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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 "quasi- 
inherent" optical property. Vertical profiles of Kd(Z,)Q showed significant structures with 
amplitudes that decrease with increasing wavelength. The observed depth-wavelength distribu- 
tion 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 - 0.90- 
0.95). 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 attenua- 
tion coefficient spectrum was similar to spectra determined from previous studies, with depar- 
tures only in the blue region of the spectrum (L < 440 nm). The differences may be 
attributed to detrital effects. 

I N T R O D U C T I O N  

THE characterization of the optical properties of the upper ocean is important for many 
applications in both physical and biological oceanography. Studies of primary producti- 
vity, 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 coeffi- 
cient 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 

d(ln(Ed(z,i))) (1) 
Kd(Z,L) = dz ' 

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 

(; ) Ea(z,k) = Ed(0-,k) exp - 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; GORDON et 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 "quasi- 
inherent" 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 
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Kd(Z)~) are quite robust (e.g. SMITH and 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; MOREL and PRIEUR, 1977; SMITH and 
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; KISHINO et al., 1984; MITCHELL et 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" (KIEFER et  al., 
1979; MOREL and BRICAUD, 1981; KEIFER and SooHoo, 1982; BRICAUD et al., 1983; 
MITCHELL et al., 1984). 

Optical properties may also be influenced by the presence of particulate and/or 
dissolved detrital materials (JERLOV, 1976; BRICAUD et 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 (BRICAUD et  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; SIEGEL et 
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 spectro- 
radiometer, 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), SMITH and BAKER (1984) and SIEGEL et 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 (BARTZ et 
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 DICKEY and 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 VENRICK and 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. FLIP  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 concen- 
trations were measured by the R.P. FLIP; however significant phaeopigment concen- 
trations 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. FLIP  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 HA 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 determi- 
nation 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. YENTSCH and YENTSCH, 1979; BROENKOW et 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 indi- 
vidually explained 64.5 and 62.3% of the variance of the in situ fluorescence, respec- 
tively. 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 (DICKEY and SIEGEL, 1986). 

Broadband incident irradiance was sampled as part of the R.P. FLIP  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. FLIP  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 computa- 
tional algorithm was obtained by integrating (1) from a depth zo to a depth z. 

F ln(Ed(Z,)0) = - Kd(z',~) dz' + ln(Ed(z0,~.)). (3) 
z,, 

Provided that the maximum distance between the two depths (h) is small ( - 10  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). 

A N A L Y S I S  

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 MOREL and 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 (BAKER and 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; KATSAROS et 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) concen- 
trations 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 
-50  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 pycno- 
cline 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 



554 D . A .  SIEGEL and T. D. DICKEY 

0"0 (kg/ml) 
24.0 24.5 25.0 25,5 26.0 26.5 

| , , . .  i i , , ,  I , , . , l l , , . I v , . .  I 

C(660nm) (m -I) 
o.a9 0.4, o.4a 0.45 

l I l l I I 

FI (Volts) 
6 8 I 0  

' I ' l ' i 

Chl-a (mg/m 3) 
O . I  0.2 0.3 

, ' ' ' | ' ' ' ' l , i , , I 

Phoeo (mg/m 3) 
0.1 0.2 0.3 

' i ' V  ' . . . .  , '  . . . .  ' 

° I\, 

2oi 

4C 

' ~  6 C  

"1" 
I-- 
rt 8 0  

U.I 
E3 

I 0 0  

120 

140 

Fig. 2. 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 dashed- 

double-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 ( -80-100  m). 

The mean chlorophyll a pigment concentration profile (Chl a) is nearly uniform in the 
upper 50 m with a value of -0 .08  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 photo- 
oxidation within the photic zone (e.g. SooHoo and KIEFER, 1982). However, compara- 
tive data taken from the R.V. Acania show measurable concentrations of phaeopig- 
ments. 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 -20  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 fluores- 
cence 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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BAKER, 1978b). 

spectra were measured by MITCHELL et 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 (YENTSCH and YENTSCH, 1979; 
BROENKOW et 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,).). _~,'..odel calculations 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. 

MEAN OBSERVED Kd(Z,),)(m-=) 
O +  + + + ++ + + + + + 

5O 

I ~ #  I I I i 1 I I I I I I I I I I I I I I 

150400 450 500 550 600 650 700 
WAVELENGTH (nm) 

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 green- 
yellow 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 green- 
yellow group (500-575 nm) [e.g. fucoxanthin, peridinin and phycoerythrin (YENTSCH and 
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 for  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) -0.20 ns -0.13 ns 0.00 ns 0.00 ns 0.12 ns 0.25 ns 
Chlorophyll a 0.68 0.63 0.73 0.73 0.87 0.90 
Phaeopigment 0.92 0.91 0.90 0.91 0.84 0.88 
Total pigment 0.91 0.90 0.95 0.95 0.94 0.94 
Fluorescence 0.97 0.98 0.99 0.99 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 well- 
correlated 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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Fig. 5. The spectrum of the total pigment specific attenuation coefficient (kc0-)). Units are 
mZmg -1 total pigment. The solid line is from SMtTI-I and BAKER (1978b) (their kl(k)), whereas 
the dashed line indicates the present results. The error bars represent 95% confidence levels. 
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regions of the spectrum, although the present results slightly underestimate those of 
SMITH and BAKER (1978b) above -450 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 SMITH and 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). 

SUMMARY 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. 
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