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Scales of variability of bio-optical properties as observed
from near-surface drifters

Mark R. Abbott,! Kenneth H. Brink,2 C. R. Booth,3 Dolors Blasco.?
Mark S. Swenson,? Curtiss O. Davis,6 and L. A. Codispoti’

Abstract. A drifter equipped with bio-optical sensors and an automated water sampler was
deployed in the California Current as part of the coastal transition zone program to study the
biological, chemical, and physical dynamics of the meandering filaments. During deployments
in 1987 and 1988, measurements were made of fluorescence, downwelling irradiance, upwelling
radiance, and beam attenuation using several bio-optical sensors. Samples were collected by an
automated sampler for later analysis of nutrients and phytoplankton species composition. Large-
scale spatial and temporal changes in the bio-optical and biological properties of the region were
driven by changes in phytoplankton species composition which, in turn, were associated with the

meandering circulation. Variance spectra of the bio-optical parameters revealed fluctuations on
both diel and semidiurnal scales, perhaps associated with solar variations and internal tides,
respectively. Offshore, inertial-scale fluctuations were apparent in the variance spectra of tem-
perature, fluorescence, and beam attenuation. Although calibration samples can help remove
some of these variations, these results suggest that the use of bio-optical data from unattended
platforms such as moorings and drifters must be analyzed carefully. Characterization of the
scales of phytoplankton variability must account for the scales of variability in the algorithms
used to convert bio-optical measurements into biological quantities.

1. Introduction

Satellite observations of ocean color provide a unique view of
the large-scale patterns of phytoplankton pigment in the upper
ocean. Coupled with increasingly sophisticated numerical
models, there is now the potential to study basin-scale and
global-scale biogeochemical processes in the ocean in greater
detail than before. However, obstacles remain, especially in the
parameterization of the unresolved scales. Similar problems
confront models of ocean physics. For example, the parameteri-
zation of small-scale turbulence and diffusion significantly
affects the large-scale patterns of heat flux [Brvan, 1987]. The
characterization of small-scale variability is also necessary for
optimal interpolation of sparse data sets. Chelton and Schlax
[1991] used estimates of the variance spectrum to derive optimal
estimates of mean fields for irregularly sampled time series. They
used a sequence of coastal zone color scanner (CZCS) imagery to
show that composite averages provide littie information where
there are long gaps in the series. Using maps of field measure-
ments, Denman and Freeland [1985] estimated the structure
functions of chlorophyll and a set of physical variables to pro-
duce objective maps. Thus both parameterization for models and
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optimal estimates for temporal and spatial fields rely on estimates
of the subgrid-scale variability to map the larger-scale fields of
interest.

Such small-scale variability is more than merely a nuisance for
sampling and modeling. As phytoplankton growth rates respond
on scales of a day or less (and hence on spatial scales of tens of
kilometers), this subgrid-scale is likely the focus of physi-
cal/biological coupling [Denman and Powell, 1984; Harris,
1986; Abbotr, 1993]. As these scales are difficult to observe, it is
essential that we begin to characterize this variability sufficiently
to derive statistically robust fields and models at larger scales.

Bio-optical measurements have been used for decades as
surrogates for direct measurements of biological properties
(Zaneveld, 1989; Smith et al., 1991; Marra, 1995]. With
improvements in data storage. batteries, and sensor design,
routine bio-optical measurements can be made from unattended
platforms such as moorings and drifters [ Dickey, 1991]. Such
observation strategies now allow the study of processes that were
previously difficult to resolve using conventional shipboard
techniques [ Dickey et al., 1991; Smith et al., 1991; Marra, 1995].
With their ability to resolve small-scale variability, these strate-
gies will allow us to derive statistics necessary for technigues
such as optimal interpolation.

