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Abstract---Observed diurnal variations of the beam attenuation coefficient at 660 ran (c) are used
to estimate variations of particulate concentration and production in the open ocean. The diurnal
cycles of c are found to be statistically siotmificantthroughout the euphotic zone (the upper 95 m),
but not below this depth. Their amplitudes are nearly uniform with respect to depth with
characteristic peak to peak values of -0.0065 m -1. The minimum (maximum) of these daily
variations occurs during local sunrise (sunset), indicating a daytime accumulation of particles.
Specific particle production rates (r0) calculated with beam transmissometer data alone have
maximum noontime values of - 0 . 5 d-1 and are well-correlated with the incident solar radiative
flux. The high correlation between the optically determined specific production rates and solar
radiation allows r0 to be decomposed into light-dependent and light-independent portions, which
are interpreted as particle-specific growth and grazing rates. The resulting specific growth and
grazing rates are balanced (i.e. net daffy production is approximately zero) and are consistent
with previous biological determinations for the open ocean. Daffy mean specific growth and
grazing rates are found to be ~0.15 d-~. The value of the water column integrated community
production estimated using the optical data is ~ 160 mg C m-2 d-~, which compares well with both
simultaneous and seasonal mean carbon uptake rate measurements. This optical method should
prove useful for in situ observations of particulate production in the oligotrophic ocean.

INTRODUCTION

TIE estimation of the spatial and temporal variations of particulate production within the
euphotic zone is an important factor in determining the ocean's role in the global balance
of carbon (e.g. EPPLEY and PETERSON,1979; BREWER et al., 1986). To achieve this
measurement goal, unattended in situ methods for determining primary production rates
must be made (e.g. BREWER et al., 1986; DICKEY, 1988). Several candidate methods,
which utilize measurements of underwater radiation, presently are being developed and
evaluated (ToPuss and PLATr,1986; BIDIGAREet al., 1987; SMrm et al., 1987; KdEFERet
al., submitted). Here, a method to determine particulate production rates that utilizes
observed diurnal variations of the transmission of a collimated light beam at 660 nm is
introduced. The diurnal transmission changes are used to estimate daily variations of
particle concentrations and hence, rates of particulate production.
The percent transmission (7) of a collimated monochromatic beam of light over a
distance Az can be quantified in terms of the beam attenuation coefficient (c; JERLOV,
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1976) or
T = 100 exp(-cAz).

(1)

For case I waters (i.e. in the absence of terrestrial influences), c is commonly partitioned
into beam attenuation coefficients which can be attributed to pure seawater (Cw), living
planktonic materials (%0, nonliving detrital materials (Cde), and dissolved materials (Cdi).
C ~--- Cw + Cpl + Cde + Cdi.

(2)

The attenuation by dissolved material is generally negligible at the wavelength investigated (660 nm; BRICAUDet al., 1981). Variations of c at 660 nm are caused by changes of
cpl and/or cde and are observed to be related to changes of the concentration of suspended
particulate materials (SPM) (BAKER and LAVELLE, 1984; GORDON et al., 1984; BISHOP,
1986; SPINRAO, 1986). This linear relationship (A(cpl + Cde)= A ASPM) has been
verified during the present observations (KrrCHEN et al., 1983).
Diurnal variations of SPM concentrations have been observed in the open ocean
(SHELDON et al., 1973; POSTMAand ROMMETS, 1979; EPPLEY et al., 1988). The phase of
these variations indicates an increase of SPM during daylight hours. Diurnal variations
are also observed in ultraplankton abundances (phytoplankton cells with diameters
smaller than 5 pro; SHAPIRO and GUILLARD, 1987) in the open o c e a n (CAMPBELL and
CARPENTER, 1987; PRI~ZELINet al., 1987; WATERaURVet al., 1987). By taking into account
the large (>50%) contributions ultraplankton populations can make to the primary
production of the oligotrophic ocean (e.g. LI et al., 1983; GLOVERet al., 1986; ITURRIAGA
and MARRA, 1988), it is likely that ultraplankton abundance variations contribute
substantially to diurnal SPM variations.
Diurnal SPM variations can influence several optical parameters which can be easily
measured (PosTMA and SPrrZER, 1982). Preliminary analysis of moored transmissiometer
measurements from the Sargasso Sea (34°N, 70°W) shows amplitude and phase relationships consistent with the previously discussed biological variations (DICKEY et al., 1987).
Similar variations were observed from freely drifting transmissiometer data taken in the
California Current (ABBOTTet al., 1987). Thus, diurnal variations of suspended materials
may be ubiquitous in the open ocean (probably the result of ultraplankton abundance
variations) and can be sensed using optical techniques.
MEASUREMENTS

