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ABSTRACT
Concurrent time series measurements including: percent transmission of a collimated beam of 660 nm light (converted to
beam attenuation coefficient, C), photosynthetically available radiation (PAR), and chlorophyll (chI) fluorescence were
obtained at 7-8 depths within the upper 160m of the Sargasso Sea (34N 70W) from Mar-Oct 1987 using a moored array of
instruments (see Dickey et al., this volume). A subset of these data, the spring deployment (the first of three) from March to
mid May, has been analyzed with respect to the diel phase variations in the bio-optical properties. Among the features noted,
the relationship between PAR and chl-f1 changed from chl-f1lagging the PAR signal by ca 90 degrees, through 180 degrees of
shift to leading by -90 degrees. The transition period corresponding to this change was marked by inconsistent behavior in
the phase relationships between other bio-optical variables, but the changes were short-lived and returned to their previous
offsets from the daily PAR. These changes are thought to be the result of a succession of species caused by a combination of
warm outbreaks of Gulf Stream waters importing a foreign particle assemblage into the Sargasso Sea, contemporaneous with
wind events causing deep mixing. This hypothesis is consistent with recent observations at sea and in laboratory studies.

l.INTRODUCTION
The Biowau experiment was carried out over nine months encompassing the seasons of an oceanic year, from March
through November 1987 at 34N, 70W in the Sargasso Sea. Meteorological data were collected from a package on the surface
buoy, and moored instrument packages located at eight depths within the upper 160m measured the physical and bio-optical
properties of the euphotic zone. Multi-variable moored systems (MVMS) were used for bio-optical measurements including
transmission of a beam of collimated light at 660 nm (C660, m·!), stimulated fluorescence of cellular and dissolved chi-a and
phaeopigments (chl-fl, equivalent ug chll-!), dissolved oxygen concentration (02, JlM), and photosynthetically available
radiation (PAR, 1017 quanta cm·2 s+). In addition, MVMS units were used for physical measurements including temperature
and horizontal components of current. Data from the MVMS were sampled every 4 min. Meteorological measurements were
made from the surface buoy at an interval of 7.5 min. Shortwave radiation and atmospheric parameters including wind
direction and speed, air temperature, barometric pressure, and relative humidity were determined. An overview of the MVMS
and meteorological measurements is presented in Dickey ct. al.5.
Several scales of variability are apparent within the Biowatt measurements, including daily, synoptic, mesoscale, and
seasonal. One of the more pronounced forcing scales is at the daily or dicl frequency, related to solar insolation, which
facilitates meaningful comparison of the diel cycles. The relationship of the dicl cycles of the bio-optical properties of the
upper ocean as compared to the daily cycles of the sun must be related to local biologieal processes. Changes in physiology,
quantity, community, or biological processes should be reflected as periods of departure from the background signal of daily,
sun-forced cycles of increase and decrease of the bio-optical variables. The utility of quantifying the regular relationships of
the diel cycles of the bio-optical properties of the ocean, then, includes the separation of locally produced and advected
variations in particle, chlorophyll, and oxygen concentration.
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For the purpose of this analysis, a subset of the Biowatt data set, spanning Julian days (JD) 60 through 105, was used
because of the excellent data return and confidence in the measurements, as biofouling and systematic instrument drift were
minimal.

