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Variability of B io-optical Properties of the Upper Ocean 
Associated with Diel Cycles in Phytoplankton Population 

IM_ALGORZATA STRAMSKA AND TOMMY D. DICKEY 

Ocean Physics Group, Department of Geological Sciences, University of Southern California, Los Angeles 

The variability of bio-optical properties of seawater associated with planktonic responses to the daily 
light cycle was examined. We performed a spectral analysi• of a 60-day time series of open ocean mooring 
measurements of the scalar irradiance (photosynthetically available radiation, PAR), beam attenuation 
coefficient at 660 nm (c660) , Stimulated fluorescence, and dissolved oxygen concentration. The 
measurements were done from April through May 1989 in the North Atlantic south of Iceland, as a pan of 
the Marine Light in the Mixed Layer program. We have shown that the statistical significance of the daily 
cycles of bio-optical properties of the • ocean varies in time throughout the spring season. The diurnal 
periodicity of c660 and 0 2 was especially well pronounced during the development of the phytoplankton 
bloom in May. The fluorescence signal was dramatically affected by the ambient light intensity. The 
measurements at depths of 10 and 30 m showed fluorescence rhythms completely out of phase with each 
other. The comparison between the 10- and 30-m beam attenuation signals suggests that the 30-m signal 
was more sensitive to within day PAR variability. Further investigations are needed to determine how 
widespread the daily variations of bio-optical properties in the ocean are, what conditions favor this 
cycling, and how this variability may impact procedures for estimating the phytoplankton biomass and 
production. 

Large variability of bio-optical properties in the open ocean 
is thought to be caused primarily by phytoplankton 
populations [e.g., Kirk, 1983]. In recent years there has been 
an increased use of in vivo fluorescence, beam attenuation, and 

oxygen evolution measurements to investigate natural 
phytoplankton. When applied in mooring systems, these 
techniques have a great advantage of providing automatic 
sampling over time periods of months [Dickey, 1991; Dickey et 
al., 1991]. However, the interpretation of mooring data, and 
even more so of shipboard data, is not simple because of many 
sources of signal variability, which reflect not only 
phytoplankton concentration, composition, and physiological 
processes but also concentrations of detritus and heterotrophs. 
The knowledge of this variability is therefore critical for 
understanding the measurement results and developing bio- 
optical models of photosynthetic production. 

Phytoplankton depend on light energy for growth, so they 
have evolved a variety of adaptations to light variability, 
especially to its most regular component, the daily cycle of 
light. It is important to focus attention on a diel periodicity, 
since this time scale coincides with the generation time of 
individual phytoplankters. An extensive literature describes 
daily cycles exhibited by phytoplankton. Diel periodicity has 
been reported for cell division patterns [e.g. Nelson and Brand, 
1979; Harding and Heinbokel, 1984; Campbell and Carpenter, 
1986], photosynthetic parameters [e.g. Doty and Oguri, 1957; 
Lorenzen, 1963; Prdzelin and Sweeney, 1977; Harding et al., 
1981a, b, 1982a, b; C$td and Platt, 1983; Putt and Prdzelin, 
1985; Putt et al., 1988; Prdzelin et al., 1986; Erga and Skjoldal, 
1990], carbon incorporation rates [Malone, 1971; Glover and 
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Smith, 1988], cellular pigment concentration [e.g., Yentsch 
and Scagel, 1958; Owens et al., 1980], nutrient assimilation 
[Eppley et al., 1971; Chisholm et al., 1978], chlorophyll 
fluorescence [e.g., Kiefer, 1973a; Prdzelin and Ley, 1980; 
Brand, 1982; Setser et al., 1982], and phytoplankton biomass 
in the water volume [Fuhrman et al., 1985; Litaker et al., 1988; 
Prdzelin and Glover, 1991]. Daily patterns have been also 
observed in bio-optical properties of the ocean [Siegel et al., 
1989; Hamilton et al., 1990; Olson et al., 1990; Cullen et al., 
1992]. In spite of all the effort, any generalizations and 
comparisons based on previous studies are very difficult to 
make. Sometimes the investigators arrived at contradictory 
conclusions. For example, while in some studies the maximal 
division rate of the diatom Ske!etonema costatum was found 

during the dark period [Eppley et al., 1971; Hitchcock, 1980], 
others have reported the opposite behavior [J•rgensen, 1966; 
Cosper, 1982]. 

