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Abstract--Profiles of the diffuse attenuation coefficient spectrum for downwelling spectral
irradiance (Kd(Z,)~))were determined using data taken during the autumn of 1982 in the eastern
North Pacific Ocean as part of the Optical Dynamics Experiment (ODEX). The near-surface
Kd(5 re,k) was consistent with Jerlov water types IA or IB and did not show any significant
variations with sun altitude angle or cloud amount, supporting the notion that Kd(Z,k) is a "quasiinherent" optical property. Vertical profiles of Kd(Z,)Q showed significant structures with
amplitudes that decrease with increasing wavelength. The observed depth-wavelength distribution may be divided into a blue-green group (400-500 nm) with a vertical structure similar to the
vertical distribution of chlorophyll pigments and a green-yellow group 4500-575 nm) with little
vertical variation. For wavelengths >575 nm, the values of Ka(z,k) decreased with depth
apparently because of limitations of the irradiance sensors, The mean vertical distribution of
Ka(z,)~) for the blue-green group was well-correlated with the mean in situ fluorescence
(correlation coefficient r - 0.94-0.99) and with the mean total pigment concentration (r - 0.900.95). The correlation coefficients relating Kd(Z,k) with the phaeopigment concentration
(r ,- 0.84-0.92) were higher than those relating the chlorophyll a concentration (r - 0.63-0.90),
indicating the contributions of detrital materials. The mean beam attenuation coefficient at
660 nm was not significantly correlated with Ka(z,k). The total pigment specific diffuse attenuation coefficient spectrum was similar to spectra determined from previous studies, with departures only in the blue region of the spectrum (L < 440 nm). The differences may be
attributed to detrital effects.

INTRODUCTION

THE characterization of the optical properties of the upper ocean is important for many
applications in both physical and biological oceanography. Studies of primary productivity, the heat budget of the upper ocean, remotely sensed sea surface color, and the
interactions between physical and biological processes all require knowledge of the
vertical structure of optical properties. For such studies, the diffuse attenuation coefficient spectrum (Ka(z,k)) is useful for characterizing optical properties because it
quantitatively describes the attenuation of downwelling solar radiation within the water
column.
Characteristics of the near-surface Kd(zo,k) have been described for many different
geographical locations (e.g. TYLER and SMITH, 1970; JERLOV, 1976; SMITH and BAKER,
1978b; DUBINSKY and BERMAN, 1979; BAKER and SMITH, 1982; KISHINO et al., 1984;
AUSTIN and PETZOLD, 1984) where Zo is a depth near the sea surface. Although the
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vertical structure of the diffuse attenuation coefficient for photosynthetic available
radiation (PAR) has been described by several authors (DtmINSKY and BERMAN, 1979;
T~LZER, 1983; SCHANZ, 1985), the spectral dependence of Ka(z,k) in the open ocean has
not been fully characterized. Here we present a set of Kd(Z,~.) profiles obtained during
the autumn of 1982 from the eastern North Pacific Ocean as part of the Optical Dynamics
Experiment (ODEX). The reader familiar with the fundamental concepts of optical
oceanography may wish to advance to the Observations and Techniques section.
The diffuse attenuation coefficient (Kd(Z,L)) is defined as the rate at which the natural
logarithm of spectral downwelling irradiance (Ed(Z,l)) is attenuated with depth (e.g.
JERLOV, 1976; PRE1SENDORFER, 1976) or

Kd(Z,L) =

d(ln(Ed(z,i)))
dz
'

(1)

where z is depth (positive downward). Kd(Z,~.) is of great utility since it can be used to
relate Ed(Z,~) at some depth z to that just below the sea surface (Ed(O-,~)) , or by
integrating (1) from just below the sea surface to a depth z, one obtains

(;

)

gd(z',k) dz' .
(2)
0
This equation is frequently referred to as the Beer-Bouguer-Lambert relation (LIou,
1980; MOREL and BRICAUD, 1981).
Kd(Z,)Q is an apparent optical water property and thus is dependent on the angular
distribution of the underwater radiance distribution (e.g. PREISENDORFER,1976; JERLOV,
1976). The underwater radiance distribution is altered not only by the absorbing and
scattering properties of the water column (the inherent optical properties), but also by
the angular distribution of light incident on the sea surface. Very few observations of the
effects of variations of the incident light distribution (e.g. BAKER and SMITH, 1980) have
been made. However, this aspect has been modeled extensively (e.g. KA~AWAR and
PLASS, 1972; GORDONet al., 1975; STAVN, 1981; KIRK, 1984). The observations of BAKER
and SMITH (1980) show this effect to be minimal even for extremely small sun altitude
angles (<20 °) during clear sky conditions. Also, effects of low sun altitude angle on
Ka(z,~) are negligible under diffuse (cloudy) sky conditions (KIRK, 1984). This invariant
nature of Ka(z,t) with sun altitude variations has led to its description as a "quasiinherent" optical property (BAKER and SM~Trt, 1980).
Surface gravity waves also alter the underwater radiance distribution by rapidly
changing glint surfaces, focusing light rays, and changing the mean reflective properties
(e.g. SNYDER and DERA, 1970). Surface gravity waves can also act to modify the
underwater radiance distribution by altering the paths of light rays as they penetrate the
sea surface. Other effects can also modify light as it passes through the air-sea interface
(i.e. surface films, etc.).
Inherent optical properties [e.g. the absorption coefficient a(~.) and the scattering
coefficient b(~.)] are commonly modeled as a linear sum of components for pure
seawater, particulate matter and dissolved materials. There are many examples of this
type of formulation (e.g. MOREL and PRIEUR, 1977; MOREL and BRICAUD, 1981; KIEFER
and SooHoo, 1982; KISHINO et al., 1984). The modeling of Kd(Z,t) as a sum of
components is not strictly valid because it is an apparent optical property (MOREL and
BRICAUD, 1981). However, recent analyses demonstrate that linear component models of
Ea(z,k) = Ed(0-,k) exp -
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Kd(Z)~) are quite robust (e.g. SMITHand BAKER, 1978b; BAKER and SMITH, 1982; AUSTIN
and PETZOLD,1984). Also, if the "quasi-inherent" approximation for Kd(z,k) is valid,
linear models may be used for Kd(Z,~,).
Estimates of the diffuse attenuation coefficient for pure seawater (Kw(~.)) have been
made using laboratory and field data (MOREL, 1974; MORELand PRIEUR, 1977; SMITHand
BAKER, 1978b, 1981). The Kw(~,) spectrum is nearly constant between 400 and 500 nm
(0.02-0.03 m-~) and increases rapidly above these wavelengths (SMITH and BAKER,
1978b, 1981). There is a shoulder in Kw(~.) at -600 nm and Kw(~,) increases at a slower
rate for greater wavelengths. Importantly, Kw(~,) acts as a lower bound for values of
Kd(Z,L) as observed in the ocean.
In the open ocean, particulate material is composed mostly of phytoplankton. A
phytoplankton cell can be conceptualized as a nearly clear "bubble" (the cell wall) which
contains many small "sacs" of absorbing pigments (the chloroplasts). The "bubble" has a
slightly different index of refraction than the ambient seawater around it, so it acts to
scatter light and increase the total scattering coefficient (bQ,)) of the water parcel. The
"sacs" of pigment inside the "bubble" act to absorb light in preferred wavebands
(generally 420-500 and -685 nm). This effect may be observed from the absorption
spectra of filtered or acetone extracted particulates and may be attributed in large part to
the presence of chlorophyll pigments (YENTSCH, 1960; LORENZEN, 1972; MOREL and
BRICAUD,1981; KIEFER and SooHoo, 1982; KISHINOet al., 1984; MITCHELLet al., 1984;
LEWIS et al., 1985). The physiological state of the phytoplankton (i.e. photoadaptive
state, age, and nutrient history) as well as the composition of the plankton assemblage
also contributes to the optical properties by determining the distribution and composition
of the pigment "sacs" and the size and construction of the outer "bubble" (KIEFERet al.,
1979; MOREL and BRICAUD, 1981; KEIFER and SooHoo, 1982; BRICAUD et al., 1983;
MITCHELLet al., 1984).
Optical properties may also be influenced by the presence of particulate and/or
dissolved detrital materials (JERLOV, 1976; BRICAUDet al., 1981; KEIFER and SooHoo,
1982; MITCHELL et al., 1984; KlSmNO et al., 1984). In the open ocean, this source of
optical variability is generally thought to be negligible compared to the attenuation by
pure seawater and phytoplankton (SMITH and BAKER, 1978a). However, in the blue
region of the spectrum (400-450 nm) these effects may be important (BRICAUDet al.,
1981; BAKER and SMITH, 1982; KIEFER and SooHoo, 1982).
Internal sources of light within the water column (e.g. sunlight induced fluorescence of
plankton pigments) can also affect observed vertical profiles of optical properties (i.e.
GORDON, 1979; TOPLISS, 1985). These internal sources of light can complicate the
interpretation of observed vertical profiles of optical properties (GORDON, 1979; SIEGELet
al., 1986).
In the following, profiles of downwelling spectral irradiance (Ed(Z,k)) are used to
determine the vertical structure of Ka(z,~.). These profiles were measured during the
Optical Dynamics Experiment (ODEX). Estimates of Ka(z,X) are compared with other
physical and biological observations of the upper ocean in order to ascertain their effects
upon the Ka(z,~.) distribution.
OBSERVATIONS AND TECHNIQUES