2. NUMERICAL METHODS
Diel cycles of bio-optical properties were examined by applying a band-pass digital filter to the data, resulting in a time
series of variability with periods between 20 and 28h. The filter was a double convolution of the data set with two Gaussian
windows, one above and one below the target frequency. This filter necessarily decreases the resulting amplitude. A
quantitative analysis of amplitude will be the subject of a future paper. The 8-hour window represents the diel frequency
(0.0417 cph) +/- 17% of a day. This wide window was used because of the proximity of the diel frequency to the the inertial
frequency (fj = 0.046 cph; Ti = 21.4 h). Separation of the diel and inertial frequencies would be difficult using a simple filter,
so we chose to not discriminate between the two. Fortunately, inertial effects are most pronounced in currents. This is well
illustrated in the power spectrum of the bio-optical parameters measured during Biowatt shown in figure 7 of Dickey et. al.S.
Application of this filter to the PAR signal reduces the response to a nearly pure (zero-mean) sinusoid. While this is a
somewhat selective representation of the variability in PAR, it is useful for the purpose of intercom paring phase relationships
of the various quantities.
The calculation of diel phase difference between bio-optical variables was accomplished by using a spectral crosscorrelation at variable lag, and determining the amount of shift necessary to maximize the correlation function. This amount
of shift, when converted to units of degrees, represents the phase angle difference between PAR and the variable of interest.
The sign convention used is that a positive phase difference indicates that the signal being compared to the reference (e.g.
C660 compared to PAR) is lagging (peaks later in the day), while a negative value indicates that the reference is lagging.
Covariance is a measure of the relationship between two variables whose values were measured at the same time, and
defined as the average of the product of the variables minus their means. It is included as a gauge of how well two functions
move together, the idea being that a day with low covariance indicates non sympathetic changes over the course of a day
including large separations in phase, but also pertaining to percent daily changes in amplitude. It must be viewed in the
context of the data, and not as a standalone statistical measure.
Stacked time series of diel rhythms are presented for data available down to 100m. The 160m measurements are not
shown, due to the lack of PAR measurements, and the relative insignificance of diel fluctuations at that depth. No data were
returned from the 120m instrument package.
3. PHYSICAL CONTEXT
Due to space limitations and to avoid redundancy, reference is made to the plots of the Biowatt meteorological and physical
measurements in Dickey et. al.S, this issue.
During JD 60-79 (Mar 1-20), the Biowatt site was subjected to several events which are thought to be the advective effects
from nearby warm outbreaks of the Gulf Stream, alternating with the continuing wintertime ventilation of deep 18° waters.
The largest storm of the period occurred under particularly stratified conditions on JD 70. Plots of the depth of the 1% light
level and estimated MLi:>5 show JD 68-72 as a period of deepening of the mixed layer below the depth of the base of the
euphotic zone.
\
The period JO 79-86 was an extended period of ventilation of deep 18° water, with no significant mesoscale activity. The
water column was nearly isothermal at -18.3°C down to at least 160m.
The extremely abrupt onset of springtime stratification occurred on JD 87 and the waters began
warming trend, which
lasted until the end of the period examined.

a

•.

4. CHARACIERIZA

TION OF DIEL CYCLES WITH DEPTIJ

The diel cycles of C660 are generally coherent throughout the water column for the duration of the period (fig. I). An
increase in attenuation begins near local sunrise and peaks near local sunset. This relationship is nearly constant, and
consistent at all depths, although there appears to be a lag of "'().2 d between 60 and 100m for some large amplitude events.
This feature is more pronounced at times, but present throughout the period discussed. A possible explanation for this is the
sinking of particles produced in higher light levels, in which case the amount of lag is an indication of the sinking velocity
for an assumed particle density and size distribution. Alternatively, this could be an advective signal. In addition, it appears
that some diel particle production events are confined to the top 20m, while others influence attenuation down to 100m. It
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may be that the events that retain coherence throughout the water column indicate deep in-situ particle production, while deep
signals that are less coherent with the upper measurements are the result of sinking or advection along isopyncnals'',
Likewise, the daily variations in dissolved oxygen (fig. 2; note scale change for 100m) show the same trends with time of
day with little depth variation. Dissolved 02 increases during daylight hours and decreases at night. Covariance between lOin
and 20m 02 is nearly perfect, indicating a very well-mixed upper 20m. An explanation for the observed variablilty must
include all the effects of daily production of oxygen by phytoplankton, respiration and grazing by zooplankton, oxidation of
detritus, and daily heating and gas exchange. Daily heating of the water column, and the sympathetic changes in solubility,
are not thought to be a significant source of variability, based on periods during Biowatt when the water was essentially
isothermal, while significant diel fluctuations in 02 still occurred (figure not shown). Preliminary calculations of gas
exchange based on a wind speed parameterization of the piston velocitylO and D2 solubility calculationsl ! give a mean
oxygen flux of -40 mmols m-2 day! during large wind events. This does not add significant die I variability due to the
synoptic time scale of forcing by wind, in that events commonly last two or more days. Thus, oxygen variations on the
daily scale can be attributed almost entirely to biological activity, and can be exploited by modeling it as the sum of
contributions involving the other bio-optical parameters as production/consumption terms. This work is still in progress.
Chlorophyll fluorescence, in contrast, is coherent and covariant at all depths until a phase shift begins about JD 69 for the
20m data only. By JD 73, the fluorescence signal at 20m is approximately 180 deg, or 1/2 day out of phase with the chl-fl
signal at all other observed depths. The 20m signal then peaks 1/2 day later for the remainder of the period, appearing to
reach a maximum value for each day shortly after sunrise, and then is depressed with increasing levels of PAR. Chl-Il is even
seen to increase during the night, indicating a fluorescent yield that is not constant in the dark.
Chl-fl at all depths below 20m shows the same pattern as 02 and C660, and is coherent between depths (fig.3). It is also
seen that as time progresses, amplitude variations in the surface waters become less covariant with features at depth. This is
to be expected in an ocean that is seasonally changing from a deeply-mixed wintertime, to the stratification resulting from
increased heating and fewer large wind events, with nutrients confined to a well-defined mixed layer in high light.
The stacked time series of diel PAR are included for completeness in fig. 4. Amplitude decreases with the expected
logarithmic decay. An interesting feature is that amplitudes below 20m do not follow the changes in surface measurements
after JD 87, when a significant bloom occurred which lasted ca 2 days. Attenuation of scalar irradiance is more confined to
the upper 20m after the onset of seasonal stratification.
5. CHARACTERIZATIONS