There are several reasons why our knowledge of the daily 
cycles in phytoplankton is limited. First, biological responses 
to variability of ambient light are strongly modified by many 
environmental and physiological factors including temperature 
[Hitchcock, 1980], nutrient availability [Kiefer, 1973b], 
average light intensity, length of photoperiod, and cell light 
history [e.g., Yentsch and Scagel, 1958; Cosper, 1982; Putt and 
Prdzelin, 1985], and cell size distribution, storage capacity, and 
growth rates [Malone, 1971; Chisholm and Costello; 1980]. 
Second, although laboratory studies have been developed to 
separate various effects, comparisons between such experiments 
are difficult because of the differences in experimental 
procedures and choices of parameters measured during culture 
growth. Third, major problems arise when trying to relate 
laboratory models to natural oceanic conditions. For example, 
most laboratory studies have been conducted using a light:dark 
scheme in which the intensity of light was constant during the 
light part of the cycle. Ignoring natural variations of light is 
expected to change cell physiological responses and may 
invalidate extrapolation of laboratory results to the ocean. 
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TABLE 1. Symbols and Units 

Symbol Definition Unit 

PAR photosynthetically available radiation 
beam attenuation coefficient at 66(hu• 

beam attenuation coefficient for water 

stimulated fluorescence 

water temperature 
dissolved oxygen content 

gEin m 
-1 

m 

m-I 
V 

-2 s-I 

Finally, difficulties in interpreting the data are also related to 
insufficient sampling rate, which in most experiments have 
been a few hours. Such low sampling resolution most likely 
distorts the interpretation of the time evolutio n of diel cycles. 

The main goal of this work is to examine the variability of 
bio-opfical properties of seawater associated with planktonic 
responses to the daily light cycle. Our approach is unique 
because it is based upon an in sire experiment, which provided 
data at a high-frequency sampling rate for an extended Period of 
time. Specifically, we analyze a 60-day time series of open 
ocean mooring measurements of scalar irradiance 
(pho.tosynthetically available radiation, PAR), beam 
attenuation coefficient at 660 nm (c660), stimulated chlorophyll 
fluorescence, and dissolved oxygen concentration. 

MF. AS•S AND DATA ANALYSIS 

The measurements were cnrried out from April through May 
1989, in the North Atlantic (59 ø 29' N, 20 ø 50' W), as a part of 
the Office of Naval Research sponsored Marine Light in the 
Mixed Layer (MLML) program. Time series data were obtained 
with a multi-variable moored systems (MVMS) located in the 
upper 250 m. The technical details of the MVMS are given 
elsewhere [Dickey et al., 1991] and a separate paper will 
describe the general mooring results, so we limit ourselves to a 
brief description. The configuration of the MVMS included a 
vector measuring current meter (VMCM) [Weller and Davis, 
1980], a thermistor for water temperature measurements, a PAR 
sensor with a spherical collector for measuring scalar irradiance 
within a visible spectral range [Booth, 1976], a beam 
transmissometer (light wavelength of 660 nm [Bartz et al., 
1978]), an in situ stimulated fluorescence meter (blue excitation 
filter and red emission filter [Bartz et al., 1988]), and a pulsed 
electrode dissolved oxygen sensor [Langdon, 1984]. In 
addition, surface meteorological measurements including wind 
speed and direction, barometric pressure, air and sea surface 
temperatures, and incoming solar radiation (250-2500 nm) were 
made from a surface buoy. 

In this paper we will focus on data fxom depths of 10 and 30 
m. The sampling was done at 1- and 7.5-min intervals for the 
10- and 30-m depths, respectively. The meteorological data 
were acquired at 7.5-min intervals. In order to obtain the same 
time resolution for aH data sets, we calculated 15-rain averages 
before further analysis. Time series analyses using algorithms 
described by Bendat and Piersol [1966] were performed. 
Symbols and units of the parameters used for the analyses are 
listed in Table 1. The power spectra of the data sets were 
obtained using a Fourier transform of the autocovariance 
function. To describe the joint properties of the processes, we 
.,-.stimated squared coherence and phase functions between the 
pairs of data sets. The Parzen weighting function was applied to 

the covariance functions in order to maintain the coherence 

within the theoretical range coh2<l. The confidence limits for 
coherence were calculated following the method of Bloomfield 
[1976]. Because the original time series in this study were 
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Fig. 1. Time series of the surface irradiance (Ed), wind speed, 
water temperature for 16 depths (10, 30, 50, 90, 110, 150, 200, 
250, 350, 400, 450, 500, 550, 650, 700, 750 m), mixed layer 
depth (MLD) and 0.5 I. tEin m '2 s '1 PAR level depth (PARo.5), 
and 10-m current speed. These data were collected during the 
MLML 1989 experiment and are 15-min averages. 
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nonstationary, we removed the slow trends by high-pass concentration (02), measured at 10 and 30 m are shown in 
moving average filtering, using a 3-day window width. Figures 2a and 2b. One of the most striking features is a general 

trend of increasing c660 and fluorescence starting at about day 
RESULTS 140. This trend was likely due to the onset of a phytoplankton 