Observations were made from the Research Platform (R.P.) Flip during the autumn of
1982 (20 October to 12 November 1982; Julian days 292-314). The measurements were
made in the North Pacific Ocean (--33°N, 142°W) as part of the Optical Dynamics
Experiments (ODEX). Conductivity-temperature-depth transmissometer (CTDX) profiles were obtained from the sea surface to - 2 5 0 m approximately eight times per day.
Interpolated time series were computed (At = 0.1 d) for every 10 m of depth from 10 to
200 m. The data presently analysed (days 305-314) represent about one-third of those
taken from the R.P. Flip during ODEX. This was done because of the irregular sampling
intervals for CTDX deployments before day 305. A complete description of the data
taken from the R.P. Flip during ODEX cawbe found in DICKEYand SIEGEL(submitted).
A 1 m pathlength beam transmissometer was used to determine the beam attenuation
coefficient centered at a wavelength of 660 nm (BARTZ et al., 1978). The volume of
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seawater sampled by the transmissometer is estimated to be less than 200 ml. This limits
the size of the particles that are continuously sampled because the probability of sampling
particles with diameters >50 lxm is quite small (KrrcrmN et al., 1983). For example,
characteristic open ocean concentrations of macrozooplankton, microzooplankton, and
their nauplii (JACKSON, 1980) are not sampled continuously by the transmissometer. In
addition, undetectable differences in the values of c were determined by comparing up
and down profiles from several series of CTDX profiles. Thus, temperature hysteresis
effects (BISHOP, 1986) were probably not important.
In addition to the CTDX profiles, water samples for nutrient and chlorophyll analyses
were taken, spectroradiometer casts were made and a full suite of meteorological
parameters was sampled. A SeaMarTech model 6000AR chlorophyll fluorometer was
also interfaced to the CTDX system. Details of these and other measurements are found
in SIEGELand DICKEY (1987a) and DICKEY and SIEGEL (submitted).
Primary production measurements were made from the R.V. Acania using a simulated
in situ 14C bicarbonate uptake method (e.g. EPPLEY and HOLM-HANSEN, 1986 and
references therein). Whatman 934AH filters were used in the determinations which may
lead to underestimates in the total production (ITURRIAGA and 1VI/TCHELL, 1986).
Replicate samples at five light levels were incubated for periods from 6 to 9 h and
corrected for dark incorporation of isotope. Sample irradiance was controlled using
neutral density diffusing screens, resulting in transmittances from 2 to 50% of the surface
irradiance. Results were scaled to the total daily photosynthetic available radiation
(PARt) by multiplying the results from each incubation by PARt/PARi, where PARi is
the amount of PAR for the incubation period. Estimates of the vertical profiles of
production were made by interpolation onto scaled photosynthesis--irradiance curves
based upon the fraction of PAR penetrating to depth (SIEGEL and DICKEY, 1987b).
Values of integrated primary production were calculated using the vertical profile
estimates.
MEAN VERTICAL VARIATIONS