Surface meteorological and upper ocean observations were made from the R.P. FLIP
between 20 October and 11 November 1982 in the eastern North Pacific Ocean (near
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33N, 142W). A total of 184 downwelling spectral irradiance casts were made over a 13
day period between 25 October and 7 November. During this period, interleaving of
differing upper ocean water masses was sometimes observed. However, this observed
thermohaline variability was not generally apparent in the distributions of in situ
fluorescence of pigments (DICKEY and SIEGEL, 1987). Observations of the mesoscale
variability of the optical, physical and biochemical fields in the eastern North Pacific
Ocean were obtained from the R.V. Acania during the R.P. FLIP observations.
Ea(z,k) was measured using a Biospherical Instruments Inc. model MER-1010 spectroradiometer, which sampled irradiance centered at 12 different wavelengths (i.e. 410,441,
465,488,520, 540, 560, 589,625,671,694, and 767 nm). Each waveband of irradiance
was sampled through a common cosine response irradiance collector using a photodiode
and a set of interference and blocking filters. The half power bandwidth for each
waveband was approximately 10 nm. For this study, the spectroradiometer sampled
irradiance at 64 Hz and recorded 1 s averages. This averaging period effectively
eliminated high frequency fluctuations in the sensed irradiance due to geophysical (i.e.
surface capillary waves) or sampling (i.e. package motions) effects.
']?he least significant bit that the spectroradiometer could resolve corresponded to a
spectral irradiance value of -0.0001 W m-2 nm -1. This finite signal resolution was used
to estimate the maximum depth to which Kd(Z,~.) could be determined. Assuming that at
least 10 significant bits were required to determine the vertical gradient of Ed(Z,L) and
that Ed(O-,L) was --1 W m -2 nm -1, this depth was estimated to be - 7 e-folding depths
for Ea(z,~) using the Beer-Bouguer-Lambert relation (2). If Ka(z,~) were 0.05 m-1 (and
independent of depth), the corresponding physical depth would be 140 m. A more
detailed description of the spectroradiometer and its characteristics can be found in
SMITH et al. (1984), SMITHand BAKER (1984) and SIEGELet al. (1986).
The spectroradiometer package sampled pressure and temperature as well as beam
transmission using a 1 m SeaTech beam transmissometer. This device measured the
absolute transmission of a nearly collimated beam of light centered at 660 nm (BARTZet
al., 1978). Such measurements can be used to estimate concentrations of oceanic
particles (e.g. SPINRAD,1986). The spectroradiometer package profiled from the surface
to a nominal depth of 150 m with a mean profiling speed of - 1 . 5 m s-1, resulting in a
vertical resolution of - 1 . 5 m.
Other upper ocean data were provided by a CTD/rosette package. This package was
deployed at intervals of 3 h or less from the surface to -250 m. Vertical profiles of
temperature and salinity were obtained using a Neil Brown Instrument Systems Mark
IIIB CTD/O2. These data were used to calculate profiles of potential density (o0). A
SeaMarTech in situ fluorometer (model 240) was interfaced to the CTD/rosette package
as well as a rosette bottle sampler. More details concerning this package and its use
during ODEX may be found in DICKEYand SIEGEL(1987).
Discrete determinations of dissolved oxygen, salinity, nutrients and chlorophyll a and
phaeopigment concentrations were made using rosette bottle samples. These data were
averaged using 5 m vertical bins for the calculation of the mean vertical profiles. The
measurements of chlorophyll a and phaeopigment were determined following the
procedure outlined in VENRICKand HAYWARD(1984). Chlorophyll a and phaeopigment
concentrations were sampled from both the R.P. FLIP and the R.V. Acania during
ODEX. A preliminary intercomparison indicated that pigment concentrations measured
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from the R.P. F L I P underestimated those sampled from the R.V. Acania by 5-15%
(B. G. MITCHELL,personal communication, 1986). Differences were most notable for the
phaeopigment concentrations within the mixed layer. There, no significant concentrations were measured by the R.P. FLIP; however significant phaeopigment concentrations were measured from the R.V. Acania. These differences may be attributed to
the different types of filters used to separate particulates. The R.P. F L I P measurements
were made with Whatman GF/C filters with pore sizes of - 1 . 2 lam, whereas the R.V.
Acania measurements were made with Millipore H A filters with pore sizes of -0.45 ~tm.
PARKER (1981) has reported that Whatman GF/C filters have retention sizes closer to
3 ~tm. We suspect that a portion of the pigment biomass may have been lost because of
this choice of filters. This consideration may be especially important for the determination of the phaeopigment concentration within the mixed layer where phaeopigments
are predominantly in small particles (e.g. SooHoo and KEIFER,1982). The contributions
of other pigments (i.e. chlorophyll b and c) can also lead to discrepancies in the
fluorometric determination of chlorophyll a and phaeopigment concentrations (e.g.
JEFFERY, 1976; LORENZEN,1981; TREES et al., 1985).
The excitation waveband of the SeaMarTech in situ fluorometer was between 420 and
500 nm and the detector sampled wavelengths >670 nm. These spectral regions are not
necessarily characteristic of only chlorophyll a fluorescence, but can be affected by the
presence of other pigments (i.e. YENTSCHand YENTSCH,1979; BROENKOWet al., 1985).
Profiles of in situ fluorescence provide continuous records of the relative fluorescence
properties of the water column, but the connection between the in situ fluorometer signal
and the chlorophyll a concentration is not necessarily simple (e.g. CULLEN, 1982;
FALKOWSKI and KIEFER, 1985). A statistical analysis comparing in situ fluorescence,
chlorophyll a, phaeopigment, and total pigment (the sum of the chlorophyll a and
phaeopigment) concentrations indicated that the total pigment concentration was the
best predictor of the observed in situ fluorescence (84.5% of the variance explained)
(DICKEY and SIEGEL, 1987). The phaeopigment and chlorophyll a concentrations individually explained 64.5 and 62.3% of the variance of the in situ fluorescence, respectively. These skill levels for the individual pigments were significantly lower and indicated
that the total pigment concentration was being sensed by the SeaMarTech in situ
fluorometer (DICKEYand SIEGEL,1986).
Broadband incident irradiance was sampled as part of the R.P. F L I P meteorological
measurements. However, no incident spectral irradiance data were taken. The sampling
rate for the meterorological system was <0.02 Hz, which was considerably less than the
1 Hz sampling rate used for the underwater spectroradiometer package. Consequently,
measurements of the incident irradiance could not be used to correct the Ea(z,~) profiles
for variations in the incident light, and only those profiles nearly free of incident
irradiance fluctuations could be selected for further analysis. The selection procedure
entailed the omission of those casts when (1) large exchanges were observed in the
incident broadband irradiance during the cast, (2) visual observations of changing cloud
conditions were noted or (3) the R.P. F L I P cast a shadow where the spectroradiometer
package was deployed. On this basis, 32 casts were chosen for the following analysis.
These casts spanned the entire period of the experiment and encompassed high and low
sun altitude angles and high and low cloud amounts.
The downwelling irradiance profiles were linearly interpolated to 1 m intervals, log-
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transformed and then smoothed using a 9 point (9 m) moving average filter. This process
removed short period irradiance fluctuations (frequencies >0.10 Hz) resulting from
either surface gravity waves or package motions.
Ka(z,~,) was then calculated using the smoothed ln(Ea(z,Z)) profiles. The computational algorithm was obtained by integrating (1) from a depth zo to a depth z.