The physical and dynamical conditions at the mooring site bloom. It was accompanied by an increase in vertical PAR 
during the MLML 1989 experiment will be discussed in greater attenuation which resulted in a significant decline in irradiance 
detail in a separate paper. These conditions axe summarized in at 10 and 30 m. Oxygen concentration at 10 m showed also a 
Figure 1. Briefly, the experiment was conducted at the transition tendency to increase and likely reflects the increase of net 
period from winter conditions with a very deep mixed layer to primary production. The average decrease of the 30-m oxygen 
the summer characterized by thermal stratification of the surface signal after day 135 can be related to the decrease of the net 
water. Throughout the experiment the current speed varied production due to much lower light intensity at that depth, and 
between 0.2 and 0.9 m s -1, and winds were highly variable, at to the large input of particles from the water above. 
times exceeding 15 m s -1 . The seasonal temperature In Figures 3-5 we present the coherence and phase functions 
stratification became evident after day 149 of the year and was for PAR-FLUO, PAR-c660, and PAR-O 2 relationships at 10 m, 
coincident with some decrease of the wind speed. Note that as estimated for a period of 15 consecutive days (days140-154). 
during the course of the experiment, a few episodic events of The distinct maxima for the coherence between PAR and bio- 
shallowing and deepening of the mixed layer occurred before the optical parameters corresponding to diel periodicity occur at the 
seasonal thermal stratification was established. The mixed layer frequency band of 0.0417 cph. However, the statistical 
depth estimated using the 0.1øC criterion is compared in Figure significance of correlations between changes in PAR, c660, 
1 with the depth of the PAR level of 0.5 IxEin m-2s '1. FLUO, and 0 2, was not constant in time during the 2 months of 

Time series of PAR, beam attenuation coefficient (c660), deployment. 
stimulated fluorescence (FLUO), and dissolved oxygen Figures 6-8 summarize the time evolution of the diel cycle at 
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Fig. 2. Time series of PAR, c660, stimulated fluorescence, and dissolved oxygen measured at 
(a) 10-m depth and (b) 30-m depth. 
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o the coherence at the diel frequency between PAR and c660 i i i i i i 

........ I ' ' (Figure 7), as well as between PAR and 0 2 (Figure 8), was rather • - • 0 FTI - low and often not significantly different from zero during the 
fkst part of the experiment. Then it increased significantly after 

LI_ 0 8 r- I day 140 (coh 2 >0.5). This indicates that the diel cycle in the 
n," / [ i beam attenuation and oxygen becomes more pronounced when 
<• / • II the biological production intensifies in spring. We observe that 1'3 0 • - / /• -• when the PAR-c660 and PAR-O 2 coherence is high, the phase 

' / / I ' 
LI_] ' / / II I! I I I11 I'l• function assumes the value of about 70ø-90 ø in both cases. It is r'• n A - -- '" / - / I .I I,iI•til ,•l also worth noting that the small maxima in the coherence function for the PAR-c660 relationship coincide with the timing 
• •j.'-t- - / I • II I I,l'.l, 111 •.1• 

,Z, . / ! ',/• ,• t• 'r I It, I I!ifi of the short events of the shallowing of the mixed layer shown I_l_l - / I ', I'- • r[l •I 11 Ill I,[ II1'•1• in Figure 1. The results of the cross-spectral analysis between 
,. _l•, 0.2 _..---•......dl ..... •1 In order to illustrate diel patterns in greater detail, we have 
• ' / II • .• [\l ,'[I, illl •]•] plotted a few examples of expanded time series of PAR, c660, 

'• . / ,_. ' Y I;, ; and 
• 0 -- --' , : , , ,•,,L ß • /•,,,-•'It,•,'.[ I subsamples from the beginning (days 112-113, Figure 9a), middle (days 130-131, Figure 9b) and the end of the experiment 

(days 148-150, Figure 9c). One can easily observe a persistent 

' ' ' ' .... I ' diel rhythm in fluorescence, with the daytime values being 
• • 0 -• about twofold lower than nighttime values. The c660 daily cycle 

