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Abstract

As part of the Forced Upper Ocean Dynamics Program, which ran concurrently with the US
JGOFS Arabian Sea Expedition, "ve moorings were deployed in the historical axis of the
Findlater Jet. In addition to other variables, moored sensors collected photosynthetically active
radiation (PAR), particulate beam attenuation (C

1
), stimulated #uorescence (FLU), and dis-

solved oxygen (O
2
) data from October 1994 to October 1995. Diel bio-optical signals were

recorded during two periods between the Northeast and Southwest Monsoons at 10, 35, and
65 m. Spectral analysis shows signi"cant diel cycles of C

1
, FLU, and O

2
, but the strength of

these cycles was not constant over time. Daily periodicity was lowest for all bio-optical signals
just after a strong storm during the 1994 Fall Intermonsoon period. During a phytoplankton
bloom associated with a cool advective feature, the FLU and O

2
diel signals were most

pronounced. Although these signals are biological responses to the daily cycle of irradiance,
they are mediated by hydrographic conditions; strongest when phytoplankton are con"ned
within the mixed layer or thermocline, and thus exposed to light intensities long enough to
display these responses to PAR. Fluorescence quenching at 10 m due to high irradiance
(&1000 lEinstein m~2 s~1) forced the ratio of #uorescence to particulate attenuation into
a diel periodicity at 10 m, but not at 35 m (noontime irradiance &200 lEinstein m~2 s~1),
where the FLU and C

1
increases were almost in phase. Diel changes in C

1
, when scaled to

particulate organic carbon, suggest a net production of &20 mg C m~3 d~1 at 10 and 35 m.
We estimate a speci"c growth rate from a calculated particle production rate balanced by
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a constant grazing over 24 h to be 0.77 d~1, and using a CH
#

of 424 mg C m~2, estimate
a carbon : chl a ratio between 85 and 115 for a 10-d window during the 1994 Fall Intermonsoon
period. ( 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Changes in open-ocean optical properties are largely caused by changes in the
suspended particulate matter, and key contributor to these changes are the phyto-
plankton. Phytoplankton physiological processes operate on time scales of tens of
seconds to hours, with the diel time scale on the order of the generation time of
individual algal cells, making the diel irradiance cycle an important source of variability.

There has been extensive research on diel variations in phytoplankton properties,
including changes in biomass, photosynthetic parameters and rates, cell division,
chlorophyll #uorescence, cellular pigment changes, nutrient assimilation, and beam
attenuation (see PreH zelin (1992), Stramska and Dickey (1992a) and Marra (1997) for
literature reviews). With the exception of some recent studies (e.g., LeBouteillier and
Herbland, 1982; Siegel et al., 1989; Gardner et al., 1993,1995,1999; Durand and Olson,
1996), most shipboard sampling programs have not sampled frequently enough to
characterize the daily cycle of phytoplankton in the open ocean. Also, these studies have
focused on diel changes in either #uorescence or particulate attenuation, but not both.
Because of a high sampling frequency, moored sensors have provided excellent plat-
forms to study diel variability in multiple bio-optical properties (Dickey, 1991; Marra,
1994,1997; Dickey et al., 1998). The extent and signi"cance of diel signals in bio-optical
properties have been reported from near-surface drifters as well as the Biowatt and the
Marine-Light Mixed Layers moorings (Hamilton et al., 1990; Dickey et al., 1991;
Stramska and Dickey, 1992b; Abbott et al., 1995; Marra, 1997).

Concurrent with the US Joint Global Ocean Flux Study (US JGOFS) Arabian Sea
Expedition, "ve hydrographic and atmospheric moorings were deployed in the central
Arabian Sea (15.53 N, 61.53 E) for two six-month deployments from 15 October 1994
to 20 October 1995 as part of the ONR sponsored Forced Upper Ocean Dynamics
Program. A general overview of data from the "ve moorings is presented in Rudnick
et al. (1997), and the meteorological conditions and atmospheric forcing can be found
in Weller et al. (1998). The central mooring was the most heavily instrumented; the
hydrographic and bio-optical conditions and central mooring schematic can be found
in Dickey et al. (1998). Marra et al. (1998) model primary productivity from bio-
optical sensors on the central mooring. Here we present bio-optical data from the
central mooring focusing on variability on the diel time scale.