The mean c profile exhibits a well-mixed region throughout the upper 50 m and a
subsurface maximum at about 65 m (Fig. la). Observations indicate that this particle
maximum, although varying in intensity, shape and depth, is a ubiquitous feature of the
oligotrophic ocean (JERLOV, 1976; PAK et al., 1988; MITCHELLand K_mFER, 1988; DICKEY
and SIEGEL, submitted). Below the particle maximum, the value of c decreases rapidly.
The mean mixed-layer depth is ~55 m (Fig. lb). A relatively strong seasonal pycnocline
is found between 55 and 90 m (mean buoyancy frequency ~8 cycle per hour; cph) and
stratification is reduced below 90 m (~4 cph; DICKEY and SIEGEL, submitted).
Chlorophyll a concentrations within the mixed layer are relatively low (~0.07 mg rn-3;
Fig. lc). Below the mixed layer, Chl a concentrations increase rapidly until a subsurface
maximum is encountered at 85 m. The value of Chl a concentration at the subsurface
maximum is ~0.2 mg m -3. From spectroradiometer measurements, the depth of the
euphotic zone (zl*/o; the depth where PAR is 1% of the PAR just beneath the sea
surface) is ~95 m (SmGEL and DICKEY, 1987b). Further, nitrate concentrations were
below detectability above ~120 m. These conditions are characteristic of the oligotrophic
North Pacific Central Gyre in the autumn (e.g. EPPLEYet al., 1973; HAYWARDet al., 1983;
MITCHELLand KIEFER, 1988; DICKEY and SIEGEL, submitted).
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Fig. 1. Vertical mean profiles of (a) the beam attenuation coeffident at 660 nm (c) in units of
m-1, (b) the potential density (o0) in units of kg m-3 and (c) the extracted chlorophyll a
concentration (Chl a) in units of mg m-3. Error bars represent 95% confidence intervals for the
estimated mean values. After DICKEY and SIEGEL (submitted).
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Fig. 2. (a) Temporal variation of c (20 m) (solid) and ~ (20 m) (dashed), in units of m-I. Days
are in local time. (b) Time series of Ac (20 m) (solid) and PAR(20 m) (dashed). PAR (20 m) is in
units of 1019 quanta m-2 s-1 and is calculated following SIEGEL and DICKEY (1987b). (c) Time
series of the sampled (solid) and modeled (dashed) specific production rates (ro and Po) for 20 m,
in units of d-1.
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TEMPORAL

VARIATIONS

OF T H E B E A M A T T E N U A T I O N

COEFFICIENT

Temporal variations of the beam attenuation coefficient at 20 m are dearly dominated
by diurnal oscillations with amplitudes as large as 0.01 m-1 (Fig. 2a). Variations of the
running daily mean c(20 m) (~) are primarily a consequence of thermohaline water mass
variations (WAsrmuRN et al., accepted; DICKEY and SIEOEL, submitted) and generally
have smaller amplitudes than the diurnal scale variations. The diurnal variability can be
illustrated better by using the deviation of c from the daily running mean (Ac = c-~; Fig.
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Fig. 3, Mean diurnal cycles for Ac for depths from 10 to 100 m in 10 m increments. Units are
m -1. The gray regions represent 95% confidence intervals for the mean diurnal cycle. These
diurnal cycles are statistically significant from the sea surface to 90 m.
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2b). The peak to peak Ac amplitudes range from 0.006 to 0.010 m -1. The minimum
occurs near sunrise while the maximum occurs at approximately sunset, indicating a
daytime accumulation of particles.
Vertical variations of the mean diurnal Ac cycle (Fig. 3) are statistically significant (at
the 95% confidence interval) from the sea surface to 90 m. The amplitudes of these daily
cycles show small vertical variations, with characteristic peak to peak amplitudes of
~0.0065 m -1. The lack of significant diurnal Ac cycles below 90 m is consistent with the
observed mean depth of the euphoric zone ( - 9 5 m). This suggests that the observed
diurnal particulate variation is controlled, at least in part, by the photosynthetic
production of particles.
E S T I M A T I O N OF S P E C I F I C P R O D U C T I O N ,

GROWTH AND GRAZING RATES

Temporal variations of particle production can be examined by defining a specific
particle production rate (r0), or
ro -

1

Oc

c - Cw Ot'