0- $ - - 
' •0.6- /x - 

I•1 - / I . 

c¾ , - Fig. 3. Squared coherence and phas functio and rY .. _. / / / \ I I . ,\ II I, • i I, fluorescence estimated for 15 days of the time series at 10-m , r , 
depth (days 140-154). Dashed lines are 95% confidence I,I 

10 rn depth. These plots were created as follows. First, we 
calculated 50 squared coherence and phase functions for the 10 
day subsamples of the filtered time series. Then we plotted ' ' ' ' ''"1 ' ' ' ' ' '' 
(Figures 6-8, solid line) the values of those estimates for the 1 5 0 
diurnal frequency. The scale on the horizontal axis indicates the 
time of the beginning of each data subsample, so for example, if 

we refer to the day 140 on these plots, we actually consider the results of cross-spectral analysis for data that include days 140- 

149. The dotted and the dashed lines in Figures 6-8 indicate a •T 0 cutoff value of the coherence and 95% confidence intervals, 
respectively. The coherence function is significantly different n 
from zero when it is greater than the cutoff value (-0.2 in this 
case), and then the confidence intervals apply [e.g., 
•too,n•ta, •?s]. - 150 

The diurnal variability of stimulated fluorescence at 10 m was 

significantly correlated with the diel periodicity in PAR 0 throughout the deployment (0.5<coh2<0.8 most of the time; ' 

Figure 6). The phase function was close to 180 ø, indicating that FR E¸ U EN CY (c p h ) an increase in light was accompanied by a decrease in the 
fluorescence signal and vice versa. In contrast to fluorescence, Fig. 4. Same as Figure 3, but for PAR and c660. 
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distinctive semidiurnal peaks (0.083 eph, Figures 13 and 14). 
There was also a change of the phase from about 100 ø (diurnal 
periodicity) to about 180 ø (semidiurnal) in the case of c660, and 
from about 50 ø (diurnal) to about 0 ø (semidiurnal) in the case of 
fluorescence. At the same time, there was no significant 
correlation between PAR and oxygen at that frequency (plots 
not shown; see Table 3). 

The evidence indicating that the patterns of daily rhythms of 
bio-optical properties at 30 m differed from those at 10 m is 
also supported by the expanded plots of time series (Figure 15). 
At 30 m the fluorescence has a pronounced maximum during the 
light period and appears to track the PAR signal. This is in 
contrast to the FLUO pattern at 10 m. The daytime beam 
attenuation at 30 m has a pattern which is generally inverse to 
that of PAR signal. This includes even the relatively short-term 
variations due to cloudiness. The comparison between 10- and 
30-m beam attenuation suggests that at 30 m, c660 was much 
more sensitive to this short-term PAR variability. The time 
series of oxygen at 30 m were generally very variable and it is 
difficult to assess any periodicity visually. 

0.1 

FREQUENCY (cph) 
Fig. 5. Same as Figure 3, but for PAR and oxygen. 

shows the peak-to-peak amplitude at the end of the deployment 
reaching as much as 0.1 m 'l (Figure 9c). The daily variability of 
c660 can be seen during days 112-113 as well (Figure 9a), but it 
is not apparent during days 130-131 (Figure 9b). The diel 
changes in oxygen signal at the end of experiment reached 5 gM 
(Figure 9c). 

Similar analysis was performed for the time series from the 
30-m depth. The evolution of the diel cycle throughout the 
deployment is shown in Figures 10-12. In general, the 
coherence between PAR and other parameters is lower at 30 m 
than at 10 m. We observe that the coherence for the diel cycle of 
PAR and FLUO becomes significant only during the final 
portion of the deployment after day 136 (Figure 10). Note that 
the phase function is not greater than 50 ø, compared to about 
180 ø at the 10 m depth. The coherence for PAR and c660 is low, 
although it remains above the cutoff value most of the time from 
the beginning of the experiment until day 140 (Figure 11). The 
coherence between PAR and oxygen is significantly different 
from zero for only a short time interval around days 135-140 
(Figure 12). 
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Fig. 6. Time evolution of the squared coherence and phase 

An interesting observation is that the estimates of the PAR- functions between PAR and fluorescence at 10 m, at the diurnal 
FLUO and PAR-c660 coherence functions at 30 m are frequency (0.0417 cph). Dashed lines are 95% confidence 
characterized by the maxima at higher frequencies with intervals; the dotted line is the coherence cutoff value. 
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Fig. 7. Same as Figure 6, but for PAR and c660. 