During the spring/summer upwelling season, large meanders
are apparent in the California Current [Strub et al., 1991]. Inshore
of these meanders, cold water is present near the surface and is
characterized by high nutrient and chlorophyll concentrations.
The coastal transition zone {CTZ) program was designed to
characterize the physical, biological, and chemical dynamics of
these meanders or filaments [ Brink and Cowles, 1991, Using an
array of bio-optical sensors and automated water samplers, a
drifter (drogue depth 13 m) was deployed once in 1987 and once
in 1988. The water-following characteristics of this drifter should
allow separation of temporal variability from spatial variability
[Niiler et al., 1987 Paduan and Niiler, 1990; Brink et al., 1991:
Swenson et al.. 1992], although vertical water movements will
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appear as temporal variations because the instruments are
drogued at a constant depth. This meandering region is the site of
relatively large vertical excursions. of the order of several tens of
meters per day [ Washburn er al., 1991; Kadko et al., 1991;
Swenson er al., 1992]. Thus estimates of the timescales of
variability will include the scales of vertical motion as well as the
scales associated with bio-optical changes in a particular water
mass.

We compared several methods to derive biological properties
such as chlorophyll concentration and primary productivity from
the basic bio-optical signals. Although we were not able to derive
estimates of absolute error. we were able to estimate the relative
variability between the different methods on timescales of days.
There were also considerable differences between the two
deplovments in the bio-optical properties of the phytoplankton
which were apparent in these functional relationships. We
suspect that these are largely driven by shifts in species composi-
tion which affect the observed bio-optical properties.

We use standard time series techniques to study the character-
istic scales of variability. These resuits are compared with mea-
surements of the physical environment to estimate the degree of
coupling between physical and bio-optical variability. There is
strong interaction between physical forcing and bio-optical prop-
erties at a wide range of timescales. Future sampling programs.
especially those relying on satellite remote sensing, must take
such small-scale variability into account when scaling up to
large-scale models.

2. Sampling Techniques and the Physical
Environment

The drifter used in this study has been described by Niiler et
al. [1987), Paduan and Niiler (1990}, and Swenson er al. [1992].
The bio-optical instrumentation included a Biospherical
Instruments MER-2020. a SeaTech 25-cm beam transmissometer.
and a SeaTech strobe fluorometer. Table 1 shows the variables
that were recorded. An automated water sampler {Friederich er
al., 1986] was used to collect samples every 12 hours for later
nutrient and phytoplankton analyses. The bio-optical sampler was
placed at 8.5 m depth, and the water sampler was at 17.5 m. Bio-
optical samples were collected every 4 min in the 1988 deploy-
ment after averaging for 45 s (We incorrectly stated in the work
by Abbort et al. [1990] that the sampling interval was every 4
min; it was actually 8 min in 1987. This error does not affect any
of the figures or analyses in that paper.) In 1988, samples were
collected adjacent to the drifter at noon every day for shipboard
analysis. Water samples were collected from the ship only at the
beginning and end of the 1987 deployment. These samples were
used to estimate chlorophyll concentrations using standard ex-
traction methods.

Table 1. Variables Recorded on Biospherical
Instruments MER-2020 Spectroradiometer

Variable Description

410, 441, 488, 520, 560
410,441, 488, 520, 683
strobe fluorescence, beam
transmission, temperature,
depth
time, tilt, ground voltage,
battery voltage

Downwelling irradiance, nm
Upwelling radiance. nm
Other variables

Housekeeping variables
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In both years the drifter was deployed near an upwelling center
at the nearshore end of a filament. The drifters were tracked via
the Argos system. The two drifters followed the main axis of the
filament offshore. Figures la and 1b show the drifter tracks from
1987 and 1988. In both years the drifters started nearshore, off
Point Arena, and proceeded in a southward direction offshore.
Both drifters stayed near the cold core of the meandering fila-
ment. The instrumented drifters tracked the water motion as well
as the uninstrumented drifters [ Swenson er al., 1992]. During
both deployments the winds were generally southward in the
range of 710 15 m/s.

Figure 2 shows a spline fit to the drifter positions in 1988
compared with the geopotential anomaly [Huyer er al., 1991].
When compared with a similar figure from the 1987 deployment
[Abbort e1 al., 1990, Figure 4], it is apparent that the 1988
deployment more nearly sampled the core of the meander. Both
Kosro et al. [1991] and Huver et al. [1991] showed that acoustic
Doppler current profiler (ADCP) maps of the velocity field
reproduced the patterns in the circulation observations derived
from conductivity-temperature-depth (CTD) measurements. In
1987 the drifter tended to be inshore of the high-velocity portion
of the meander. The jet appears to have been stronger in 1988,
based on estimates of the geopotential anomaly [Huyer et al.,
1991; Kosro et al., 1991]. In the Point Arena region the filament
was much narrower and more sharply defined than it was in
1987. The deployment in 1988 took place as the filament was
oriented primarily offshore [Huyer et al.. 1991; Chavez et al..
19917 as in 1987. However, shortly after this deployment, the
offshore flow apparently decreased and the filament became
oriented alongshore [Huver et al., 1991].