F Kd(z',~)

ln(Ed(Z,)0) = -

dz' + ln(Ed(z0,~.)).
(3)
z,,
Provided that the maximum distance between the two depths (h) is small ( - 1 0 m or
less), it may be assumed that Kd(z,~.) is constant within this small depth interval.
Equation (3) then becomes,
ln(Ed(z,~,)) = -Ka(zo + h/2,X) • ( z - Zo) + ln(Ea(zo,;~))).

(4)

By calculating the regression coefficients between ( z - Zo) and ln(Ea(z,~,)) within the
depth interval h, Ka(zo + h/2,?O was determined. For the present analysis, h was chosen
to be equal to 10 m. The vertical profile of Ka(zo + h/2,~,) was computed by advancing z0
through the water column of 5 m increments, resulting in a vertical resolution of
5 m. Note that Ea(z,~) can also be determined if zo is taken to be the sea surface.
Hereafter, Kd(z,~,) will be used to denote Kd(zo + h/2,~.). These procedures are similar
to those used by SMITH and BAKER (1984).
ANALYSIS

Near-surface spectra
The near-surface (z = 5 rn) diffuse attenuation coefficient spectra are shown in Fig. 1.
The magnitude of Ka(5 m,)Q is considerably larger in the orange and red portions of the
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visible spectrum (~, > 550 nm) than in the blue-green (400-500 nm) portion. The shapes
of these Kd(5 m,~,) spectra are not significantly different from those estimated for pure
seawater, although the magnitude is slightly greater. Also, these spectra are not
significantly different from those for Jerlov optical water types IA or IB (JERLOV, 1976).
There appears to be a spectral shoulder in the observed Kd(5 m,~,) spectrum at
--625 nm. A similar shoulder (at -600 nm) is evident in the absorption spectra for pure
seawater measured by MORELand PRmUR (1977). The difference in the wavelength of the
shoulder is probably caused by the large spacing between the wavebands of the
spectroradiometer (no wavelengths were sampled between 589 and 625 nm).
There is no significant difference between the magnitude of Kd(5 m,~,) for low vs high
sun elevations or for low vs high cloud amounts. In addition, for profiles measured under
relatively clear sky conditions (total cloud amounts <2 okta), there are no significant
differences for low vs high sun altitude angles. These observations support the notion
that Kd(Z,~) is a "quasi-inherent" optical property (BAKERand SMITH,1980).
The insensitivity of Kd(5 m,~.) to changes in the sun altitude angle can be attributed to
several factors. A direct beam of light at a low sun altitude angle must travel through a
greater distance in the atmosphere than a beam at a higher sun angle. The beam at the
low sun altitude angle would thus be scattered through the atmospheric boundary layer to
a higher degree than the beam at the higher sun angle (Liou, 1980; KATSAROSet al.,
1985). The presence of clouds (even small amounts) would increase the diffusiveness of
the incident beam as well (Liou, 1980; KIRK, 1984). This point is particularly relevant
since totally clear skies were rarely observed during ODEX (SIEGEL and DICKEY, 1986).
Furthermore, the presence of surface gravity waves cause the paths of light rays to be
altered as they pass through the air-sea interface, greatly modifying the underwater
radiance distribution (e.g. SNYDER and DERA, 1970). Thus, it is likely that cloud
conditions, optical properties of the marine atmospheric boundary layer, and surface
gravity waves all act to obfuscate the effects of variability of the incident radiance
distribution on observations of Ka(5 m,k).
The near-surface spectra of Kd(5 m,~.) are consistent with spectra observed in other
oligotrophic environments (e.g. TYLER and SMITH,1970), however the vertical structure
of Kd(Z,~) is of primary interest. Kd(Z,X) should depend on those oceanic properties which
control the inherent optical properties of the upper ocean, since the "quasi-inherent"
approximation has not been violated. Thus, the distribution of oceanic pigments and
particles is important for the description of the vertical structure of Kd(z,k).