DISCUSSION 

The North Atlantic has been an area of long term 
oceanographic observations for many years, and a considerable 
background of information has accumulated [e.g., Williams, 
1975; Colebrook, 1979; Mann and Lazier, 1991; and references 
therein]. Early spring blooms in this region are associated with 
the onset of surface warming and the formation of a shallow 
mixed layer, and are dominated by diatoms. They develop under 
conditions of high nutrient concentration and relatively weak 
stratification [Cushing, 1989]. A potential source of cell loss, 
grazing pressure, is rather low in North Atlantic, contrary to 
some Pacific areas [Daro, 1988; Mann and Lazier, 1991; 
Morales et al., 1991; Nielsen and Richardson, 1989]. In 
addition, another source of cell loss, sinking, may be 
significantly reduced if phytoplankton decrease falling velocity 
in the thermocline [Lande and Wood, 1987]. A periodically 
deepening mixed layer might then cause the resuspenfion of 
particles back from the thermocline to the interior of the mixed 
layer. The historical data from the vicinity of the location of 
MLML mooring (Ocean Weather Station India, 59øN, 19øW) 
indicate that usually Thalassiosira spp. are the most abundant 
diatom in early spring (April-May), and Calanus •nmarchicus 

the dominant copepod [Williams, 1975; Longhurst and 
Williams, 1979]. 

In this paper we have focused on diurnal variability of bio- 
optical properties of the water column in the North Arianfie 
throughout the spring season. As shown, the measured 
parameters can vary significantly during a day. The 
interpretation of this is limited by our understanding of the 
sources of such variability. In general, the variability of bio- 
optical properties at a fixed point in the ocean represents the 
superposition of local biological processes and the advection 
and mixing of different patches of the water. 

As reported in the past, the degree of control of physical over 
biological processes may be reflected in significant coherence 
between Chl a and physical parameters like temperature 
[Denman and Platt, 1975; Denman, 1976], although the 
argument is limited to the situations when the variables are 
related by a monotonic function [Star and Cullen, 1981]. It 
might be argued that diel variability in optical properties was 
caused by the cycle of diurnal heating and nocturnal mixing, and 
dilution of surface water as cooler fluid is entrained from greater 
depth. Diurnal oscillations in the mixed layer depth associated 
with strong diurnal changes in the net heat exchange are often 
important features of the mixed layer dynamics in temperate 
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Fig. 8. Same as Figure 6, but for PAR and oxygen. 
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TABLE 2. Results of the Cross-Spectral Analysis for 24- and 12-Hour Periods at 10-m Depth 

Squared Coherence /Phase 

Day FIIX) c660 02 

PAR 

T 
Current 

c660 

110 0.75/170 0.35/80 NS 
(110) (0.60)/(180) (0.25)/(! 80) NS 
! 40 0.65/160 0.50/70 0.45/90 

(140) NS NS NS 

NS NS NS 
NS NS NS 

110 0.60/30 0.25/0 
(110) (0.80)/(0) (0.30)(0) 
140 0.65/50 0.70/60 

(•40) (0.40)/(0) (0.50)/(0) 

110 0.80/0 
(110) (0.80)/(0) 
140 0.35/0 

(140) (0.40)/(0) 

The coherence and phase functions were calculated for 15 day time series starting at days 110 and 
140. The numbers in parentheses are for 12-hour period. NS, not significantly cross-correlated. 

oceans [Kondo et al., 1979; Price et al., 1986; Woods and 
Barkmann, 1986; Woods and Onken, 1982]. However, we did 
not find significant coherence between bio-optical properties 
and the water temperature, mixed layer depth or the speed 
(kinetic energy) of the water motion in the diurnal and 
semidiurnal frequencies. Such observations favor the 
importance of biological diel rhythms in phytoplankton 
population. 

It has been suggested in the literature that in order to study 
photoadaptive processes it is useful to relate fluorescence to 
beam attenuation [eg., Dennmn and Gargett, 1988; Cullen et al., 
1988, 1992]. When measured in the open ocean, both 
parameters often covary lineary with chlorophyll 
concentration, but when photoadaptive processes become 
important c660 and FLUO are expected to change on different 
time scales, with beam attenuation being more conservative. 
With this in mind we have plotted (c660-Cw)/FLUO ratio as a 
function of time (Figure 16) and PAR (Figure 17). As might have 
been expected from the paRems of daily variability of c660 and 
FLUO presented before (Figures 9 and 15), (c660-Cw)/FLUO 
displays the daily cycle, with the maximum at noon at 10 m and 
the minimum at 30 m. This again suggests that photoadaptive 
processes were involved and supports the interpretation of our 
data primarily in terms of biological processes rather than 
hydrodynamical ones. However, it needs to be recognized that 
we likely observe a rather delicate balance between mixing and 
biological responses. This is especially true for c66 O, which is 
expected to be function of PAR integrated through some time 
interval and not a direct function of instantaneous irradiance. 