2. Methods

Multi-variable moored systems (MVMS) were deployed at 10, 35, 65 and 80 m
depth on the central surface mooring (see Dickey et al. (1989,1998), Ho et al. (1996a,b),
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Sigurdson et al. (1995,1996) for details including discussion of sensor calibration). The
MVMS package measures photosynthetically active radiation (PAR), natural and
stimulated #uorescence, beam transmission at 660 nm (C), dissolved oxygen, ortho-
gonal horizontal currents, temperature and conductivity. Data presented here are
15-min averages. Although the mooring was deployed during the 1994 Fall Intermon-
soon, all data are referenced to 1995 yeardays; seasonal de"nitions are Fall Intermon-
soon, mooring deployment 14 October 1994 to 31 October 1994 (yeardays !77 to
!61); Northeast Monsoon, 1 November 1994 to 15 February 1995 (yeardays !60 to
46); Spring Intermonsoon, 16 February 1995 to 31 May 1995 (yeardays 47}151) and
Southwest Monsoon, 1 June 1995 to 15 September 1995 (yeardays 152}258).

The data returns from the moorings were good, considering the 6-month optical
instrument deployments in productive tropical waters, but bio-fouling was signi"cant
at times (speci"cs and timelines of sensor functionality are given in Ho et al. (1996a,b)
and Sigurdson et al. (1995,1996). For the present report, we used times when PAR,
#uorescence, particulate attenuation and dissolved oxygen sensors were all opera-
tional at 10 and 35 m, with the exception of the 35 m #uorometer and PAR sensor late
in the Spring Intermonsoon. These times were during the Fall Intermonsoon and
early NE Monsoon, 14 October } 20 November (yeardays !77 to !40) and the
Spring Intermonsoon/early SW Monsoon, 1 April } 10 May (yeardays 120 } 160).

The coe$cient of beam attenuation is the sum of absorption and scattering
contributions from pure water (C

8
), yellow substance (C

:
), and particles (C

1
):

C"C
8
#C

:
#C

1
.

C
8

is widely held to be a constant, and, in the open ocean at 660 nm, C
:
is assumed

negligible (Jerlov, 1976), so variations in the attenuation from suspended particles, C
1
,

primarily determine variations in C. By convention, #uorometers are calibrated with
chlorophyll a; here #uorescence is reported in units of chlorophyll, mg m~3. Mixed-
layer depth (MLD) was calculated as a 0.125 kg m~3 di!erence in density from the
surface water. Even with 27 temperature sensors deployed in the upper 100 m, the
steep temperature gradient at the base of the mixed layer causes the calculated MLD
to get `pinneda to a sensor depth by the linear interpolation between two sensors.
Despite this e!ect producing a mixed-layer depth `baselinea, the diel signal is still
evident.

2.1. Bio-optical coherences with PAR

Following spectral analysis methods of Kay (1988) and Bloom"eld (1976), we used
the estimated squared coherence statistic to compare pairs of time series. The squared
coherence is calculated by

coherence2"
DP

12
( f )D2

P
11

( f )P
22

( f )
,

where P
12

( f ) is the cross spectral density of signals 1 and 2, P
11

( f ) is the power
spectrum density of signal 1, and P

22
( f ) is the power spectrum density of signal 2. The
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coherence is essentially a correlation coe$cient of the power spectra of two time
series, which shows the degree of correlation as a function of frequency. The squared
coherence values range from zero (no correlation at a given frequency) to one (perfect
correlation). We calculated the C

1
, FLU and O

2
signals' coherence with PAR to get

the correlation with (or strength of) the diel signal. A higher coherence value with
PAR at the diel frequency (1 cpd) indicates a stronger diel periodicity. Because the
time-series were nonstationary, we detrended the data by removing the means, using
a 5-d window. Following Stramska and Dickey (1992a) to estimate the variation in
squared coherence over time, we calculated the coherence at the diel frequency for
10-d windows of the detrended time series, and plotted the value as the "rst day in the
series (i.e., the calculated squared coherence for data from days 120}129 is plotted as
day 120).