Mean property profiles
Mean profiles of potential density (o0), beam attenuation coefficient at 660 nm (C), in
situ fluorescence (FI), chlorophyll a pigment (Chl a), and phaeopigment (Phaeo) concentrations all show well-mixed characteristics in the near-surface region (z < 50 m)
(Fig. 21). Also, with the exception of the potential density profile, all mean profiles show
subsurface maxima.
From the mean potential density profiles, the mean mixed layer depth is observed to be
- 5 0 m. Below this depth, the seasonal pycnocline lies between 50 and 80 m and is
characterized by an intense vertical gradient in potential density. The seasonal pycnocline not only inhibits vertical exchange of oceanic properties, but also supports internal
gravity waves. Below the seasonal pycnocline, the stratification becomes less intense.
The beam attenuation coefficient (C(~,)) is defined as the sum of the absorption
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Profiles of mean water properties, These mean profiles were derived from CTD/rosette
deployments closest in time (within 2 h) to the spectroradiometer casts, except for the mean
beam attenuation coefficient profile which utilized the spectroradiometer deployments. The
mean potential density (t~0) is the solid line, the mean in situ fluorescence (Fl) is the small dashed
line, the mean cholorphyll a concentration (Chl a) is the larger dashed line, the mean c(660 nm)
(C) is the dashed-dotted line, and the phaeopigment concentration (Phaeo) is the dasheddouble-dotted line.

coefficient (a(X)) and the scattering coefficient (b(~.)) and hence is an inherent optical
property. The present observations of the mean beam attenuation coefficient profile are
centered at a wavelength of 660 nm (c(660 nm)). The mean c(660 nm) profile is uniform
within the upper 50 m and has a subsurface maximum at - 7 0 m. This beam attenuation
maximum has been shown to be caused primarily by a maximum of oceanic particles
trapped within the seasonal pycnocline (KITCHEN et al., 1982; PAK, 1986). Below this
maximum region, c(660 nm) decreases monotonically with increasing depth. Also, there
is no significant structure in the mean c(660 nm) profile coincident with the pigment
maxima ( - 8 0 - 1 0 0 m).
The mean chlorophyll a pigment concentration profile (Chl a) is nearly uniform in the
upper 50 m with a value of - 0 . 0 8 mg m -3. Below this depth, chlorophyll a increases with
depth until the chlorophyll a maximum is encountered at about 85 m. The chlorophyll a
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maximum region is ubiquitous in the mid-latitude open ocean during the summer and
autumn seasons and is generally observed near the 1% light level for photosynthetic
available radiation (PAR) and above a source of new nutrients (i.e. the nutricline) (e.g.
VENRtCK et al., 1973; CULLEN, 1982). The mean 1% light level for PAR occurs at
85 + 4 m, whereas the top of the nutricline is at -120 m (DICKEY and SIEGEL, 1987).
Below the chlorophyll a pigment maximum, the chlorophyll a concentration decreases
with increasing depth.
The mean phaeopigment profile (Phaeo) show undetectable concentrations within the
upper mixed layer. This absence of phaeopigments could be a consequence of photooxidation within the photic zone (e.g. SooHoo and KIEFER, 1982). However, comparative data taken from the R.V. Acania show measurable concentrations of phaeopigments. Possible explanations for this difference have been discussed previously. Below
the mixed layer, the phaeopigment concentration increases to its maximum at -105 m,
which is - 2 0 m deeper than the chlorophyll a maximum.
The mean in situ fluoresence profile (F1) is similar in form to both mean pigment
profiles. The mean in situ fluorescence is nearly constant in the upper 50 m. Below, there
is a subsurface maximum at -100 m. This subsurface maximum lies between the maxima
for the chlorophyll a and phaeopigments. As mentioned previously, the in situ fluorescence profile correlates better with the total pigment concentration than with either the
chlorophyll a or phaeopigment concentration alone.

Vertical structure of Kd(Z,~.)
Vertical profiles of Ka(z,k) for 8 of the 12 wavebands sampled are shown in Figs 3a-h.
With the exception of the 410 nm waveband, the depth to which Ka(z,k) can be
determined decreases as the wavelength increases. This is due to the finite signal
resolution of the spectroradiometer and the reduced values of the in situ irradiance
(Ed(Z,~.)) as the wavelength increases.
For almost all of the profiles shown, Kd(z,~,) is uniform within the mixed layer. This is
consistent with the mean property profiles (Fig. 2). The Kd(Z,k) profile for 589 nm (Fig.
3h) is an exception to this trend, as it decreases in magnitude with increasing depth.
Except for the 589 nm waveband, the amplitudes of vertical variations in the observed
Kd(Z,~.) profiles (shown in Fig. 3) decrease with increasing wavelength. This is best
illustrated by comparing the Kd(z,410 nm) and Kd(Z,560 nm) profiles (Figs 3a,g). The
blue 410 nm waveband shows a large increase in its magnitude coincident with the
seasonal pycnocline, whereas the yellow 560 nm waveband shows no consistent vertical
variation through a depth of 80 m. This trend of decreasing vertical variations with
increasing wavelength can be seen as a continuous feature by examining the intervening
wavebands (Fig. 3b-f).
Below the mixed layer, Kd(Z,k) increases for most wavebands. The value of Kd(Z,k)
more than doubles across the seasonal pycnocline for the 410 nm waveband. This effect
diminishes with increasing wavelength up to the 560 nm waveband. As mentioned
previously, the subsurface c(660 nm) maximum occurs within the seasonal pycnocline
(--70 m). The concentration of pigments also increases within the seasonal pycnocline
(Fig. 2). These two effects can contribute to the increase of the Kd(Z,k) observed within
the seasonal pycnocline.
The effects of the subsurface pigment maximum are clearly manifest in the blue and
blue-green wavebands of Kd(Z,k) (410-488 nm, Figs 3a-d). Particulate absorption
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Fig. 3. The vertical profiles of Kd(z,~.) for the blue to yellow spectral regions. T h e w a v e b a n d s
increase f r o m 410 n m (a) to 589 n m (h). Each of the 32 profiles is displayed individually. Full
scale is 0.10 m i for (a,f,g), 0.075 m -j for (b--e) and 0.15 m -l for (h). The b o t t o m of each of the
profiles is at - 7 e-folding depths. The dashed vertical line for each w a v e b a n d is K,,(~.) (SMITH and
BAKER, 1978b).