(3)

where Cw is taken to be 0.36 m -1 (BISHOP, 1986). The time series of ro(20 m) (Fig. 2c)
shows maximum values (~0.4 d-1) at noon, while night-time values are more uniform
with values of ~-0.2 d-1. The variations of r0(20 m) are relatively peaked near noon and
flat during evening hours, appearing similar in shape compared with the in situ PAR at
20 m (Fig. 2b). Significant mean diurnal cycles of r0 are observed from 10 to 80 m (Fig.
4), and no significant amplitude or phase variations with depth are observed. Also, the
daily mean specific production rate is not significantly different from zero indicating that
particulate production is balanced (i.e. average daily particulate growth equals grazing).
It should be noted that (3) should underestimate the true specific production of living
materials because the beam attenuation due to detritus (Cde) is not taken into account
(C - Cw ~ Cpl; EPPLEY, 1981). Assuming that detrital attenuation is one-half of the total
particulate attenuation (Cde ----Cpl), the present specific production underestimates the
production of viable materials by a factor of two. Unfortunately, little is known about the
relative contribution of detrital material to the particulate beam attenuation coefficient at
660 nm.
The specific production rate at 20 m is well predicted by the in situ PAR (explaining
71% of the variance; the artificial prediction skill (SA) is approximately 22%; SA ~ 22% ;
DAVIS, 1976; SIEGELand DICKEY, 1986), enabling r0 to be modeled statistically as the sum
of a light-dependent growth term (Ix0) and a light-independent grazing term (go)
~0 = C1 P A R - C2

(4a)

~o = I.to - go-

(4b)

The modeled production rate (~0(20 m)) is shown in Fig. 2c (dotted curve). The
maximum specific growth rate for 20 m approaches 0.7 d-1 while the grazing rate is
0.16 d-1. The daily particulate growth rate is 0.16 d-1 as particle production is balanced.
These specific growth and grazing rates compare favorably with previous specific rate
determinations (SHELDON and S t r r c L ~ , 1978; EPPLEY, 1981; LANDRY and HASSErr,
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Fig. 4: Mean diurnal cycles for r0 from 10 to 100 m in 10 m increments. Units are d-1. The gray
regions represent 95% confidence intervals for the mean cycles. Cycles are observed to be
statistically significant to a depth of 80 m .

1981; PLArr et al., 1983; IVURRtAeAand MITCHELL,1986; WELSCHME'a~Rand LO~NZEN,
1986). Similarly at all depths where the mean diurnal c variations are significant (1080 m), r0 is well explained by values of PAR (predicting 23-71% of the observed
variance, SA~22%). Daily particulate growth rates have a mean value of about 0.14 d-1
with insignificant vertical variation.
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A HYPOTHESIS FOR THE OBSERVED DIURNAL VARIATIONS

It is presently hypothesized that the diurnal production of particulates is due to
photosynthetic production of ultraplankton and is offset by losses of these particles
through microzooplankton ingestion. Similar microplankton food webs have been
postulated for the open ocean (BEERS and STEWART, 1971; SHELDON and StrrCLIFFE,
1978; JACKSON, 1980; ITURRIAGA and MITCHELL, 1986; WELSCHMEYERand LORENZEN,
1986).
Other biological processes may contribute to the diurnal variations of the beam
attenuation coefficient. However, these processes can be shown to be of lesser importance than those related to ultraplankton growth and microzooplankton grazing. As
discussed previously, sensing of macrozooplankton diurnal vertical migrations is not
likely because of the relatively small sampling volume of the transmissometer.
Diurnal-scale photoadaptation of cellular pigment concentrations cannot contribute to
the observed diurnal beam attenuation variations, because the observed diurnal Chl a
pigment concentration variations at 10 m are out of phase with beam attenuation
variations (minimum during solar noon; DICKEY and SIEGEL, submitted). Further, mean
diurnal variations of in situ chlorophyll fluorescence are insignificant below 45 m (SIEGEL
and DICKEY, in preparation), whereas the mean diurnal variations of Ac are significant to
a depth of 90 m (Fig. 3).
In the oligotrophic ocean, contributions by macrozooplankton to phytoplankton
grazing are considered to be relatively unimportant (generally less than 10% of the total)
compared with microzooplankton grazing rates (e.g. WELSCHMEYER and LORENZEN,
1986). It should be noted that predation of microzooplankton by diurnally migrating
macrozooplankton and micronekton migrators may contribute to the observed variations
(J. BISHOP, personal communication, 1988). Diurnal predation of ultraplankton grazers
implies that the present growth and grazing rates may be underestimated. However,
diurnal predation cannot control the observed Ac cycles because micrograzer abundances
are not sampled by the transmissometer. As discussed previously, the present growth
and grazing rates are also underestimated because of unknown amounts of detrital
materials.
The simple particulate growth/grazing model (4) is consistent with the ultraplankton production/microzooplankton grazing hypothesis. This is true if microzooplankton feeding is independent of time of day and synchronized cell division is unimportant
relative to solar-induced cell division. Presently, there is little consistent information
concerning temporal variations of microzooplankton grazing (e.g. ANDERSON et al.,
1987). However, any diurnal variability in the ultraplankton grazing only affects the
magnitude of the resulting rate (which is surely underestimated due to detrital attenuation).
Synchronous cell division has been observed for ultraplankton populations (specifically
cyanobacteria) in both laboratory and field studies (CHISHOLM, 1981; CAMPBELLand
CARPENTER, 1987; WATERBURYet al., 1987). However, the high degree of correlation
between the specific production rate and PAR suggests that the cell division rate is a
simple function of light intensity and that synchronous division is probably not important
for the present case. Unfortunately, the growth/grazing hypothesis cannot be rigorously
tested using the present data because simultaneous growth, grazing, optical and particulate observations are not available.
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PRODUCTION