The responses of FLUO and 0 2 to light changes include time 
scales of tens of seconds to hours [e.g., Abbott et al., 1982; 
Marra and Heinehuron, 1982; Cullen et al., 1988; Stramska and 
Dickey, 1992]. As was shown in the previous section, the 

statistical significance of the coherence between PAR, c66 O, 
FLUO, and 0 2, was not constant in time during the 2 months of 
deployment. Only when favorable physical conditions 
prevailed (i.e., low turbulent mixing) were phytoplankton cells 
caught within the upper water layer and exposed to certain light 
intensities long enough to display biological responses to 
PAR. 

We found pronounced diel cycles in in situ fluorescence, 
although the patterns were quite different at 10- and 30-m 
depths. It is unlikely that these differences were due to different 
composition of the planktonic community, because the patterns 
were present when the sampling was done well within the mixed 
layer during the first part of the experiment. 

Fluorescence represents a loss of energy which might 
otherwise have been converted to chemical energy 
(photosynthesis) or dissipated as heat. The basic assumption of 
the in vivo Chl a fluorescence technique is that there exists a 
constant ratio between fluorescence intensity and the amount of 
extractable chlorophyll a and pheopigments. Accordingly, the 
source of the changes in fluorescence on a time scale of a day is 
the variability of the concentration of those pigments in the 
water volume. Assuming no advection of water, such effects as 
changes of the biomass due to phytoplankton growth, 
zooplankton grazing, cell sinking, cell senescence and 
mortality, fecal pellet sinking and photodegradation, as well as 
change of cellular pigment concentration due to 
photoadaptation, all might cause variation in total pigment 
concentration. A model developed by Welschmeyer and 
Lorenzen [1985] suggests that growth and grazing are probably 
most important in this respect. Thus part of the variability of 
the fluorescence signal in our experiment is likely attributable 
to the dynamical balance between those processes. 

The strength of the fluorescence signal is not a simple 
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Fig. 9. Examples of daily time courses of bio-optical 
parameters: PAR, c660, fluorescence, and oxygen as measured at 
10-m depth. 
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Fig. 10. Time evolution of the squared coherence and phase 
functions between PAR and fluorescence at 30 m, at the diurnal 
frequency (0.0417 cph). Dashed lines are 95% confidence 
intervals; the dotted line is the cutoff value. 

function of chlorophyll concentration, however. On a time 
scale of a day, changes in pigment specific fluorescence are 
probably related to one or a combination of a few types of 
responses described previously in the literature. First, the 
decrease of the fluorescence with light can be caused by the 
changes in the concentration of quinone-type quenchers, 
redistribution of the energy between two photosystems, and 
changes in fluorescence yield [Bannister and Rice, 1968; 
Bonaventura and Myers, 1969; Falkowski and Kiefer, 1985; 
Vincent, 1979]. It can also be associated with changes in 
chloroplast shape and position affecting cellular absorption 
[Kiefer, 1973b]. Second, the increase of fluorescence with light 
can be attributed to the decrease of self-shading of the 
chloroplasts [Loftus and Seliger, 1975]. Finally, the 
fluorescence can vary due to the light-shade adaptation of 
phytoplankton cells, which occurs on a time scale of several 
hours, and is associated with the change of cellular pigment 
concentration and composition [e.g., Falkowski, 1980; 1984]. 
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production by photosynthesis and consumption by respiration. 
Our 10 m data show that a diel cycle for oxygen was especially 
pronounced after the onset of the phytoplankton bloom (day 
140). The phase function for PAR and oxygen assumed a value 
of about 90 ø. It appears that during that period, there was a 
positive net production throughout the day and respiration 
prevailed at night. 