spectra were measured by MITCHELLet al. (1984) using the R.V. Acania during ODEX.
Within the pigment maximum region, the absorption spectra of filtered particulates show
higher absorption between 430 and 470 nm. The relative importance of the pigment
maximum to the 441 and 465 nm wavebands of Kd(Z,%) (Figs 3b,c) can be seen through a
comparison with the other wavebands (Figs 3e-g). Unfortunately, the full spectrum
cannot be resolved below the pigment maximum because of the limited signal resolution
of the spectroradiometer; however, complete profiles for the blue-green spectral region
(441-488 nm) show that Kd(z,~) decreases below the pigment maximum. This feature is
most apparent for the 465 nm waveband and indicates that the vertical distribution of
pigments is important in determining the structure of Kd(Z,~.).
As mentioned previously, the magnitude of Kd(Z,589 rim) decreases with increasing
depth (Fig. 3h). This feature is observed in all of the wavebands >589 nm (i.e. 625,675,
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694 and 767 nm). This reduction in magnitude may be explained by either or both of the
following mechanisms: sunlight induced fluorescence (GORDON, 1979; TOPLISS, 1985)
and/or limitations of the downwelling irradiance sensor (TYLER, 1959; JERLOV, 1976;
SIEGEL et al., 1986). It has also been suggested that the observed reduction may be caused
by Raman scattering by water molecules. However, measurements (SuGIHARA et al.,
1984) have shown that the intensity of the 90 ° Raman scatter decreases strongly with
increasing wavelength (roughly proportional to the -5 power). The present results show
this effect to increase with increasing wavelength, which is inconsistent with the Raman
scattering hypothesis.
Sunlight induced fluorescence (or natural fluorescence) acts to create a source of
orange-red light within the water column. This effect causes Ed(Z,~.) to decrease for these
wavebands at a far slower rate (or even increase with depth). This reduction of the
attenuation rate for Ed(Z,~.) decreases the magnitude of Kd(Z,~.). For this mechanism to
alter the observed Kd(Z,~.) profiles presented here, fluorescing pigments must be present
for the wavebands under investigation. Phycoerythrin, phycocyanin and chlorophyll
pigments all fluoresce in the orange-red spectral region, but their fluorescence emission
peaks are not found at all of the wavebands in question (YENTSCHand YENTSCH, 1979;
BROENKOWet al., 1985). Hence, it seems unlikely that natural flourescence controls the
observed vertical structure of the orange-red Kd(Z,k) profiles.
The observed decrease in Kd(Z,k) may also be caused by limitations of the downwelling
irradiance sensor as modeled by SIEGEL et al. (1986). They suggest that the spectral
distribution of the irradiance sensed by the spectroradiometer can affect observed
vertical profiles of Kd(Z,).). _~,'..odelcalculations for Kd(Z,625 nm) show that the minimum
allowable signal-to-noise ratio that can be sensed by the irradiance sensor is
1,000,000:1. Here, the signal-to-noise ratio is defined as the energy at the wavelength
of interest to the background energy sensed. Model calculations were also performed
using a measured spectral distribution of the 625 nm channel of a spectroradiometer
sensor. This spectral distribution was measured to only 0.01% of full scale and thus
represents a "best case" evaluation. The model calculation for this case showed - 3 6 %
reduction for the value of Kd(Z,625 nm) in the upper 50 m and a vertical profile shape
similar to that observed. Thus, the characteristics of the irradiance sensor were probably
responsible for the observed reduction of Kd(Z,~.) for the orange-red group.
Within a given waveband, there is a large degree of variability among the different
casts analysed. Some of this variability can be attributed to internal gravity waves, but
this process can be important only for regions with significant vertical variations in
Kd(Z,~.). Internal gravity waves probably cause a large amount of the observed variability
in the seasonal pycnocline and the pigment maximum region for the blue-green
wavebands (Figs 3a-d). In all regions (especially those near the air-sea interface)
variability can be caused by short time scale changes in the in situ downwelling irradiance
at depth. This variability can be caused by changes in Ed(Z,X) resulting from either
surface gravity waves (with wave periods >1 s) or cloud induced incident irradiance
variations.
Some temporal variability may also be attributed to observed thermohaline water mass
variability. Physical, biochemical and optical observations made from the R.P. FLIP
sometimes exhibited differing water masses as indicated by the subsurface distributions of
temperature, salinity, dissolved oxygen and inorganic phosphate concentrations, and
beam attenuation coefficient (DICKEY and SIEGEL, 1987). The evolutions of distributions
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of potential density, chlorophyll a and in situ fluorescence do not generally show the
effects of the differing water masses. It will be shown that the vertical structure of in situ
fluorescence primarily controls vertical variations of Kd(Z,~). The amount of Kd(z,X)
variability caused by water mass changes is probably minimal compared with the
variability caused by either internal gravity waves or irradiance fluctuations.
The 32 observed Kd(Z,X) profiles can be used to estimate the ensemble mean Kd(z,k).
The distribution of the mean Ka(z,X) in depth and wavelength is shown in Fig. 4. Some
regions of the depth-wavelength distribution are void of data because of the finite
resolution of the spectroradiometer. The mean Kd(Z,~) distribution shows many of the
same features that were discussed previously. The value of Kd(Z,L) near the surface
increases with increasing wavelength (above 480 nm) similar to Kd(5 m,k) (Fig. 1).
The value of Kd(z,~.) for the blue-green wavebands increases two-fold through the
pigment maximum region. Effects of subsurface pigment distributions on Kd(Z,~)
decrease with increasing wavelength. Below the depth of the pigment maximum, the
value of Kd(Z,k) decreases with increasing depth.
Using the representation of the data shown in Fig. 4, other features of the mean
spectrum of Kd(Z,~) can be elucidated. Two groups of wavebands show characteristic
vertical structures. They are (1) a blue-green group (400-500 nm) which is significantly
modified by the pigment maximum and (2) a green-yellow group (500-575 nm) which
shows no significant vertical variation. For wavelengths >575 nm, the magnitude of the
observed Kd(z,~) profile decreases. This is probably caused by the characteristics of the
irradiance sensor as discussed earlier.
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Fig. 4. The depth-wavelength distribution of Ka(z,g). Isopleths are in units of m -1, and are
separated by 0.01 m -1. The ' + ' signs on the upper axis denote the center wavelengths of the
wavebands sampled by the spectroradiometer. Some regions are void of data because of the finite
resolution of the spectroradiometer.
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The depth-wavelength spectrum for Kd(Z,k) shows that the subsurface distribution of
pigments controls Kd(Z,~,) for the blue-green wavebands to a far greater degree than for
the green-yellow wavebands. A similar partition between the blue-green and greenyellow groups is observed in absorption spectra of oceanic particles (MITCHELL et al.,
1984). The magnitudes of these particulate absorption spectra in the blue-green region
(-400-500 nm) are greater than twice those found in the green-yellow region (-500-600 rim). Several common pigments absorb light within the wavebands of the greenyellow group (500-575 nm) [e.g. fucoxanthin, peridinin and phycoerythrin (YENTSCHand
YENTSCH, 1979)]. The lack of any significant vertical structure for this group indicates the
lesser importance of the green-yellow absorbing pigments relative to pigments that
absorb in the blue-green region (i.e. chlorophyll pigments and their detrital forms).