Figures 3a, 3b, and 3¢ show time series of temperature, strobe
fluorescence. and downwelling scalar irradiance £, photosynthet -
ically active radiation (PAR), respectively, from the 1988
deployment. Plots of these variables from 1987 are given by
Abbort et al. [1990]. In both years the patterns of fluorescence
and temperature were in general inversely related, as expected for
upwelling regions [e.g., Hood et al.. 1990]. Temperature in-
creased about 2°C in 1987 and about 3°C in 1988. As noted by
Abbotr et al. [1990], much of this increase was the result of
convergence of warmer water along the path of the drifter in
1987, associated with a net downwelling of the surface water.
Similar processes occurred in 1988, as Swenson et al. [1992]
estimated that surface heating was in the range of 0.15° to
0.3°C/d, considerably less than the temperature change observed
by the drifter.

We compared the horizontal transect obtained by the drifter
with vertical sections of chlorophyll, temperature. and salinity,
derived from the vertical profiles made at noon each day of the
1988 deployment next to the drifter (Figures 4a, 4b, and 4c).
These show the strong front in temperature that occurred approx-
imately 70 km along the drifter track on day 189 (Figure 4a). The
sections also show the tendency for the nearshore waters which
are characterized by low temperatures and high chiorophyll to
subduct as they move offshore [Washburn et al., 1991].

Figure 5 is the concentration of nitrate + nitrite (N+N) for the
1988 deployment. The pattern and absolute values of N+N are
similar to the results from the 1987 deployment [Abbo1t ef al.,
1990]. Although N+N disappeared at nearly the same rate as it
did in the 1987 deployment, much of this change may have been
the result of changes in water masses as the drifter crossed isopy-
cnals (Figure 2) or vertical water motions. Swenson et al. [1992],
using a vorticity budget method, calculated that there were was
downwelling on day 187 (approximately 12 m/d), upwelling on
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Figure 1a. Drifter path from 1987 superimposed over advanced very high resolution radiometer (AVHRR)
image of sea surface temperature from Abborr et al. [1990].

day 188 (approximately 7 m/d). and downwelling on day 189
(approximately 8 mv/d).

3. Methods and Results
Chlorophyll Estimates

Our first objective was to compare different methods for
converting bio-optical data into estimates of chlorophyll concen-
tration. Part of this comparison was an assessment of the time and
space scales of variation of algorithm performance. For example.
were a particular set of parameters constant along the length of
the drifter track or did they vary from water mass to water mass?
As more observations are made remotely (e.g., from satellites or
unattended moorings), the choice of algorithms becomes more
critical. We must understand the total performance of the algo-
rithm which includes both estimates of root-mean-square (rms)
error as well as how its performance changes over time.

The first method converted the strobe fluorometer data using
the chlorophyll extractions that were collected at the beginning
and end of the deployment in 1987 and on a daily basis in 1988.
Clearly, this method should be less accurate in 1987 than 1988.
Numerous papers have appeared in recent years discussing the
problems associated with calibration of fluorometers; in this
experiment we assumed that the temporal/spatial scale of changes
in fluorescence per unit chlorophyll was larger than the tempo-
ral/spatial scales over which we collected calibration samples.
This is not a robust assumption as fluorescence/chlorophyll can
change rapidly for a variety of physiological reasons [ Kiefer and
Revnolds. 1992).