The diel cycle of oxygen at 30 m was significant for a short 
period of time around day 138. The later disappearance of that 
cycle could be due to the decrease of the daily net production at 
that depth. The average decrease of the 30-m oxygen signal after 
day 135 supports the hypothesis that there was a negative net 
community production, even if a gross primary production 
occurred. In contrast to 30 m, oxygen concentration at 10 m 
showed a tendency to increase during that period of time. This is 
in agreement with historical data for the study region, which 
show that more than 95% of total carbon production occurs 
usually in the upper layer less than 30 m deep [Williams, 1973]. 

The beam attenuation coefficient is def'med as the sum of the 

absorption and scattering coefficients and it is an inherent 
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Although little is known about the relative importance of these 
effects in the field, changes in quantum yield are thought to be a 
major source of fluorescence variation [Falkowski and Kiefer, 
1985]. 

Our plots of (c660-Cw)/FLUO ratio versus irradiance (Figure 
17) (and fluorescence versus irradiance, not shown here), show 
no evidence of a critical PAR value when fluorescence quenching 
starts. This is in the contrary to the suggestions in the literature 
[e.g., Vincent, 1979]. It is possible that the differences in the 
fluorescence response to PAR at 10 and 30 m in our experiment 
resulted to some extent from adaptation to average light 
intensity reaching the phytoplankton cells. At 10 m, where 
PAR exceeded 400 •tEin m -2 ,s '1 at noon, the fluorescence 
inhibiting processes prevailed during the day and the pattern 
was analogous to that described previously in the literature 
[Kiefer, 1973a; Loftus and $eliger, 1975; $etser et al., 1982]. 
At 30 m, where PAR was not greater than 200 •tEin m '2 s -1, the 
fluorescence at day rather closely paralleled the light intensity. 

If one excludes the possibility of hydrodynamical effects, the 
changes in oxygen concentration represent a superposition of 
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Fig. 12. Same as Figure 10, but for PAR and oxygen. 
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might not expl•n phytoplankton growth •wcurately [Cullen et 
al., 1992]. In general, the diel variability of phytoplankton 
abundance can be attributed to one or a combination of two 

processes: diel variability of production and diel variability of 
losses. Diel variability of production can be related to 
periodicity of photosynthesis and cell division rates [e.g., 
Nelson and Brand, 1979; Harding et al., 1981b; Harding and 
Heinbokel, 1984; Campbell and Carpenter, 1986]. The 
important factors affecting phytoplankton losses are expected 
to be particle sinking and zooplankton grazing. The previous 
studies in North Atlantic show that phytoplankton grazing 
during the spring bloom is carried out mainly by copepods 
[Williams, 1973; Longhurst and Williams, 1979; Nielsen and 
Richardson, 1989; Morales et al., 1991]. It has also been 
documented that copepods can be nocturnal feeders [e.g. Daro, 
1988]. Therefore the diel periodicity in c660 may result from 
variability in beth productivity and grazing. 
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Fig. 13. Squared coherence and phase function between PAR and 
fluorescence estimated for 15-day time series at 30-m depth 
(days 140-154). Dashed lines are 95% confidence intervals; the 
dotted line is the coherence cutoff value. 

optical property of the medium []erlov, 1976]. In the open I•l 
ocean, light attenuation at 660 nm can change because of 
variations of particle (mainly phytoplankton cells) 
concentration, size distribution, shape, and refractive index 
[e.g., Kitchen et al., 1982; Baker and Lavelie, 1984; Morel and 
Bricaud, 1986]. Previous studies have shown that the variability 
in c660 is well correlated with suspended particle concentration, 
primarily because of particle scattering [e.g., Bishop, 1986; 
Spintad et al., 1989]. During the spring bloom in the North 
Atlantic, c660 is expected to be dominated by nanoplankton and 
microplankton species. This is due to the high concentrations 
exceeding at times 1011 cells m '3 [Erga and tteinutal, 1984; 
$kjoldal and Lannergren, 1978] and large scattering cross- 
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sections of these microorganisms [Strataski and giefer, 1991]. Fig. 14. Squared coherence and phase function between PAR and 
The diurnal cycle in c660 has been suggested to reflect the c660 estimated for 15-day time series at 30-m depth (days 110- 
balance between particle production by photosynthesis and 114). Dashed lines are 95% confidence intervals; the dotted line 
losses through grazing [Siegel et al., 1989], but simple models is the coherence cutoff value. 
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TABLE 3. Results of the Cross-Spectral Analysis for 24- and 
12-Hour Periods at 30-m Depth 

Squared Coherence /Phase 

Day • c660 0 2 

PAR 110 0.25/90 0.30/100 NS 
(110) (0.50)/(0) (0.50)/(180) NS 
140 0.35•50 NS 0.30•90 

(140) (0.35)/0 NS NS 

T NS NS NS 
Current NS NS NS 

110 0.80/0 0.60/0 
( 11 o) NS NS 
140 0.60/0 0.60/0 

(140) (0.60)/(0) (0.30)/(0) 

30 m 

1 

0.5 
0.55 ..... 