Comparison of mean Ka(z,~,) and mean property profiles
The mean Kd(z, ~,) distribution can be compared statistically with the mean property
profiles in order to evaluate the relative importance of these properties for the prediction
of the vertical structure of Kd(Z,~). Correlation coefficients (r) relating the mean Kd(Z,k)
to mean property profiles are shown in Table 1. The wavebands considered for Kd(Z,k)
range from 410 to 540 nm.
The mean Kd(Z,~.) profiles are best correlated with the in situ fluorescence. The r
values range from 0.94 to 0.99 for the wavebands used. Note that the maximum r values
occur for the 465 and 488 nm wavebands. Significant correlations are also observed
between the total pigment concentration and Kd(Z,~.) where r magnitudes range from
0.90 to 0.95. The maximum r occurs for the 465 and 488 nm wavebands, similar to the
results found using the in situ fluorescence. The observed interrelationships among the in
situ fluorescence, the total pigment concentration and Kd(Z,~.) appear to be quite robust
and indicate that any one of these can be used to predict the variability of the others.
The mean profile of the phaeopigment concentration shows significant correlation
coefficients with Kd(Z,~.) (r --0.8a~0.92). These correlation coefficients are slightly less
than those found between Kd(z,~,) and the total pigment concentration. However, the
correlation coefficients found between Kd(Z,~,) and the phaeopigment concentration are
significantly higher than those found using the mean chlorophyll a concentration
(r - (I.63-0.90). This shows that the phaeopigment concentration (or those properties
with which it covaries) controls the distribution of Kd(Z,~,) to a greater extent than does
the chlorophyll a concentration and suggests the greater importance of detrital materials
to optical variability in the open ocean.
The correlation coefficients found between the mean profiles of Kd(z,L) and c(660 nm)
are not significant at the 95% confidence level for any of the wavebands investigated.
Previous studies have shown that c(660 nm) and concentrations of oceanic particles are
Table 1.

Correlation coefficients f o r mean Kd(z,~,) vs mean properties

Property

Ka(410 rim)

Ka(441 nm)

Ka(465 rim)

Ka(488 nm)

Ka(520 nm)

Kd(540 nm)

c(660 nm)
Chlorophyll a
Phaeopigment
Total pigment
Fluorescence

-0.20 ns
0.68
0.92
0.91
0.97

-0.13 ns
0.63
0.91
0.90
0.98

0.00 ns
0.73
0.90
0.95
0.99

0.00 ns
0.73
0.91
0.95
0.99

0.12 ns
0.87
0.84
0.94
0.94

0.25 ns
0.90
0.88
0.94
0.94

ns = Not significant at the 95% confidence level.
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well-correlated, primarily because of particulate scattering (e.g. JERLOV,1976; SPINRAD,
1986). However, the present results show that the vertical profile of Kd(Z,k) is wellcorrelated with the pigment distribution. The comparison between vertical profiles of
c(660 nm) and Kd(Z,~) is roughly equivalent to the comparison between vertical profiles
of particle and pigment concentrations. These profiles are rarely observed to be
coincident in the oligotrophic North Pacific Ocean (e.g. KIEFER et al., 1976; PAK, 1986)
and are not for the present data set (Fig. 2; DICKEY and SIEGEL,1987).
The spectral distribution of the correlation coefficients can provide some information
concerning those parameters controlling Kd(z,~.). The spectral distributions of r for the
mean in situ fluorescence and the total concentration of pigments with Kd(Z,k) show
maxima for the 465 and 488 nm wavebands. These spectral maxima are roughly
coincident with the maxima associated with absorption due to chlorophyll pigments. The
spectral distribution for r between the mean phaeopigment concentration and the mean
Kd(Z,~, ) shows a slight decreasing trend with increasing wavelength, consistent with
observations of the shapes of phaeopigment specific particulate absorption spectra
(KtEFER and SooHoo, 1982). This suggests that detrital materials contribute substantially
to the vertical structure of Kd(Z,~,), particularly in the blue region of the spectrum.
]'he regression slope between mean total pigment concentration and mean Kd(z,~,) can
be used to calculate a total pigment specific attenuation coefficient (kc(~,)) (Fig. 5).
Physically, kc(~,) represents the diffuse attenuation cross-section per unit total pigment.
The observed kc(~,) decreases from -0.22 m e mg-1 total pigment at 410 nm to
-0.02 m 2 mg-1 total pigment at 560 nm. This reduction in kc(~.) is consistent with the
qualitative reductions inferred from the vertical profiles of Kd(Z,)~), (Figs 3a-h).
The present kj~.) spectrum may be compared to the k~()~) spectrum calculated by
SMrrH and BAKER (1978b). The two estimates agree well throughout the blue to yellow
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regions of the spectrum, although the present results slightly underestimate those of
SMITH and BAKER (1978b) above - 4 5 0 nm. The kc(~,) calculated by SMITH and BAKER
(1978b), was a result of a compilation of near-surface Kd(--10 m,~,) spectra determined
for many low pigment concentration (open ocean) locations, whereas the present kc(L) is
the result of the compilation of Kd(Z,L) spectra from many depths. The correspondence
between the two is quite striking considering the different methods used to estimate
kc(~,). This also indicates that the kc(~,) spectrum given by SMITHand BAKER (1978b) may
be a general result for low pigment biomass waters.
The differences between the two kc(~,) spectra are also of interest. The present results
show increased total pigment specific attenuation relative to the SMITH and BAKER
(1978b) results in the blue region of the spectrum. This difference may be attributed to
the contributions of detrital and/or dissolved materials. This result is not surprising
considering that the SMITH and BAKER (1978b) kc(~,) spectrum is the result of a
compilation of many near-surface measurements, whereas the present study uses data
throughout the upper 150 m. Below the mixed layer depth, the amount of detrital
material (as indicated by the phaeopigment concentration) is considerably higher, while
within the mixed layer its concentration is nearly negligible (Fig. 2).
S U M M A R Y AND C O N C L U S I O N S