The Sun-stimulated fluorescence method was based on the
model described by Kiefer et al. [1989) and Chamberlin et al.
{1990]. Although this method is relatively new. it does show
promise. particularly in the estimation of primary productivity.
Kiefer er al. [1989] discuss several reasons why the technique
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7 July 1988

Figure 1b. Drifter path from 1988 superimposed over an AVHRR image of sea surface temperature.

should work better for estimates of primary productivity rather
than chlorophyll concentration. The flux of Sun-stimulated fluo-
rescence F'rwas calculated as follows:

F, = 4n[k(PAR)+a(ChD]x L, (Chl) (M

where k(PAR) is the diffuse attenuance for scalar irradiance
between 400 and 700 nm [ Kiefer er al., 1989]. a(Chl) is the total
absorption coefficient, and L, (Chl) is the spectrally integrated
radiance of a chlorophyll-like substance. The 47 term is a geo-
metric constant that transforms the radiance to a volume emission
(with units of steradians, not str=! as described by Chamberlin et
al. [1990]). F; has units of nanoeinsteins per cubic meter per
second and was converted to chlorophyll as

Fy
Chl= (2
E, (PAR)x 0 ,x"a (PAR)

where E,(PAR) is the downwelling scalar irradiance between 400
and 700 nm, ¢, is the quantum yield of fluorescence. and ?a, is
the specific absorption coefficient of phytoplankton.

Kiefer et al. [1989] and Kiefer and Revnolds [1992] discuss
the limitations of this approach. Specifically, the fluorescence
signal may be confounded by the presence of other pigments. The
quantum vield of fluorescence will change from species to
species and depend on physiological state. Lastlyv. the specific
absorption coefficient will not be constant.

In (1) we followed Kiefer er al. [1989] and assumed that
k(PAR) + a(Chl) = 0.52. This assumption works fairly well in

waters where Chl < 2.0 mg/m?, a condition that was not always
met in the study area. Assuming other parameters remain
constant, this will result in an underestimate of chlorophyll
concentrations in regions with Chl > 2.0 mg/m®.

E,(PAR) was based on a linear regression of the downwelling
irradiance at 520 nm, £,(520). using

E,(PAR)=—0.0011+0.00245x E,(520) (3)
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Figure 2. Path of 1988 drifter overlain on geopotential anomaly from the July 6-12 cruise (year days 188-194).
Geopotential anomaly is from Huyer et al. [1991] and is calculated at 50 dbar relative to 500 dbar.

This is based on observations which show that downwelling radi-
ance at 520 nm is only weakly affected by pigment concentration
[Gordon et al., 1988]. We compared this method with an estimate
of the integrated radiance between 400 and 700 nm using the full
spectroradiometric data. The correlation between the two esti-
mates was 0.9996.

We used beam attenuation measurements to estimate chloro-
phyll by converting the raw transmissometer data to beam atten-
uation using the methods of Bariz et al. [1978]. We used the
equations of Bishop [1986], where

In (4). SPM is suspended particulate matter, ¢ is the beam atten-
uation coefficient, c,,. is the beam attenuation resulting from pure
water (assumed to be 0.358), and & is an empirical coefficient
relating beam attenuation to SPM. On the basis of Bishop’s
[1986] data, we used k = 1.15 x 1073. Following Bishop [1986),
we assumed that approximately 25% of the SPM was carbon. We
then converted this carbon estimate to chlorophyll, using a
carbon:chlorophyll ratio of 60. As the beam transmissometer
failed in the 1988 deployment, we present results only from 1987.

The beam attenuation method has several assumptions that
may not be robust in our study area. Bishop [1986] shows that the

SPM=(c~c,)/k 4) relationship between attenuation and SPM can vary considerably
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Figure 3a. Time series of lemperature (in degrees Celsius) from the 1988 deployment.
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Figure 3b. Same as Figure 3a. but for strobe fluorescence.

depending on the oceanographic regime. particularly as one
moves from coastal to oceanic regions. Bishop [1986] shows that
errors can range from 20 to 40%. depending on the SPM level.
Also, assumptions about the carbon content of SPM and a
constant carbon:chlorophyll ratio are clear oversimplifications.

The last method used to estimate chlorophyll concentration
was based on irradiance ratios as described by Smith et al.
[1991]. Although upwelling radiance is far more sensitive to
changes in chlorophyll concentration, downwelling jrradiance
was used with some success on the Biowatt moorings by Smith et
al. [1991]. We estimated Ch] as

E, is the downwelling irradiance at 441 and 520 nm, and A and B
are fitted parameters. Smith et al. [1991] report values for A and
B at 32. 52, and 72 m depth from the Biowatt mooring. The irra-
diance method should be much less sensitive to changes in
chlorophyll, especially in low-chlorophyll waters. This is ex-
pected as downwelling irradiance is integrated over a very short
distance. In contrast. the upwelling radiance method used in
ocean color remote sensing integrates over one o two optical
depths.