OF DIFFERENCES

IN DIEL PHASE

5.1 t.d>CPAR.C.FI.0z.l
The differences in phase of the bio-optical parameters are shown in figs. 5-10. Only the data from 20m are presented, for
both the sake of brevity, as well as to highlight the more interesting nature of the data from the higher Jightlevels.
Plots
include the superimposed time series of the diel rhythms (top), the difference in phase (in minutes) of the two signals
(middle), and the time series of the covariance function (bottom).
The difference in phase of the diel C660 with respect to PAR (fig. 5) shows a nearly constant relationship, with PAR
consistently leading the attenuation by particles. Departures from this relationship occur on JD 77, possibly related to a wind
event during a period of relative stratification; at the onset of a bloom event and major seasonal stratification beginning JD
87, and another event on JD 103, again corresponding to high windstress and the presence of mesoscale features in the area, as
evidenced by the SST map for JD 1035. It is evident that deviation from the mean phase separation or PAR and C660 can
indicate advected particles, as all beam attenuation cannot be accounted for locally from in situ particle production.
Neglecting these outliers, the mean difference in phase between PAR and C660 is 270 +/- 90 min, or 67 +/- 22°. The
separation of the two curves being near 1/4 day gives a generally low covariance, as increases and decreases are not
contemporaneous.
Dissolved D2 (fig. 6) begins by lagging daily PAR (positive t.41) by ca 350 min, and follows a nearly linear trend until it
leads by -280 min (70 deg), and then is restored to its initial phase relation over the course of the next 10 days. The other
obvious deviations from the mean are the same as for the C660/PAR phase anomalies, JD 87 and 103. It is interesting that
all periods when D2 leads PAR (t.41<O) return to positive phase differences in -2 days, or roughly the time scale for the
passage of an advective feature. Covariance between PAR and ~ is quite variable, apparently being influenced strongly by
nonlocally produced oxygen.
Examination of the phase relationship between chi Il and PAR (fig. 7) shows that prior to JD 68, chi fl lags PAR
(positive t.41) by a mean of 303 min (75 deg), and then drops nearly linearly until JD 75. From JD 75 until the end of the
period, chl-fl peaks before PAR by a mean 220 min (55 deg). Deviations from the mean trend are, for the most part,
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contemporaneous with deviations described earlier due to mesoscale activity. It is interesting that at JO 68-70, when
deviations from the mean phase are seen in C660 and dissolved 02 as well, that chi fl is the only signal that docs not recover
from the perturbation. Both C660 and <h return to their previous relationships with the reference PAR. Also interesting is
the fact that the bloom event JO 87, which is one of the largest one-day increases in chi concentration for the entire
experiment, is barely noticeable in diel chi-fl. Covariance between PAR and chl-fl alternates between highly positive and near
zero with a periodicity of -four days, indicating movement in the diel phase that is not as apparent from the plot of .1~.

The difference in phase with dissolved oxygen as a reference signal provides an indication of the different processes
contributing to the total concentration of 02, and how it is affected by the changing relationships between particle
concentration and chlorophyll in the water column.
Beam attenuation shows nearly zero phase difference with respect to <>2(fig. 8), and high positive covariance. Deviations
occur between JD 68-74 and JO 75-78, at which time the attenuation signal lags the oxygen signal (positive .141) by as much
as 400 min. This is the only significant deviation from the nearly constant relationship in the phase difference between C660
and dissolved 02; the two signals vary quite sympathetically. Covariance is generally large and positive, indicating that as
particles accumulate, the concentration of oxygen increases. However, significant differences exist in the relative contribution
of C660 to the 02 signal. Days with low particle accumulation are seen to have high oxygen increases, as well as the
converse. Also interesting is the observation that most of the departures from complete coherence are due to 02 peaking later
in the day than C660. The timing of the larger event coincides with the oxygen preceeding the beam attenuation curve, i.e.
peaking earlier in the day.
The chl-fl signal (fig. 9) begins the period completely coherent with dissolved oxygen.
On JO 70 the relationship
changes to 180 deg (720 min) of difference in the curves. The phase difference appears to swing wildly, due to the correlation
of the two functions being very high with both a plus one-half and a minus one-half day lag. The covariance of the two
changes from highly positive to highly negative, with several deviations.