Water column integrated production can also be estimated using the transmissometer
data. The peak to peak Ac amplitudes denote a net accumulation of particles during the
day; thus production calculated in this manner should represent the net community
production (PLArr et al., 1984). A value of Ac of ~0.0065 m-1 (Fig. 3), which is nearly
constant throughout the depth of the euphotic zone (95 m), is used. The conversion from
c variations to particulate organic carbon (POC) variations can be made by using values
for the SPM specific beam attenuation coefficient [1020 ~tg kg-1 m (assuming a specific
gravity for SPM of 1.05 g ml-1); KrrCHENet al., 1983] and the percentage of POC in SPM
( - 2 5 % ; HOBSON, 1967; BISHOP et al., 1986). The resulting water column community
production is -160 mg C m -2 d -1. Using a value for the SPM specific beam attenuation
coefficient taken from the Sargasso Sea and North Atlantic Ocean (1150 ~tg kg-1 m;
BISHOP, 1986), a community production of ~180 mg C m -2 d-~ is obtained. Although it is
difficult to ascribe a confidence interval to the production estimate, the difference
between the two rates suggests that the estimate of 160 mg C m -2 d-1 is probably accurate
to within 25%.
The value of optically determined community production compares well (although it is
somewhat higher) with nearly simultaneous carbon uptake production determinations
made from the R.V. Acania (116 + 27 mg C m -2 d-~; n = 7). The optical community
production is also consistent with summer mean values from the North Pacific Ocean
(106 + 43 mg C m-2 d-l; HAYWARDet al., 1983). The difference between the optical and
carbon uptake community production rates may be attributed to the filters used in the
uptake experiments. It should be noted that recent primary production measurements in
the oligotrophic Pacific Ocean show values that are two to three times greater than either
of the previously denoted carbon uptake determinations (MARRAand HEINEMANN,1987;
LAws et al., 1987).
CONCLUSION