2.2. Productivity, specixc growth rate and C:chl a estimates from beam attenuation

Because beam attenuation has been shown to be highly correlated with suspended
particle mass and particulate organic carbon (POC), diel changes in particulate beam
attenuation (DC

1
) have been used to estimate primary productivity (Siegel et al., 1989;

Cullen et al., 1992a; Cullen and Lewis, 1995; Gardner et al., 1995; Walsh et al., 1995).
A crucial assumption is the conversion factor from particulate attenuation to POC,
the carbon speci"c beam attenuation coe$cient, CH

#
. The seasonal range of CH

#
mea-

sured during the US JGOFS Arabian Sea expedition over an annual cycle was
387}508mg C m~2 (Gundersen et al., 1998). We use a value of 424 mg C m~2,
calculated by regression of shipboard C

1
(from cruise TN043) on POC for the only

pro"le near the mooring during the Northeast Monsoon (n"20, r2"0.97)
(I. Gundersen, pers. comm and US JGOFS database: http://jgofswww.whoi.edu).
Thus, the diel change in C

1
was multiplied by a CH

#
of 424 mg C m~2 to estimate

phytoplankton carbon assimilation.
Cullen et al. (1992a) showed that converting DC

1
to estimates of photosynthesis also

speci"es the growth rate of the phytoplankton, l(d~1), (w:w). We followed the
reasoning of Siegel et al. (1989) and Cullen et al. (1992a), estimating speci"c particle
production rate, r, from the diel change in attenuation:

r"
1

t
lnA

C
.!9

C
.*/
B,

where t is the time between daily minimum and maximum beam attenuation. We
estimated a speci"c growth rate from a 24-h balance of particle production and
a constant grazing (g); r"k!g. To calculate a carbon : chl a ratio, an assumption
must be made about the proportion that phytoplankton contributes to the POC,
because absolute C

1
values are used (not DC

1
as in estimating carbon assimilation

above). In the Equatorial Paci"c Ocean, Eppley et al. (1992) measured autotrophs to
be 30% of POC, while Cullen and Lewis (1995) used 50%. In the northeastern
Atlantic Ocean, Marra et al. (1995) used transmissometer and #uorometer data to
estimate 65}85% phytoplankton contribution to POC. Dennett et al. (1999) measured
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nano- and microplankton biomass to be 25}35% of the POC in the top 160 m during
the 1995 Northeast Monsoon. For lack of direct measurement near the mooring, we
adopt a value of 50%, and calculate a carbon : chl a ratio from C

1
, the CH

#
and the

#uorometer estimate of chlorophyll a.

3. Results

Fig. 1a and b show the PAR, C
1
, FLU, and O

2
signals at 10 m as well as the MLD

for the Fall Intermonsoon/early Northeast Monsoon and Spring Intermonsoon/early
Southwest Monsoon. Records of PAR, C

1
and FLU at 35 m are presented in Fig. 2a

and b for the same time periods. A strong storm at the beginning of the Fall

Fig. 1. Time series from the 10 m MVMS from (a) the Fall Intermonsoon period, 1995 yeardays !77 to
!40; and (b) the Spring Intermonsoon period, 1995 yeardays 120}160. Plotted from top to bottom,
photosynthetically available radiation (PAR; lEinstein m~2 s~1), particulate beam attenuation (C

1
; m~1),

stimulated #uorescence (FLU; lg chl l~1), dissolved oxygen (O
2
; lmol), and mixed layer depth

(MLD;D0.125 r; m). Vertical dotted line in (a) marks the start of an advective feature passing by the
mooring (see text).
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Fig. 1. (Continued)

Intermonsoon record is marked by decreased PAR, increased C
1
, FLU, and O

2
. After

that event, there are clear diel signals that persist until the sensors became fouled with
the onset of the NE Monsoon. During the Spring Intermonsoon, there was no easily
discernible diel signal in the 10 m O

2
, but the other signals show a diel pattern again

until bio-fouling near the beginning of the SW Monsoon.
A mesoscale advective feature passed the mooring site during yeardays !45 to

!20 (Sigurdson, 1996), marked by shifting current direction and shoaling isotherms
(see Fig. 5, Dickey et al., 1998). The cold feature was evident in the 10 m bio-optical
signals as increased FLU and C

1
, decreased O

2
, and increased diel change in C

1
, FLU

and O
2
. There is also a dampening of the daily MLD excursion from day !40 to

!35.
The daily C

1
signal is quite evident at 10 and 35 m, but minimal at 65 m (Fig. 3),

with a higher frequency variation; temperature records show internal waves moving
past the 65 m MVMS. The 10 m C