The observed near-surface spectrum of Kd(5 m,~,) was similar to previous spectra
sampled in oligotrophic environments. The spectrum of Kd(5 m,k) was not significantly
different from either Jerlov optical water types IA or IB and no significant variations
with sun altitude angle of cloud amount were observed. This observed invariance
supports the notion that Kd(Z,L) is a "quasi-inherent" optical property.
The observed mean vertical structure of Kd(z,~,) may be conceptually divided into two
general spectral regions: (1) a blue-green region where the vertical stucture is strongly
dependent upon the vertical distribution of pigments and (2) a green-yellow group that
shows very little significant vertical variation. The vertical structure of the blue-green and
the green-yellow groups can be explained by the vertical distribution of pigments and
their effects on Kd(Z,~,).
Correlation coefficients were calculated between profiles of the mean Kd(Z,~,) and
mean water column properties. Profiles of in situ fluorescence and total pigment
concentration correlated quite well with the mean Kd(Z,~,) distribution. The correlation
coefficients found between the mean Kd(Z,~,) and the mean phaeopigment concentration
were slightly lower, but significantly greater than for the mean chlorophyll a profile. This
may indicate the greater contribution of detrital materials vs chlorophyll pigments to
vertical variations of Kd(Z,~). The mean beam attenuation coefficient profile was not
significantly correlated with the mean Kd(Z,~,) profile. Finally, robust interrelationships
among the total pigment concentration, the in situ fluorescence and Kd(Z,~,) (for
~, < 540 nm) were observed. This result suggests that any one parameter of these
parameters can be used to ascertain the variability of the others.
Acknowledgements--The authors would like to acknowledge the support of the Ocean Optics Program of the
Office of Naval Research (ONR) which sponsored the Optical Dynamics Experiment (ODEX). DAS also
acknowledges support from ONR's Graduate Research Fellowship Program, which is administered by the
American Association for Engineering Education. Programming and data processing assistance was provided

562

D . A . SIEGEL and T. D. DICKEY

by S. Whiteman and E. Hurst. Drafting of the figures was expertly performed by J. Dodds. Discussions with R.
R. Bidigare, M. A. Blizard, C. R. Booth, D. A. Kiefer, B. H. Jones, B. G. Mitchell, R. C. Smith, and L.
Washburn were most useful.
REFERENCES
AUSTIN R. W. and T. J. PETZOLD (1984) Spectral dependence of the diffuse attenuation of light in ocean
waters. Proceedings of the Society for Photo-Optical Instrumentation Engineering, 489, Ocean Optics VII,
168-178.
BAKER K. S. and R. C. SMITH (1980) Quasi-inherent characteristics of the diffuse attenuation coefficient for
irradiance. Proceedings of the Society for Photo-Optical Instrumentation Engineering, 208, Ocean Optics
VI, 60-63.
BAKER K. S. and R. C. SMITH (1982) Bio-optical classification and model of natural waters, 2. Limnology and
Oceanography, 27, 500-509.
BARTZ R., J. R. V. ZANEVELD and H. PAK (1978) A transmissometer for profiling and moored observations in
water. Proceedings of the Society for Photo-Optical Instrumentation Engineering, 160, Ocean Optics V,
102-108.
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.
BRICAUD A,, A. MOREL and L. PRIEUR (1983) Optical efficiency factors of some phytoplanktors. Limnology
and Oceanography, 28, 816-832.
BROENKOW W. W., A. J. LEWlTUS and M. A. YARBROU~H (1985) Spectral observations of pigment
fluorescence in intermediate depth waters of the North Pacific. Journal of Marine Research, 43, 875-891.
CULLEN J. J. (1982) The deep chlorophyll maximum: comparing vertical profiles of chlorophyll a. Canadian
Journal of Fisheries and Aquatic Sciences, 39, 791-803.
DICKEY T. D. and D. A. SIEGEL (1987) Physical, optical, biochemical and meteorological variability in the
eastern North Pacific Ocean. Progress in Oceanography, submitted.
DUBINSKY Z. and T. BERMAN(1979) Seasonal changes in the spectral composition of downwelling irradiance in
Lake Kinneret (Israel). Limnology and Oceanography, 24, 652-663.
FALKOWSKI P. and D. A. KIEFER (1985) Chlorophyll a fluorescence in phytoplankton: relationship to
photosynthesis and biomass. Journal of Plankton Research, 7, 715-731.
GORDON H. R. (1979) Diffuse reflection of the ocean: the theory of its augmentation by chlorophyll a
fluorescence at 685 rim. Applied Optics, 18, 1161-1166.
GORDON H. R., O. B. BROWN and M. M. JACOBS (1975) Computed relationships between the inherent and
apparent optical properties of a fiat homogeneous ocean. Applied Optics, 14, 417-427.
JEF~ERY S. W. (1976) A report of green algal pigments in the Central North Pacific Ocean. Marine Biology, 37,
33-37.
JERt.OV N. G. (1976) Marine optics. Elsevier Scientific Publishing Company, Amsterdam, The Netherlands,
231 pp.
KATSAROS K. B., L. A. McMURDIE, R. J. LIND and J. E. DEVAULT (1985) Albedo of a water surface, spectral
variation, effects of atmospheric transmittance, sun angle and wind speed. Journal of Geophysical
Research, 90, 7313--7321.
KA'rrAWAR G. W. and G. N. PLASS (1972) Radiative transfer in the earth's atmosphere-ocean system, II.
Radiance in the atmosphere and ocean. Journal of Physical Oceanography, 2, 146-156.
KIEFER D. A. and J. B. SooHoo (1982) Spectral absorption by marine particles of coastal waters of Baja
California. Limnology and Oceanography, 27, 492-499.
K1EFER D. A., R. J. OLSON and O. HOLM-HANSEN (1976) Another look at the nitrite and chlorophyll maxima
in the central North Pacific. Deep-Sea Research, 23, 1199-1208.
KIEFER D. A., R. J. OLSON and W. H. WILSON (1979) Reflectance spectroscopy of marine phytoplankton. Part
I. Optical properties as related to age and growth rate. Limnology and Oceanography, 24, 664-672.
KIRK J. T. O. (1984) Dependence of relationship between inherent and apparent optical properties of water on
solar altitude. Limnology and Oceanography, 29, 350-356.
KISHtNO M., C. R. BOOTH and N. OKAMI (1984) Underwater radiant energy absorbed by phytoplankton,
detritus, dissolved organic matter, and pure water. Limnology and Oceanography, 29, 340-349.
KITCHEN J. C., J, R. V. ZANEVEED and H. PAK (1982) Effect of particle size distribution and chlorophyll
content on beam altenuation spectra. Applied Optics, 21, 3913-3918.
LEWIS M. R., R. E. WARNOCK and T. PLAT'f (1985) Absorption and photosynthetic action spectra for natural
phytoplankton populations: Implications for production in open oceans. Limnology and Oceanography,
30, 794-806.
LIOU K.-N. (1980) An introduction to atmospheric radiation. Academic Press, Orlando, Florida, 392 pp.
LORENZEN C. J. (1972) Extinction of light in the ocean by photoplankton. Journal du Conseil, Conseil
Permanent International pour l'Exploration de la Mer, 34, 262-267.