Figure 6 shows chlorophyll estimated in 1987 using the strobe
fluorescence. Sun-stimulated fluorescence, beam attenuation, and
irradiance ratio methods described earlier. We limited the esti-

E,(441) B mates to the period from 2 hours before Jocal solar noon 10 2
Chl=A Ed_(i—ﬁ (3 hours after local solar noon (approximately 1100 to 1500 LT).
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Figure 4a. Horizontal section of chlorophyll (milligrams per cubic meter) from vertical profiles collected at
approximately noon each day next to the drifter in 1988. Date and location of each profile are marked at the top.

This reduced the effects of changing Sun angle on the observed
levels of irradiance. Note that the plots have vertical lines to
separate the successive midday periods. The irradiance ratios
used the 72-m coefficients estimated by Smith er al. [1991]: the
coefficients for 35 and 50 m resulted in significantly higher
chlorophyll estimates. The Sun-stimulated fiuorescence data were
converted to chlorophyll using a specific absorption coefficient
(°a.) of 0.04 and a fluorescence efficiency ¢, of 0.045 as
described by Kishino et al. [1984] and Collins er al. [1988]. We
applied the coefficients described by Chamberlin er al. {1990]
(0.016 and 0.028 for specific absorption and fluorescence effi-
ciency) and found that the Sun-stimulated fluorescence chloro-
phyll estimates were consistently higher than the strobe fluores-

cence estimates by a factor of 3. We therefore relied on the
Kishino/Collins parameters for the Sun-stimulated fluorescence
model for the 1987 deployment.

Although there are differences in the four chlorophyll esti-
mates, the general patterns of the four time series are similar.
This similarity is particularly apparent in the early days of the
deployment (days 168-171). The beam attenuation method alsc
predicts much higher pigment values but shows much of the same
small-scale structure as the fluorescence methods. Note that the
obvious discontinuities that appear in the latter stages of the
deployment (days 172-175) are the result of limiting the data to
near-noon observations. In particular, the discontinuity between
day 172 and day 173 is especially abrupt in the beam attenuation
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Figure 4b. Same as Figure 4a, but for temperature (degrees Celsius).
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The two fluorescence methods are surprisingly similar over the nonfluorescent concentratj
duration of the deployment (r2=0.96). Not only do the two :
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Figure s, Time series of Ditrate plys nitrite (N+N) concentrationg (micromoles) from the 1988 deployment.
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The irradiance method is much less sensitive to changes in
concentration, especially at iow chlorophyll levels offshore. The
general decrease in concentration offshore is consistent with the
other estimates, but many small-scale features are not apparent.
However, some of the changes in estimated chlorophyll may be
the result of physiological changes, especially in the fluores-

cence-based methods.

The general patterns of chlorophyll were similar in 1988
(Figure 7), although the levels were much higher than in 1987
(Figure 6). The most noticeable difference is between the strobe
fluorescence and the Sun-stimulated fluorescence estimates
which used the values of specific absorption and fluorescence
efficiency presented by Kishino er al. [1984] and Collins et al.
[1988]. These values (0.04, and 0.045, respectively) were used
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Figure 7. Estimates of chlorophyll (milligrams per cubic meter) using three data sets from the 1988 deployment.
Observations are constrained to between 1100 and 1500 LT. Vertical lines separate the successive midday
periods for each day. The Kishino/Collins parameters (0.04, 0.045 model) [Kishino et al., 1984; Collins et al.,
1988] for the Sun-stimulated fluorescence estimates are compared with the Chamberlin parameters (0.016, 0.028
model) [ Chamberlin et al., 1990].
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for the 1987 deployment. The Sun-stimulated fluorescence esti-
mates of chlorophyll are significantly lower than the calibrated
(by daily, in situ sampling next to the drifter) strobe fluorescence
estimates by nearly a factor of 3. This difference is especially
apparent nearshore in the high chlorophyll waters. We tried
different values for the specific absorption coefficient °a, and
fluorescence efficiency ¢, of 0.016 and 0.028, based on
Chamberlin et al. [1990]. The match between these two fluores-
cence estimates is much better, especially during the first 3 days
of the deployment. After day 188 the Sun-stimulated fluores-
cence estimates using the Chamberlin coefficients are consis-
tently higher than the strobe fluorescence estimates. Similar
variability in these parameters and their effects on estimates of
primary productivity from Sun-stimulated fluorescence was
observed by Stegmann et al. [1992].

