant Imensiry. [: Radiated flux from 1n 2tement of surface per unit solid ingie.
[ = db/dw .wats steradian™' -
{rradiance. £ Total rachant power falling on 4 Jetector of area 1A divided by the area
£ = doy dA. wars m™ (-3

When speaking of the irradiance of a beam t is impiicutly assumed chat the detector surface s perpendicular (0 (he deam.
&. I. and E ail depend on the spectral response of the detector. and in what foilows. unless otherwise specified. 't wil be
assumed that the detector is equipped with a filter which can accept only a narrow band of waveiengths between \ ind
A+3A. and the associated daé's have been divided dby JA. For exampie the spectral radiant power 13 do/dx with unus
watts - nanometer™

Absorprion Coefficient, a: The traction of the 2nergy absorbed from 4 collimated beam per unii distance traversed .n
the medium; see Fig. -1

= = & 5. M 1.4

Total Scauering Coefficient. b: The fraction of the energy scattered out of a coilimated beam per unit distance
rraversed Hv the beam: see Fig. {-1.

b= =l ® dX. M (1.9

Attenuation Coefficient. ¢: The fraction of the energy in a beam removed Dy b0t scatlering and 4bsorpuon per unit
distance rraversed by the beam.
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Cm IOy T dD gy O XM t1-9)

Also.

cmg~) ri-

Yowume Scartering Funcuon, 3(8). The scattered radiant intensity n i direction J per umit scatenng votume aVv
divided by the :ncident irradiance E. see Fig. 1-1.

39 = 2] E V. m™ steradian™' . 1-3)

The retationship between the volume scattering f'unction and the otal scattering coetficient 1s

5=l _[ 3te)sine dn . 11-9)

When the medium s dluminated by radiation n 2 broaad speciral Mand. 'or exampie sunlight. (w0 other :nnerent
optical properties musi e considered.

Votume fluorescence Funcrion. 3418 Ag, Ap). The radiant intensity amuied at 2 vavelengih Ap per unit voiume :n 2
direction # with respect t0 an incident beam of irradiance £(\g) in a narrow dand of wavelengths A ¢

a8 A

Ba0.Ng. Ap) = t1-10)
dv ‘ ElngrdNg

e

(3, 1s cailed the transpectral scattering function in Ref. 3)

Coefficient of Fluorescence. b,: The total radiant power amitted at 1 wavelength A, per unit volume with respect (0 an
incident beam of irradiance £(A;z) in a narrow band of wavelengths JA 2

T
b..(}\g,)\r)"27!‘f/’3(9.KE,)\;)d(u ol-11)
f)

Scattering and Absorbing Agents

The scauering ind aosorbing agents in natural waters can be divided into :hree categones: waler useif. dissoived
matenais. and suspended materials.

Water. Tabie i-1 snows the absorption, scattering and ittenuauon coefficients of pure water in the visibie region.
The absorpuon coefficient of pure water (a,) can be obtained by subtracung the scattering coefficient 15,) from the
attenuation coefficient (c,). It can be seen that the attenuation due to pure water is largely an absorpuon phenomena. [n
fact. the deep blue color of the ocean is due Lo the setective absorption of water. with 4 minimum near 475 nm.

The scattering of pure water is thought 10 be the result of scattering by tluctuations tn density in smail volume
2fements of the flud*. [f the depolarization of scattered light is also taken into account one obtains {or pure water

3.(8) = TG*' 1+ -:-f—g-coslei , (1-12)

where G s a constant which depends on the thermal compressibility. Bolizmann's constant. the refractive index. ang
temperature. 5 1s the depolarization constant. Alternatively. one may wrnie

3.(6) = 3,090 (| ~ %—:% cos'9) 13

Morel® has shown :hat 3 = 0.09 for pure water at 475 am. The volume scattering function then becomes

B.18) = 173 107*]+0.835 cos*9) (1-18)
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The volume scattering function for pure water mayv be calculated bv subsutution nto Eq. ' 1-13) rom Tupie | -!

Dissoived Vlarerials. The Qissolved matenals that nflugnce ne absorouon nd scatlaring of 1gnl 1r2 ing 2ss0Ivea sea
saits and dissolved humic icids. ihe so-vailed “veilow mattar’

A. Morel® has reviewed the opucal propertes of pure water and pure sau valer in the visibie r2gion, ne seu sails J0
a0t jppear :0 contribule 1o the iosorpuon. In the uitraviclet r2gion. sircng +0SOrplUON Py the various ons 3specially
sromide Occurs.

Scattering by pure sea waiér is about 30% ‘ugher than ror pure water. Table !-1 snows the scattering coerficient ang
the volume scattening funcuon at 90° for various wavelengihs for pure sea water. Equation (1-13) can de Jsea 10 caiculate
ihe 2nure volume scattering funcuon.

Dissolved humuc acids. by-products of decay ol organic matter ‘usually t@rrestriar dut 1iso oceanic) 40s0rp sirongly at
:he short waveiengths of light. The absorpuon increases nearly exponenuaily with decreasing wavetength. Yellow malter
1psorption can be gnored for A > 623 nm. however. A discussion of the absorption of various types of humic 4cids may
se found 'n Brown The absorption due to vellow matter ‘a,) may “¢ ‘ound oy meuns of the {oilowing equauon:

(e=Cy/)380 wm— "“‘:—'-fuv)‘)ii am = dy

whnere .V is a constant for 1 given watar mass. The 2Quauon dssumes that the saieclive absorpuon by particies in tne red .5
groporuional (0 the particie scattening.