An optical technique is introduced to determine variations of particulate abundance
and production in the open ocean. Values of specific production rate and integrated
community production are consistent with previous and simul.taneous determinations.
Specific rates of primary and secondary production may also be estimated by assuming
that grazing activity is independent of time of day. The present method appears to have
significant potential and its use may facilitate determinations of both spatial and temporal
variations of particulate production from unattended instrumentation.
It should be noted that the present analysis is limited by uncertainties in the estimation
of particulate (and more importantly phytoplankton) properties using variations of the
beam attenuation coefficient. Better knowledge of particulate optical properties of both
phytoplankton and detritus is needed to be made before these shortcomings are
alleviated.
Finally, diurnal variations of the beam attenuation coefficient (c) may influence the
quality and interpretation of synoptic spatial maps of c. The present observations show
peak to peak variations of c to be as large as 0.01 m -1. Within the euphoric zone,
horizontal attenuation variations will be significant only if their magnitudes are greater
than this amount. Spatial distributions of c at the attenuation maximum (roughly 60 m)
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made from the R.V. Acania during O D E X show values ranging from 0.43 to 0.45 m -I
(STOCKEL et al., 1986). Thus, diurnal c variations can account for up to 50% of the
observed "spatial" variations, limiting the utility of synoptic maps of c.
Acknowledgements--This research has been supported by the Ocean Optics Program of the Office of Naval
Research under contract N00014-87-K-0138. Comments from and/or discussions with B. Bartz, J. Bishop, R.
Bidigare, K. Brink, E. Buskey, J. Cleveland, C. Davis, R. Eppley, T. Granata, R. Iturriaga, B. Jones, G.
Kleppel, M. Lewis and R. Spinrad have been helpful.
REFERENCES
ABBOI~r M. R., T. BAYNESand K. BRINK (1987) Observations of optical properties from a Lagrangian drifter
deployed in the California Current. Abstract. Transactions of the American Geophysical Union, EOS, 68,
1683.
ANDERSO~ M. R., R. B. RIVKIN and C. HOGAN (1987) Dynamics of ciliate grazing in coastal and oceanic
environments. Abstract. Transactions of the American Geophysical Union, EOS, 68, 1783.
BAKERE. T. and J. W. LAVELLE(1984) The effect of particle size on the light attenuation coefficient of natural
suspensions. Journal of Geophysical Research, 89, 8197-8204.
BARTZ R., J. R. V. ZA~VALD and H. PAK (1978) A transmissometer for profiling and moored observations in
water. Proceedings of the Society for Photo-Optical Instrumentation Engineering (Ocean Optics V), 160,
102-108.
BEERS J. R. and G. L. STEWART(1971) Micro-zooplankton in the plankton communities of the upper waters of
the eastern Tropical Pacific. Deep-Sea Research, 18, 861-883.
BtDIGARE R. R., R. C. SMITH, K. S. BAKER and J. MARRA (1987) Optical characterization of primary
production in the Sargasso Sea. Global Biogeochemical Cycles, 1, 171-186.
BISHOP J. K. B. (1986) The correction and suspended matter calibration of Sea Tech transmissometer data.
Deep-Sea Research, 33, 121-134.
BISHOP J. K. B., M. H. CotcrE, P. H. WIEBE, M. R. ROMAr~ and C. LANGDON (1986) Particulate matter
production and consumption in deep mixed layers: observations in a warm-core ring. Deep-Sea Research,
33, 1813-1841.
BREWER P. G., K. W. BRULAND,R. W. EPPLEY and J. J. MCCARTHY(1986) The Global Ocean Flux Study
(GOFS): Status of the U.S. GOFS program. Transactions of the American Geophysical Union, EOS, 67,
827-832.
BRICAUD A., A. MOREL and L. PRIEUR (1981) Absorption by dissolved organic matter of the sea (yellow
substance) in the UV and visible domains. Limnology and Oceanography, 26, 43-53.
CAMPBELL L. and E. J. CARPENTER (1987) Diel patterns of cell division in marine Synechoccus spp.
(cyanobacteria): the use of the frequency of dividing cells technique to measure growth rate. Marine
Ecology Progress series, 32, 139-148.
CmSHOLM S. W. (1981) Temporal patterns of cell division in unicellular algae. Canadian Bulletin of Fisheries
and Aquatic Sciences, 210, 150-181.
DAVIS R. E. (1976) Predictabifity of sea surface temperature and sea level pressure anomalies over the North
Pacific Ocean. Journal of Physical Oceanography, 6, 249-266.
DIcREY T. D. (1988) Recent advances and future directions in multidisciplinary in situ oceanographic
measurement systems. In: Toward a theory on biological and physical interactions in the World Ocean, B.
ROTHSCHILD, editor, Kluwer Academic Publishers, Dordrecht, The Netherlands, pp. 555-596.
DICKEYT. D., J. MARRA, C. LANGDOr~and D. A. SIEGEL(1987) Preliminary results obtained from the multivariable moored system during the Biowatt experiment in the Sargasso Sea. Abstract. Transactions of the
American Geophysical Union, EOS, 68, 1703-1704.
EPPLEY R. W. (1981) Relations between nutrient assimilation and growth in phytoplankton with a brief review
of estimates of growth rate in the ocean. Canadian Bulletin of Fisheries and Aquatic Sciences, 210,
251-263.
EPPLEY R. W. and B. J. PETERSON(1979) Particulate organic matter flux and planktonic new production in the
deep ocean. Nature, 282, 677-680.
EPPLEV R. W. and O. HOLM-HANSEN (1986) Primary production in the Southern California Bight. In:
Plankton Dynamics of the Southern California Bight, R. W. EPPLEV, editor, Springer-Verlag, New York,
373 pp.
EPPLEY R. W., E. H. RENGER,E. L. VEUmCK and M.M. MULLIN(1973) A study of plankton dynamics and
nutrient cycling in the central gyre of the North Pacific Ocean. Limnology and Oceanography, 18,
534-551.