These results suggest that there were significant changes in the
fluorescence characteristics of the phytoplankton between the
1987 and 1988 deployments. The relationship between the two
fluorescence estimates is much more complicated in 1988. First.
recall that the strobe fluorescence estimates were calibrated
against daily in situ observations; daily changes in this relation-
ship can add variability. The strobe fluorescence calibration
coefficient was much smaller on day 189 than at other times,
perhaps accounting for at least part of the discrepancy between
the two fluorescence methods. Second, changes in the Sun-stimu-
lated fluorescence model parameters are another source of vari-
ability. In addition to the apparently large shifts between 1987
and 1988, there appear 10 be changes in these parameters during
the 1988 deployment. It is well known, for example, that fluores-
cence yield and specific absorption vary as a function of species
composition [e.g., Bricaud et al., 1988; Falkowski and Kiefer,
1985).

Estimates of Primary Productivity

We estimated instantaneous primary productivity based on the
mode] described by Chamberlin er al. [1990] using Sun-stimu-
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lated fluorescence, as modified by Chamberlin and Marra [1992]
to include a temperature effect. The rate of primary production
can be expressed as

F. =(-—————k‘f jx[-‘b—f-} x(kxT+c)XF; (6)

k., + E,(PAR) o, .
where ks is the value of the irradiance at 1/2 (¢c/0pmax,
(0c/Opmax is the maximum value of the ratio of the guantum
yields of photosynthesis and fluorescence. The temperature
dependence is modeled as linear function where 7 is temperature,
kis 0.044, and c is 0.257 as determined by Chamberlin and
Marra {1992]. Using the data described by Chamberlin et al.
[1990], we assumed that (&c/@Jmax Was approximately 2.3 atoms
C/photon/einstein (E)/m3/s and that k ., was approximately 133
WE /m2/s (incorrectly stated as mE/m?/s by Chamberlin et al.
[1990]). After making the necessary unit conversions, we
expressed the rate of primary production as nanogram-atoms of
Carbon per cubic meter per second, consistent with Chamberiin
eral. [1990}.

In 1987 (Figure 8a), primary productivity was surprisingly
uniform along the drifter track, compared with the more intense
variability in chlorophyll (Figure 6). It decreased by only a factor
of 2 from the beginning to the end of the deployment, whereas
chlorophyll decreased by a factor of 4. In comparison, the pattern
of productivity was much more variable as the drifter moved
offshore in 1988 (Figure 8b), decreasing from 500 to 100 ng-
atoms C/m3/s. This variability is largely driven by the variations
in chlorophyll, which were also much larger than in 1987 (Figure
7).

The productivity:chlorophyll biomass ratio P& is shown in
Figure 9. Clearly, this ratio was much higher in 1987 than in
1988. Even nearshore, where chlorophyll values were relatively
high in both years, phytoplankton were growing more rapidly on
a per unit biomass basis in 1987 by a factor of 3 to 5 (Figure 9a).
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However, there are numerous assumptions in the productivity and
chlorophyll calculations that could cause these estimates to be in
error. We compared our P2 estimates in 1987 with those of Hood
et al. [1991], who used direct C ¥ measurements. Although Hood
et al. {1991] sampled at somewhat different locations and times
in 1987, the range of P¥ is about the same, accounting for
changes in units. Chavez er al. {1991} published maps of chloro-
phyll and estimates of integrated primary productivity (from a
regression model of PAR and chlorophyll) for 1988. While these
are not directly comparable to our estimates of near-surface P2,
the ratio of integrated productivity to integrated chlorophyll
approximately doubled from inshore to offshore, a relative
increase similar to that shown in Figure 9b. Thus the patterns of
relative changes in P are reasonable.