1
has a minimum at dawn, and a maximum near
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Fig. 2. Time series from the 35 m MVMS; top to bottom, PAR (lEinstein m~2 s~1), C
1
(m~1), FLU

(lg chl l~1) for the Fall Intermonsoon (a) and Spring Intermonsoon (b). Vertical dotted line in (a) marks the
start of an advective feature passing by the mooring (see text).

sunset each day (Fig. 4a). This is consistent with several previous high-frequency
observations (e.g., Siegel et al., 1989; Stramska and Dickey, 1992b). The FLU time
series shows a local minimum at noon each day, as well as a fast response to
short-term variations in PAR due to clouds (e.g., yearday !55, Fig. 4a). The 35 m
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Fig. 3. Particulate beam attenuation at 10, 35 and 65 m. The 10 m signal is o!set by #0.2 m~1 and 65 m is
o!set by !0.2 m~1 to avoid overlap.

C
1

(Fig. 4b) has a minimum at dawn, but a maximum before sunset, while the 35 m
FLU is almost in phase with C

1
. It is possible that diel changes in the MLD, the

timing of cell division, and zooplankton grazing are a!ecting the particulate
signal earlier in the day at 35 m than at 10 m. The role of diel variations in MLD on
carbon assimilation and export in the Arabian Sea is discussed in Gardner et al.
(1999).

3.1. Bio-optical coherences with PAR

During the Fall Intermonsoon, the coherence spectrum of PAR-C
1
and PAR-O

2
at

10 m show signi"cant peaks at the diurnal or diel (1 cpd) and semi-diurnal (2 cpd)
frequencies (Fig. 5a), while the PAR-FLU coherence was not as high at the diel
frequency. The Spring Intermonsoon 10 m coherence spectrum (Fig. 5b) shows PAR-
C

1
and PAR-FLU diel peaks high and broader than during the Fall Intermonsoon,

but the O
2

coherence was not signi"cant at the diel frequency.
Fig. 6 shows how the statistical signi"cance of the diel periodicity of C

1
, FLU,

O
2
and MLD changes during the Fall Intermonsoon. Also shown on these plots is the

temperature di!erence between the surface and 35 m (dotted line) for hydrographic
reference. The C

1
diel signal (Fig. 6a) is weak at the beginning of the record after the
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Fig. 4. PAR, C
1

and FLU over three days during the Fall Intermonsoon; (a) 10 m, (b) 35 m.
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Fig. 5. Estimated squared coherence spectra of PAR and C
1
, PAR and FLU, and PAR and O

2
during

(a) the Fall Intermonsoon, yeardays !77 to !40, and (b) the Spring Intermonsoon, yeardays 120}160.
Arrows indicate peaks at 1 and 2 cycles per day; the diel or diurnal and semi-diurnal signal. Dotted lines are
the cuto! values for a peak to be signi"cantly di!erent from zero.
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Fig. 6. Time series of (a) PAR- C
1
and (b) PAR-FLU estimated squared coherences at the diel frequency at

10 and 35 m during the "rst deployment (solid lines). (c) Estimated squared coherence time series for 10 m
PAR- O

2
. (d) Estimated squared coherence time series for 10 m PAR-MLD. Dashed lines are temperature

di!erence between 0 m (measured from the surface buoy) and 35 m.
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Fig. 6. (Continued)
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wind-mixing event, then strengthens and stays highly coherent with PAR into the
advective event until around yearday !35, when biofouling is most likely a!ecting
the signal. The FLU diel signal (Fig. 6b) is also weaker after the storm, but stays highly
signi"cant through the time when the eddy is passing. The O

2
daily signal periodicity

(Fig. 6c) is similar to the C
1

and FLU time series, weakly diel at the start, then
intensifying and most pronounced during the advective event. The MLD diel signal
(Fig. 6d) is strong until the MLD excursions are dampened during the beginning of the
cool advective feature; the drop, however, is not concurrent with the low C

1
diel

periodicity.