0.5 

112 113 

c66 o 110 0.7 0/0 
(110) (0.35)/(0) 100 
140 0.80/0 
(140) (0.35)/(0) 0 

1 

The coherence and phase functions were calculated for 15 
day time series starting at days 110 and 140. The numbers in 0.5 
parentheses are for 12-hour period. NS, not significantly t t ..... I ..... 
cross-correlated. •.õ 

The point to be emphasized is that this simplistic concept of •45 c660 variability reflecting phytoplankton abundance is 
modulated by other processes. First, a possible mechanism for 

varying c660 by the plankton population has been recently 
described by AckTeson et aT. [1990]. They have provided 
laboratory evidence of phytoplankton cell swelling in response 130 
to increased light intensity. Phytoplankton swelling was 
accompanied by the change of cell size and refractive index, 200 • ..... • ..... 
which eventually leads to changes of c660. In sire diet changes PAR 
in phytoplankton cell size were hypothesized to be the cause of 
the diet patterns in forward-angle light scatter observed in the . 
Atlantic Ocean [Olson et aT., 1990]. Second, the change of 
cellular optical properties (refxactive index and absorption) can 

be brought about by chtoroptast configuration [Kiefer, 1973b] 1 
and by change in cellular pigments, due to photoadaptation 
[Falkowski, 1980, 1984]. The diet cycles in cellular Chl a 
concentration, observed in the laboratory experiments [Owens 0.6 
et al., 1980], have been attributed to changes in the rates of 

chlorophyll synthesis and degradation, driven by the light:dark 0.5 
cycle. In their study, maximal Chl a concentrations were 
observed before the end of the light period, whereas m'mimal 295 ..... 
concentrations occurred at the end of the dark period. Thus the 
diel variability of cellular Chl a content could be in phase with 
our observations of the daily changes of c660. 290 

We realize that our data set does not allow us to quantify the 1 43 1 

relative importance of the processes prevailing during our DAY 1 9 8 9 
experiment. The coincidence of the high coherence between 
PAR and c660 with the development of the phytoplankton Fig. 15. Examples of daily time courses of bio-opticat 
bloom indicates that the growth rate might have been an parameters: PAR, c660, fluorescence, and oxygen as measured at 
important factor stimulating the daily cycle of c660. However, 30-m depth. 
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Fig. 16. Examples of the daily cycles in PAR and the (c660-Cw)flb].,UO ratio at (a) 10 and (b) 30 
m. Note that c w is the clear water beam attenuation coefficient (0.364 m -1). 

our data provide also new evidence that c660 cannot always be 
regarded as a conservative property with respect to within-day 
photoadaptive responses. A combination of the "modifying" 
mechanisms was probably of special significance for the 
variability of c660 at 30 m which happened on a time scale 
shorter than a day [see also Stramska and Dickey, 1992]. The 
nature of beam attenuation changes in response to varying light 
clearly needs to be investigated in the futUre. In addition, 
interpretation of past and future beam attenuation data nee• to 
be done with care. In particular shipboard profile sampling does 
not usually resolve the diurnal cycle, and as a consequence these 
data are likely aliased. 

In summary, our stUdy has documented the presence of the 
strong daily cycles in bio-optical properties of the open ocean. 
We have shown that the significance of those cycles varies in 
time throughout the season. The diurnal periodicity of c660 and 

0 2 was especially pronounced during the development of the 
phytoplankton bloom in late May. The fluorescence signal was 
dramatically affected by the ambient light intensity. The 
measurements at depths of 10 and 30 m resolved fluorescence 
rhythms completely out of phase with each other. The 
comparison between 10- and 30-m beam attenuation signals 
suggests that at 30 m c660 was more sensitive to within-day 
PAR variability. Further investigations are needed to quantify 
the daily variations of bio-optical properties in the ocean, to 
establish what natUral conditions favor this cycling, and to 
assess the impact of this variability on the procedures for 
estimating the phytoplankton biomass and production. Finally, 
as our understanding of the properties of phytoplankton 
improves, the approach of stUdying the daily cycles of bio- 
optical properties can be an effective way of examining 
phytoplankton populations in their natUral oceanic habitat. 
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