5.3 A~(C.Fn
Comparing daily cycles of C660 and Chl-fl (fig. 10), it is seen
days of the period. On JO 68, the separation of the two functions
the chl-fl signal by ca 800 minutes. This relationship continues
shift in diel phase of the chi fl signal. Again, wandering in the
proximity of the angle to 180 degrees.

that the two signals covary quite well during the first few
increases to -180 degrees, so that the particle signal lags
for the remainder of the period, and is attributable to the
phase difference of the two signals is attributable to the

6. Discussion
An interesting observation in the diel cycles of the bio-optical parameters is that there appears to be an approximate net
daily balance of production versus consumption of particles, chi-a, and dissolved oxygen, as indicated by a near zero mean in
all the signals. Careful examination of plots of unprocessed data (not shown) shows that this is indeed the case, and is not an
artifact of the method of processing.
The diel beam attenuation coefficient is seen to begin increasing as the sun comes up, and to decrease during dark hours.
This implies increasing particle concentration during the day7,8 and consumption or mortality at night. The observation that
the relationship of the diel cycles of C660 to the diel PAR is nearly constant, in addition to the observed -zero-mean signal,
suggests that there is an approximate steady-state situation with respect to daily particle production. Large particle depletion
events follow large production events on the daily scale.
Since the diel phase of PAR is fixed by the sun as being -constant (again, except for the effect of clouds), the observed
change in the phase difference between PAR and chl-fl must be due solely to a change in the phase of chi-fl. Chi fl is seen to
at first covary with C660, increasing during the day, peaking near sunset, and decreasing at night. The phase of the chi fl then
shifts over a period of -4 days, and then is -90 deg out of phase with PAR and -180° out of phase with C660. For the rest
of the period, the amount of chl-fl generally begins to rise at or shortly before sunrise, and reach a maximum early in the day
when PAR reaches approximately half its (relative) amplitude. For the remainder of the day, chl-fl decreases as PAR
increases, and reaches a minimum shortly before midnight Stimulated chlorophyll fluorescence is even seen to increase at
night, in the absence of natural light
The SeaTech fluorometer measures the amount of red light emitted when an aliquot of water is stimulated with a bluegreen source 1. The yield of fluorescence to this stimulus is related to the physiology of the phytoplankton assemblage, and it
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is known that certain phytoplankters exhibit an inhibition to stimulated fluorescence brought on by high levels of light4,7.
The transition in the did phase of chl-fl seems to correspond to a change in the functional relationship in the response of the
fluorometer to changing levels of PAR, and to the changing community, or the changing physiology of the community. The
complete reversal in the phase of stimulated fluorescence over the period 1D 65-75, then, may be a measure of the rate of
change of the phytoplankton assemblage from one that is not photoinhibited in high light, to one that responds to increasing
light levels by a decrease in the amount of fluorescence obtained from a unit amount of chI-a.
The fact that chl-fl increases at night may indicate that there is a timescale by which the fluorescing properties of the
phytoplankton are damaged, and a recovery period necessary to bring the yield of fluorescence back to undamaged levels. This
fact could be helpful in modeling a functional dependence of stimulated fluorescence yield on PAR, time of day, and
taxonomy, in order to more accurately use stimulated fluorescence as a means of measuring the concentration of chlorophyll.
An error analysis of detection of chlorophyll by in situ fluoromctcrsf suggests that time-of-day variations in the fluorescent
yield are small, but may be exploited to give information on speciation.
The nearly perfect covariance between diel D2 and diel C660, and the consistency of the phase difference of the daily cycles,
suggests a strong correlation that could be exploited to provide insight into the mechanism behind the shift in community
from one that is not light-inhibited to one that is. The time of the ch-fl phase transition is the only period when there is
significant deviation in the phase separation of 02 and C660. During this period, D2 leads C660 by approximately 400 min.,
indicating oxygen that has a source somewhere other than local phytoplankton production. It is possible that this represents a
transition from one assemblage of phytoplankton to another, a 'readjustment' of the community, and then a return to a quasi
steady-state with a new dominating assemblage of phytoplankton. This hypothesis is supported by previous obscrvauons- in
which the succession of species before, during, and after a bloom event in the Sargasso Sea was documented. A community