3.2. Productivity, specixc growth rate and C : chl a estimates from beam attenuation

For the 10 d window between wind mixing and advective events during the Fall
Intermonsoon (yeardays !55 to !46), we estimate an average speci"c particle
production rate of 0.045 h~1. Balanced by a 24 h grazing, this gives a maximum
speci"c growth rate of 0.77 d~1. Using the measured CH

#
of 424 mg C m~2 to scale the

changes in particulate attenuation to carbon, we calculate an average carbon uptake
of 21.2 and 19.5 mg C m~3 d~1 at 10 and 35 m, respectively. The phytoplankton POC
and #uorometer chlorophyll a values produce an estimate of phytoplankton car-
bon : chl a ratio varying between 85 at dawn and 115 at dusk at 35 m.

4. Discussion

4.1. Bio-optical coherences with PAR

On the shelf edge in the Mid-Atlantic Bight, Flagg et al. (1994) found low coheren-
ces between ADCP current measurements and phytoplankton biomass measured
from moored #uorometers, as well as low acoustic zooplankton measurements and
phytoplankton biomass coherence. They attributed the low coherences to the compet-
ing in#uences of local biological processes, spatial variability, vertical shear and
zooplankton migrations. Our bio-optical time series of C

1
, FLU, and O

2
, as well as

the coherences with PAR are a!ected by a balance between physiological and physical
processes (advection and mixing), as well as production and grazing.

When the mixed layer shoals during the passage of the mesoscale eddy, the C
1
daily

cycle weakens, but the FLU and O
2

diel amplitudes remain pronounced. Changes in
#uorescence and biological oxygen evolution take place rapidly, on the time scale of
tens of seconds to hours (Marra and Heinemann, 1982; Cullen et al., 1988; Stramska
and Dickey, 1992a). C

1
, however, integrates the response to PAR over a longer time

scale, not as a function of short-term changes in irradiance.
The C

1
diel signal is strongest when the phytoplankton concentrations are greatest

in the mixed layer. As the mixed layer shoals during the advective event, individual
algal cells are exposed to higher average light intensity, allowing growth. The O

2
diel

signal is stronger, net O
2

production rises, and there is an increase in FLU and C
1
as

phytoplankton biomass accumulates. Higher C
1

and O
2

diel periodicity has been
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reported with the onset of the spring bloom in the North Atlantic (Stramska and
Dickey, 1992b). Here we have shown a stronger diel signal in O

2
during a bloom due

to an advective event.

4.2. FLU/C
1

ratio

Fluorescence is a loss of radiative energy, which would otherwise be converted to
chemical energy or heat. Under the relatively high irradiance at 10 m (5 fold higher
than at 35 m, 1000 vs.&200 lEinstein m~2 s~1) the quantum e$ciency of #uores-
cence decreases due to a competitive interaction between the loss of excitation energy
through #uorescence and nonphotochemical quenching processes (e.g., xanthophyll
cycles and reaction center quenching). (Demmig-Adams, 1990; Demers et al., 1991;
Kiefer and Reynolds, 1992; Long et al., 1994)

As mentioned above, C
1
and FLU change on di!erent time scales, the physiological

FLU signal being faster, so relating FLU to C
1
has been used in the literature to study

photoadaptive processes (Denman and Gargett, 1988; Cullen et al., 1992a; Stramska
and Dickey, 1992b). Fig. 7 shows (from top to bottom) PAR at 10 m, the ratio of FLU
to C

1
at 10 m, PAR at 35 m and FLU/C

1
at 35 m for 3 d during the Fall Intermon-

soon. At 10 m, this ratio undergoes large diel changes as FLU drops in response to the
high irradiance as C

1
rises with particle production. The 35 m ratio has no easily

discerned diel signal; C
1

and FLU are nearly in phase and there is little #uorescence
quenching at the lower light intensities deeper in the water column. This diel pattern
of FLU/C

1
at 10 m can be seen in a plot of FLU/C

1
as a di!erence from dawn against

PAR for 5 d during the Fall Intermonsoon (Fig. 8). Just after dawn, there is possibly
a shouldering of FLU/C

1
and then a sharp decline as particles are produced in the

water column and #uorescence quenching starts. After solar noon, with declining
irradiance, the FLU/C

1
increases again, but with a di!erent slope. The dark period is

required for complete recovery of the FLU and thus the FLU/C
1

ratio to the dawn
value. The pattern of PAR-induced depression of #uorescence has been noted in
moored #uorometers (Marra, 1992), shipboard #uorescence pro"les (Cullen and
Lewis, 1995), laboratory cultures (Cullen et al., 1988), and near-surface drifters
(Abbott et al., 1990).