In 1987, P2 was lower on day 169, when chlorophyll was at its
highest. PZ was also low on part of day 171 when chlorophyll
levels again increased. This suggests that the changes in PF were
dominated by changes in chlorophyll content in 1987. However,
the general pattern is for P# (o increase as the drifter moves
offshore. In 1988 the pattern is much less variable (in contrast to
the productivity and chiorophyll values in Figure 8b and Figure
7). As noted above, the drifter in 1988 more nearly followed the
core of the much stronger meander, whereas in 1987 the drifter
stayed inshore of the weaker meander. Even offshore, where
chlorophyll values were nearly the same in both years, PZ was
much higher in 1987. This is consistent with the general pattern
of higher absolute productivity in the freshly upwelled water in
the core of the meander and lower productivity offshore or in
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Figure 9b. Same as Figure 9a. except from the 1988 deployment.

places or years where the meander is weaker. The patterns of P2,
however, are the reverse. A similar pattern was noted by Hood et
al. [1991]; the highest primary productivity rates were inshore of
the meandering jet.

We took all daytime observations (as opposed to a 4-hour
window centered around local solar noon) of the flux of Sun-
stimulated fluorescence F; and plotted them versus PAR. This
resulted in a family of curves that resembled typical photosynthe-
sis versus irradiance (P-I) curves. We normalized Ff to chloro-
phyll as estimated from strobe fluorescence. Figures 10a-10d
show the relationship between normalized F; and PAR for both
1987 and 1988. For PAR levels below 200 uE/m?/s, the relation-
ships are fairly linear, although the siopes differ between days.

The one notable exception is on day 169 in 1987 (Figure 10a);
chlorophyll levels were quite variable (Figure 6), and species
composition changed considerably [Abbott et al., 1990, Figure
12]. We expect the linear relationship to break down at higher
light levels as strobe fluorescence (which was used to estimate
chlorophyll) will show some inhibition at high light levels
[Harris, 1980]. However, the nearly linear relationship still holds
even at high PAR levels.

As light is absorbed by phytoplankton, it can be used either in
the carbon fixation process, transformed into heat or reemitted as
fluorescence [ Falkowski and Kiefer, 1985]. At low to moderate
light levels, there should be nearly linear partitioning between
these three processes, which is consistent with these observations.
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Figure 10a. Flux of Sun-stimulated fluorescence per unit chlorophy!l (nanoeinsteins per milligram chlorophyll
per second) versus photosynthetically available radiation (PAR). Data are shown for inshore regions in 1987.
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Figure 10b. Same as Figure 10a, but for offshore regions in 1987.

However, the partitioning should change, depending on the
physiological state of the phytoplankton. As phytoplankton
become more nutrient limited, the amount of light reemitted as
fluorescence should increase relative to the amount used to fix
carbon [ Kiefer and Revnolds, 1992]. We used linear regression to
calculate the slope of the lines for each day except day 169 in
1987 as there appeared to be a much higher level of temporal
variability than the other days. These slopes are shown in Table
2. In 1987 the slope increased by 50% as the drifter moved
offshore, whereas it more than doubled in 1988. Note that the
slopes were much smaller in 1988 than in 1987. Although this 1s,

in essence, just another way of presenting F . (which is a function
of PAR and Fp), this result does show the strong change in the
partitioning of absorbed light energy and the associated temporal
scales. We note that the transition between inshore and offshore
properties is more abrupt in 1988 (occurring between day 188
and day 189) than in 1987 when the transition was more gradual.
This is consistent with the changes in the strength and width of
the meander as seen in the physical measurements of Kosro et al.
[1991] and Huyer et al. [1991].

Stramska and Dickey [1992] note that the bio-optical proper-
ties of phytoplankton can change rapidly on diel scales, thereby
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Figure 10c. Same as Figure 10a, but for inshore regions in 1988. Note that day 190 has been plotted with both

the inshore and offshore regions.
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the inshore and offshore regions.

confounding simple interpretation of beam attenuation and
fluorescence in terms of either chlorophyll biomass or primary
productivity. We thus plotted the ratio of beam attenuation to
strobe fluorescence from 1987 as a function of PAR as Stramska
and Dickey [1992, Figure 17]. Figure 11a shows the nearshore
(days 168-171) and Figure 11b, the offshore (days 172-~176)
data. These are quite similar to the 10-m data from Stramska and
Dickey {1992], which suggest that much of the diel variation is
caused by changes in the bio-optical properties of the phyto-
plankton. In particular, changes in cellular chlorophyll may
change both fluorescence and beam attenuation in parallel during
the daylight hours, although processes such as internal waves will