dominated by diatoms was replaced by a more diverse assemblage of chromatically-adapted phytoplankton.
The triggering mechanism for such a transition is hypothesized to be a combination of the availability of warm outbreak
waters, which presumably supported a completely different and more productive community than the assemblage in the
wintertime Sargasso Sea, and deep mixing events by intense storms entraining nutrients from depth, so that the imported
community could persist. The transition in diel phase of the fluorescent yield of the phytoplankton community occurs at a
time when both of these conditions are met.
7. SUMMARY
Measurements of the daily, sun-forced cycles of biological activity are extremely time-consuming, difficult to make, and
expensive. In addition, it would be impossible to obtain a high frequency time series of biological variability using classic
shipboard techniques. To this end, moored systems have been developed that can automate the col1ection of bio-optical
properties of the upper ocean, and analysis of this data provides fine-resolution insight into such biological mysteries as the
spring bloom in the North Atlantic, as evidenced by the necessarily simultaneous bio-optical changes.
Observations of variability at the diel frequency are of possible utility in differentiating between locally and nonlocal1y
produced particles, obtaining daily fluxes of particles, and detecting changes in species composition in the euphotic zone.
Regular relationships exist in the daily cycles of C660, dissolved 02, and stimulated fluorescence of chl-a that vary with the
same periodicity as the sun, indicating that photosynthetic activity is most important in driving the fluxes of particles on this
timescale. These daily cycles show preferred phase displacements from the timing of solar forcing, and deviations from these
displacements correspond to combinations of storm and advective events.
During the Biowatt experiment, stimulated fluorescence of chlorophyl1 experienced a change from coherence with daily
PAR cycles, through a transition period, and finally complete sign change of the diel phase difference. The transition period
was marked by inconsistent behavior in the diel fluctuations in dissolved 02 and C66Q, but these pertubations were sort-lived.
This change is hypothesized to be the optical manifestation of a succession of species in the upper ocean to an assemblage
that is inhibited in high light.
It may be possible to use the diel cycle of stimulated fluorescence to infer changes in the
species composition of the euphotic zone. More work is needed, including laboratory studies in which the fluorescent
properties of different taxa are measured in varying light fields.
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Figure 1
Depth and time variation of the diel variability in beam
attenuation coefficient. .Data at 160m are not presented, and
the 80m transmissometer failed.
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Depth and time variation of the diel variability in dissolved
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Depth and time variation of the diel variability in stimulated
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Depth and time variation of the dicl variability in PAR, included
for completeness. Note change of scale between 40 and 6Om.
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Figure 5
Superimposed diel cycles for PAR (heavy) and C660 at 20m, phase
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covariance. Axis labels on the right refer to the C660 (light) curve.
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Figure 6
Superimposed diel cycles for PAR (heavy) and dissolved
02 at 20m, phase difference of the two curves in minutes, and
the timeseries of covariance. Axis labels on the right refer to
the 02 (light) curve.
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Figure 7
Superimposed dicl cycles for PAR (heavy) and stimulated
chlorophyll fluorescence at 20m, phase difference of the two
curves in minutes, and the timeseries of covariance. Axis scale on
the right refers to the chl-fl (light) curve.
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Figure 8
Superimposed diel cycles for C660 (heavy) and dissolved 02 at
20m, phase difference of the two curves in minutes, and the
timeseries of covariance. Axis scale on the right refers to the
02 (light) curve.

SPIE Vol. 1302 Ocean Optics X (1990) / 223

Chi fl(heavy line) vs 0

(20m)

1.100

~0.05

8 o~~~~~~fV~~~~~~~~~~~~~~~~~~~~~~~+H~~
~-o.05
-1.100

800

~

O~~~~--~----+-~r-~~~7+~~~~~r-~~~Hr--~T+~~~~-r~+-~-i

70

eo
JD 1987

90

Figure 9
Superimposed diel cycles for Chl-fl (heavy) and dissolved 02 at
20m, phase difference of the two curves in minutes, and the
timeseries of covariance. Axis scale on the right refers to the
02 (light) curve.

Figure 10
Superimposed diel cycles for C660 (heavy) and chl-fl at
20m, phase difference of the two curves in minutes, and the
timeseries of covariance. Axis scale on the right refers to the
chl-fl (light) curve.
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