4.3. Productivity, specixc growth rate and C : chl a estimates from beam attenuation

Scaling C
1

to community phytoplankton carbon concentrations, carbon assimila-
tion and growth rates makes the assumption that there is a constant conversion from
particulate attenuation to phytoplankton carbon, CH

#
. The value measured by Siegel

et al. (1989) and adopted by Cullen et al. (1992a) was 255 mg C m~2, the range
measured in the Arabian Sea 387}508 (Gundersen et al., 1998). The constancy of
CH

#
has been discussed by Cullen and Lewis (1995) and investigated in recent laborat-

ory studies (Olson et al., 1990; Ackleson et al., 1990, 1993; Stramski and Reynolds,
1995; Stramski et al., 1995); there has been some evidence for carbon-independent
changes in CH

#
, although not necessarily with a diel periodicity. Without spatially or

temporally relevant independent measurements for comparison, we used a simple
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Fig. 7. From top to bottom, 10 m PAR (lEinstein m~2 s~1), 10 m FLU/C
1
ratio (lg l~1 m~1), 35 m PAR,

35 m FLU/C
1
.

optical model for productivity and growth rate. Our growth rate estimate of 0.77 d~1

and carbon : chl a estimate of 85}115 is lower than the k"1.2 d~1 and up to a factor
of 2.5 higher than the average carbon : chl a of 44 measured during the Northeast
Monsoon (cruise TN043; R. Goericke and JGOFS database). Admittedly, ignoring
changes in CH

#
or diel variability in grazing (Siegel et al., 1989) are oversimpli"cations.

Cullen and Lewis (1995), using a CH
#

of 500 mg C m~2 with a daily variation of 30% in
a physiological}optical model, were able to reconcile growth rates and carbon uptake
estimated by particle dynamics with independent measurements in the Equatorial
Paci"c Ocean.

Although there were no productivity measurements at this time near the mooring,
we can make a comparison with the carbon assimilation model of Marra et al. (1998).
They modeled primary productivity using surface irradiance and moored #uorescence
data with an assumed quantum e$ciency, and an independently estimated phytoplan-
kton absorption coe$cient. For yeardays !55 to !46, Marra et al. (1998) estimate
27.7 mg C m~3 d~1 at 10 m, and 6.2 mg C m~3 d~1 at 35 m, compared with our
particle-derived estimates of 21.2 and 19.5 mg C m~3 d~1 at 10 and 35 m. While
di!erences in the estimates are di$cult to assess, there are several di!erences in the
approaches of the two models. The Marra et al. model uses solar irradiance as a key
parameter, which decreases with depth as a function of the di!use attenuation
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Fig. 8. FLU/C
1

ratio plotted as the di!erence from the dawn value against PAR for yeardays !55 to
!51. Closed circles are data before local noon and open circles are data collected after local noon.

coe$cient, while the two sensors for the particle estimate of carbon assimilation were
both in the mixed layer for the entire period. This may explain the relatively
depth-constant particle estimate of carbon uptake versus the irradiance}#uorescence
model. Also, the irradiance}#uorescence model is tuned to incubated bottle 14C
samples, which measure something between net and gross carbon uptake, while the
particulate estimate should be measuring net production, without bottle e!ects.
Additionally, the incubated 14C samples are from the JGOFS standard station S07,
since there was no productivity data available from the mooring site, so spatial
heterogeneity would be expected to add to the discrepancy. Finally, the 14C incuba-
tions are taken from times other than the 10-d window chosen here (see Marra et al.,
1998, Fig. 2d).

We have shown strong diel periodicity in particulate attenuation, stimulated
#uorescence and dissolved oxygen in the Arabian Sea, although the strength of these
signals was not constant over time. The changes in the strength of diel bio-optical
signals are largely driven by changes in the water column (e.g., MLD and strati"ca-
tion), not by changes in irradiance. Although these signals are biological responses to
the daily cycle of irradiance, they are mediated by hydrographic conditions; strongest
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when phytoplankton are trapped within the mixed layer or strati"ed water that
exposes them to irradiances long enough to display these responses to PAR.
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