Optical variability in the upper ocean

563

LORENZEN C. J. (1981) Chlorophyll b in the eastern North Pacific Ocean. Deep-Sea Research, 28, 1049-1056.
MITCHELL B. G., R. ITURRIAGA and D. A. KIEFER (1984) Variability of particulate spectral absorption
coefficients in the eastern Pacific Ocean. Proceedings of the Society for Photo-Optical Instrumentation
Engineering, 489, Ocean Optics VII, 113--118.
MOREL A. (1974) Optical properties of pure water and pure sea water. In: Opticalaspects of oceanography, N.
J~RLOV and E. STEEMAN-NEILSEN, editors, Academic Press, New York, pp. 1-24.
MOREt A. and L. PRIEUR (1977) Analysis of variations of ocean color. Limnology and Oceanography,
709-722.
MOREL A. and A. BRICAUD (1981) Theoretical results concerning light absorption in a discrete medium, and
application to specific absorption of phytoplankton. Deep-Sea Research, 28, 1375-1393.
PAK H. (1986) Characteristic variations of bio-optical properties in the central North Pacific. Proceedings of the
Society ]or Photo-Optical Instrumentation Engineering, 637, Ocean Optics VIII, 314-320.
PARKER R. R. (1981) A note on the so-called "soluble fluorescence" of chlorophyll a in natural waters. DeepSea Research, 28, 1231-1235.
PREISENOORFER R. W. (1976) Hydrologic optics. National Oceanic and Atmospheric Administration, United
States Department of Commerce, Honolulu, Hawaii, 1757 pp.
SCHANZ F. (1985) Vertical light attenuation and phytoplankton development in Lake Zurich. Limnology and
Oceanography, 30, 299-310.
SIEGEL D. A. and T. D. DICKEY (1986) Variability of net longwave radiation over the eastern North Pacific
Ocean. Journal of Geophysical Research, 91, 7657-7666.
SIEGEL D. A., C. R. BOOTH and T. D. DICKEY (1986) Effects of sensor characteristics on the inferred vertical
structure of the diffuse attenuation coefficient spectrum. Proceedings of the Society for Photo-Optical
Instrumentation Engineering, 637, Ocean Optics VIII, 115-123.
SMITH R. C. and K. S. BAKER (1978a) The bio-optical state of ocean waters and remote sensing. Limnology
and Oceanography, 23,247-259.
SMITH R. C. and K. S. BAKER (1978b) Optical classification of natural waters. Limnology and Oceanography,
23,260-267.
SMITH R. C. and K. S. BAKER (1981) Optical properties of the clearest natural waters (200-800 nm). Applied
Optics, 20, 177-184.
SMITH R. C. and K. S. BAKER (1984) The analysis of ocean optical data. Proceedings of the Society for PhotoOptical Instrumentation Engineering, 489, Ocean Optics VII, 119-126.
SMITH R. C., C. R. BOOTH and J. L. STAR (1984) Oceanographic biooptical profiling system. Applied Optics,
23, 2791-2797.
SNYDER R. L. and J. DERA (1970) Wave-induced light-field fluctuations in the sea. Journal of the Optical
Society of America, 60, 1072-1079.
SooHoo J. B. and D. A. KIEFER (1982) Vertical distribution of phaeopigments--I. A simple grazing and
photooxidative scheme for small particles. Deep-Sea Research, 29, 1539--1551.
SP1NRAD R. W. (1986) A calibration diagram of specific beam attenuation. Journal of Geophysical Research,
91, 7761-7764.
STAVN R. H. (1981) Light attenuation in natural waters: Gershun's law, Lambert-Beer law, and the mean light
path. Applied Optics, 20, 2326--2327.
SUGIHARA S., M. KISHINO and N. OKAMI (1984) Contribution of Raman scattering to upward irradiance in the
sea. Journal of the Oceanographic Society of Japan, 40, 397-404.
T1LZER M. M. (1983) The importance of fractional light absorption by photosynthetic pigments for phytoplankton productivity in Lake Constance. Limnology and Oceanography, 28,833-846.
TOPLISS B. J. (1985) Optical measurements in the Sargasso Sea: solar stimulated chlorophyll fluorescence.
Oceanologica Acta, 8, 263-270.
TREES C. C., M. C. KENr~ICUT'rII and J. M. BROOKS (1985) Errors associated with the standard fluorimetric
determination of chlorophylls and phaeopigments. Marine Chemistry, 17, 1-12.
TYLER J. E. (1959) Natural water as a monochromator. Limnology and Oceanography, 4, 102-105.
TYLER J. E. and R. C. SMITH (1970) Measurement of spectral irradiance underwater. Gordon and Breech
Science Publ., New York, 103 pp.
VENR1CK E. L. and T. L. HAYWARD (1984) Determining chlorophyll on the 1984 CalCOFI surveys. CaICOFI
Reports, 25, 74-79.
VENRICK E. L., J. A. McGowAI~ and A. W. MANTYLA (1973) Deep maxima of photosynthetic chlorophyll in
the Pacific Ocean. Fishery Bulletin, 71, 41-52.
YENTSCH C. S. (1960) The influence of phytoplankton pigments on the colour of sea water. Deep-Sea Research,
7, 1-9.
YENTSCH C. S. and C. M. YENTSCH (1979) Fluorescence spectral signatures: the characterization of phytoplankton populations by the use of excitation and emission spectra. Journal of Marine Rsearch, 37,
471-483.