Particulate abundance and production variations

221

EPPLEV R. W., E SWIFT, D. G. REDALJE,M. R. L~DRY and L. W. HASS (1988) Subsurface chlorophyll
maximum in August-September 1985 in the CLIMAX area of the North Pacific. Marine Ecology Progress
Series, 42, 289-301.
GLOVER H. E., L. CAMPBELLand B. B. PR~ZELIN(1986) Contribution of Synechoccus spp. to size-fractioned
primary production in three water masses in the Northwest Atlantic Ocean. Marine Biology, 91,193-203.
GORDON H. R., R. C. SMrrH and J. R. V. ZA~VELD (1984) Introduction to ocean optics. Proceedings of the
Society for Photo-Optical lnstnonentation Engineering (Ocean Optics VII), 489, 2-41.
HAYWARD T. L., E. L. VENRICK and J. A. McGoWAN (1983) Environmental heterogeneity and plankton
community structure in the central North Pacific. Journal of Marine Research, 12, 711-729.
HOBSON L. A. (1967) The seasonal and vertical distribution of suspended particulate matter in an area of the
northeast Pacific Ocean. Limnology and Oceanography, 12, 642--649.
|TURRIAGAR. and B. G. MITO~ELL(1986) Chroococcoid cyanobacteria: a significant component in the food
web dynamics of the open ocean. Marine Ecology Progress Series, 28, 291-297.
ITURRIAGA R. and J. MARRA (1988) Temporal and spatial variability of chroococcoid cyanobacteria,
Synechococcus sp., specific growth rates and their contribution to primary production in the Sargasso Sea.
Marine Ecology Progress Series, 44, 175-181.
JACKSONG. A. (1980) Phytoplankton growth and zooplankton grazing in the oligotrophic ocean. Nature, 284,
439--441.
JERLOV N. G. (1976) Marine optics. Elsevier, New York, 229 pp.
KrrcHEN J. C., J. R. V. ZANEVELDand H. PAK (1983) Relation of optical and particulate properties near 33°N
142°W during October and November, 1982. Abstract. International Union of Geodesy and Geophysics
XVIII General Assembly, International Association for the Physical Sciences of the Ocean, p. 157.
LArn)RY M. R. and R. P. HASSETI"(1981) Estimating the grazing impact of marine microzooplankton. Marine
Biology, 67, 283-288.
LAWS E. A., D. G. D I ~ I O and D. G. REDALIE(1987) High phytoplankton growth and productivity rates in
the North Pacific subtropical gyre. Limnology and Oceanography, 29, 1161-1169.
LI W. K. W., D. V. SUBBARAO, W. G. HARRISON,J. C. SMITH,J. J. CULLEN,B. IRVONand T. PLATF (1983)
Autotrophic picoplankton in the tropical ocean. Science, 219, 292-295.
MARRA J. and K. R. HEINEMANN(1987) Primary production in the North Pacific Central Gyre: Some new
measurements based upon 14C. Deep-Sea Research, 34, 1821-1829.
MITCHELL B. G. and D. A. KIEFER (1988) Variability in pigment specific particulate fluorescence and
absorption spectra in the North Eastern Pacific Ocean. Deep-Sea Research, 35,665-689.
PAK H., D. A. KIEFERand J. C. KITCHEN(1988) Meridional variations in the concentration of chlorophyll and
micropartides in the North Pacific Ocean. Deep-Sea Research, 35, 1151-1171.
PLATI"T., D. V. SUBBARAO and B. IRWIN (1983) Photosynthesis of picoplankton in the oligotrophic ocean.