Suspended Viaterials. Usually the change of opticai properties n naturai waters relative (o pure water 15 due 0 tne
presence of suspended paruculate macter (SPM). The oresence of SPM affects both the absorption dnd scaltenng
oroperues of the water. The properuies of SPM that afect the ootics dre (ne concentrauon, particie size distrioution. :ndex
ot rafracuon distribution ind shape distripution.

Paruculate matter in ihe ocean varies wideiy in terms of concentrauon, size and COMPosILON. Some ipproximauons
must be made i we wisn 10 rejale the paruicuidie matier theoreucaily (0 the observed voiume scattering runction. Viie? aas
Jeveioped 2 theory iving ihe scatering and ibsorpuon characteristics ror 4 spherical particle of umiorm compositton. ind
with a given index of refraction. [t 15 tms theory that 1s usuaily ippiied 10 oceanic suspensions. Typical dcsunic parucuiate
matter consists of live biologicai parucies, detritus. and material of terresinai origin. The shapes of inese oarticies are
usually not sphencal Hodkinson’ nas shown. nowevar. that non-apsording. non-sphericali randomiy onented Jarucies
oroduce the same diffraction patterns 0 irst order as sphencal parucies of ihe same Cross-secuionai rea. Surihermore.
apaque particles produce :he same diffraction pattarn is transparent ones. Volume scattering functions measured :n sea
~vater ire Jomunant in the near-forward direcuon. in which diffraction predominates.

Paructa shape and index of refracuon play secondarv roles compared (0 parucie size n iignt scattenng .n the ocaun:
If :ne particies ire separated by distances at !east 2qual (o :hree umes inerr radu, wnich 3 usuaily the ase in the oceans.
one 15 justified 1n summing their individuai contnbutions (10 obtain ine volume scatterng funcuon or particuiale matier

If the parucie size distnbution 15 Known. and an average :ndex of rafraction nas oesn Jdetermined. Mie theory May e
used 10 cptain the volume scattering funcuon.

A size distnbution of particulate matter. (DIdD. gives the number of particles per unil volume detween
diameters U iand D = dD. The cumulative parucie size distribuiton 2¢D1 15 the number of parucies per unie volume with
drameters iarger han DgtD) may de obtained from I'(D) by integration:

g0 = [ yionaD. (1-16)
0

where g(D) is the distribution usuaily measured in 2xperimental work (the cumulative particle size distrioution).

For a particle of diameter D and (complex) index of refracuton reiatve 10 the surrounding medium m. Mie theory
predicts a scattening function 3(8.D.m) tster~' m*>. [f this scattering function s integrated over il ingles tne scattenng
coefficient for the parucle b(D.m} s obtained in a similar manner as in Eq. 1-9)  When the scattering coefficient for a
particle 1s divided by its cross-sectionai area the affective area coefficient K, or scattering efficiency factor is obtainey:

4h1 } -
K,c.lD.m;-—b—D'—,’"- (-1
. 70.
The scattenng 2tficiency 1s 4 function of both size ind index of refraction. 1s can oe seen from the diagram of Burt?
in Fig. 1-2. Simifar efficiencies 2xist for absorpuon. K. 4nd {Or attenuaton, K,,. We now can write 2qualions réwaung
the observed optical quantities (o the particle parameters.

,3,:9)-_[‘310)3(9.0.,"'40 1-13)
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is the volume scattening funcuon tunits of steracian™ m™ s for 4 codection X durtcies with 1 size Jistrioution 1 D) aD unc
A 4 tetatve .ndex 0 refraciion M. TO M Must d¢ 4ug2g ing scatlenng funcuon of water 3,141, and scatienng due (o
Jther s0urcas such 1s 1UrbUIeNCE. JUDOIes, 2AC.

The totar svattering coefficient loe parucies 2,. 's dblained oy integration over (he wolume scaliernng function 43 n
Eg. ri-9)
The cumutative partcle size distripution in the o¢ean often takes :he funciionai form

(D) = NDC e

1N 15 the number of particles per unit voiume with diameters greater than | xmand C. the siope of (he size disirtbuuon. 13
1 constant)

{f we assume the hvperboiic size distcibution of Eq. /1-19). the scatiering of 2 coilection of pariiclas may de related
via Viie theory (0 the slope of the size distribution and the :ndex of refraction (Figs. 1-3 and 1.4} The fgures show nat
he scattenng for 4 gven volume of pdm«.ulale malter may varv by s much as two orders of magnitude Jepending on ‘ne
slope and ndex of refraction. Figures 1-3 and 1-4 were prepared using ihe tables of Moreti'. [n another paper. Morei*
discusses n depth turther :nterpretatuons of Mie theory caiculations.

The concentrauon of SPM can change from 2 few micrograms per lier .0 the Slearest ocean 10 tans of miligrams per
liter «n very turbid nearshore watars. When the nature of suspended matier does not change :n 4 given t2gion. Jul .he
concantration does. the paruicle iuenuation in that region wiil de proportionai 1o the :otal suspended mass "TSM) of
particulate matier. Figure 1—3' shows 2xampies of this observauon. The slope of the beam attenuauon vs. TSM curve
depends on the nature of the suspended matter. [t should aiso be ooserved that he iinear corre!ation s much worse 4t ‘ne
surface than at greater depth. This 15 due 10 phytoplankion patchiness in the surface zone. The nature of parucuiate
maiter is therefore not as constant 4s al greacer depths.

The influence of the index of refraction on particulale scattering can be seen :n Fig. |-3. For a consiant siope of ne
size distnibution ind constant particle volume. the total scattering coefficient :ncreases wuh Increusing retative ndex of
rafract