Nature, 301,702-704.
PLATr T., M. LEWIS and R. GEIDER (1984) Thermodynamics of the pelagic ecosystem: Elementary closure
conditions for biological production in the open ocean. In: Fluxes of energy and materials in marine
ecosystems: theory and practice, M. J. FASHAM,editor, Plenum, New York, pp. 49-84.
POSTMA H. and J. W. ROMMETS (1979) Dissolved and particulate organic carbon in the North Equatorial
Current of the Atlantic Ocean. Netherlands Journal of Sea Research, 13, 85-98.
POSTMA H. and D. SPITZER (1982) Possible daily variation in the color of the blue ocean. Applied Optics, 21,
12-14.
PRI~ZELINB. B., H. E. GLOVERand L. CAMPBELL(1987) Effects of light intensity and nutrient availability on
diel patterns of cell metabolism and growth in populations of Synechoccus spp. Marine Biology, 95,
469-480.
SHAPIRO L. P. and R. R. L. GUILLARD(1987) Physiology and ecology of marine eukaryotic ultraplankton.
Canadian Bulletin of Fisheries and Aquatic Sciences, 214, 391-422.
SHELDON R. W. and W. H. StrrCLIFFE (1978) Generation times of 3 hr for Sargasso Sea microplankton
determined by ATP analysis. Limnology and Oceanography, 23, 1051-1055.
SHELDONR. W., W. H. SUTCLIFFEand A. PRAKASH(1973) The production of particles in the surface waters of
the ocean with particular reference to the Sargasso Sea. Limnology and Oceanography, 18, 719-733.
SIEGEL D. A. and T. D. DICKEY(1986) Variability of net longwave radiation over the eastern Pacific Ocean.
Journal of Geophysical Research, 91, 7657-7666.
SIEGEL D. A. and T. D. DICKEY (1987a) Observations of the vertical structure of the diffuse attenuation
coefficient spectrum. Deep-Sea Research, 34, 547-563.
SIEGEL D. A. and T. D. DICKEY (1987b) On parameterization of irradiance for open ocean photoprocesses.
Journal of Geophysical Research, 92, 14648-14662.
SMITH R. C., R. R. BIDIGARE,B. B. PRI~ZELIN,K. S. BAKER and J. M. BROOKS(1987) Optical characterization of primary productivity across a coastal front. Marine Biology, 96, 575-591.
SPINdleD R. W. (1986) A calibration diagram of specific beam attenuation. Journal of Geophysical Research,
91, 7761-7764.

222

D.A. SmO~Let al.

STOCKELJ. A., J. L. MUI~IJ.I~R,H. PAX and D. M~z_ms (1986) Data from the Optical Dynamics Experiment
(ODEX) R/VAcania expedition of 10 Oct. thru 17 Nov. 1982. Volume 1: CTD and optics profiles. Data
Report (NPS-68-86~13), Naval Postgraduate School, Monterey, California, 271 pp.
TopLISS B. J. and T. PLATI"(1986) Passive fluorescence and photosynthesis in the ocean: implications for
remote sensing. Deep-Sea Research, 33, 849-864.
WATERBURYJ. B., S. W. WATSON,F. W. VALOIS and D. G. FRANKS(1987) Biological and ecological
characterization of the marine unicellular cyanobacterium Synechoccus. Canadian Bulletin of Fisheries
and Aquatic Sciences, 214, 71-120.
WELSCHMEYERN. A. and C. J. LORENZEN(1986) Chlorophyll budgets: Zooplankton grazing and phytoplankton growth in a temperate fjord and the central Pacific Ocean. Limnology and Oceanography, 30,
1-21.