Table 2. Slopes of Linear Regression
Between the Rate of

Sun-Stimulated Fluorescence

(Normalized to Chlorophyll Concentration)
and Photosynthetically Available Radiation

Day Slope
1987
168 1.4
169 n/a
170 1.7
171 1.5
172 1.7
173 2.1
174 2.1
175 2.1
176 2.1
1988
186 04
187 04
188 0.4
189 1.0
190 1.0
191 0.8
192 1.0

complicate this interpretation { Marra, 1995]. We note no appar-
ent quenching of fluorescence by PAR, similar to results of
Stramska and Dickey [1992]. The offset between the inshore
waters and the offshore waters implies that there was more
scattering and absorption offshore per unit of fluorescence
(chiorophyll) as noted by Abbotr er al. [1990].

Small-Scale Variability

To examine small-scale patterns, we calculated variance
spectra from several of the physical and bio-optical time series.
We analyzed only those time series where there was a continuous
record (temperature, beam attenuation, and strobe fluorescence).
We used maximum entropy methods (MEM) to calculate the
spectra; as we limited our discussion to timescales greater than 5
hours, this method should not produce spurious results.
Comparison with structure functions showed that the MEM
spectra captured the same scales of variability at these longer
timescales. We varied the number of poles used to calculate the
MEM spectra as well; we used these results to estimate the
minimum period that could be reasonably studied based on the
robustness of the various spectral peaks. In our case, periods less
than 5 hours showed considerable variability in the number of
peaks as a function of the number of poles used in the calculation.

To develop error estimates for the spectral estimates, we calcu-
lated the MEM spectrum for 10.000 random time series. We used
series that had the same number of points as our actual data
records and used the same number of poles in the MEM calcula-
tions. On the basis of these bootstrap estimates, a factor of 2
around each MEM spectral estimate will fit within plus or minus
2 standard deviations (nearly equivalent to 90% confidence
intervals). For example, if the MEM estimate is 10, then the “2
standard deviation” confidence interval extends from 5 to 20.

Figure 12 shows a typical MEM spectrum, in this case beam
attenuation from the 1987 record. A strong peak is present with a
period of 24 hours, with smaller peaks at 16, 12, 8, and 6 hours.
Temperature and especially strobe fluorescence show similar
diurnal and semidiurnal peaks. The diurnal signal has been noted
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Figure 11a. Beam attenuation coefficient versus strobe fluorescence for nearshore regions from the 1987

deployment.

in many other bio-optical records [Dickey et al., 1993; Stramska
and Dickey, 1992; Dickey et al., 1991]. In the case of strobe fluo-
rescence, diel variability is the result of the changes in fluores-
cence response to changes in solar irradiance [Kiefer, 1973;
Stramska and Dickey, 1992]. For temperature, diel variability is
also the result of changes in solar irradiance which causes near-
surface heating during the day and is visible in the offshore
portions of the deployments in both years. Beam attenuation is
thought to change as a result of both growth in the number of
particles as well as changes in their scattering properties
[Ackleson et al., 1990]. A peak at the semidiurnal period has not
been observed in other bio-optical time series {Dickey et al.,
1991} which have strong diurnal signals, but it is quite pro-

nounced in the strobe fluorescence data from the 1987 deploy-
ment (Figure 13). Smaller peaks were visible in the temperature
and beam attenuation spectra at the semidiurnal period.

A semidiurnal tide may be the cause of this peak, similar to the
semidiurnal peaks found in current meter records off northern
California [ Noble et al., 1987; Rosenfeld and Beardsley, 1987].
This could result in water motions which would change the bio-
optical and temperature properties of the water at the drifter.
Fluorescence could change either as the result of changes in
chlorophyll content or as a photoadaptive response to changing
light levels as deeper water is brought closer to the surface.
Although the strong diurnal signal could result in an overtone to
appear at the semidiurnal frequency, note that no such overtone
appears in the 1987 fluorescence spectrum (Figure 13).
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Figure 11b. Same as Figure 11a, except for the offshore regions.
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Figure 12. Variance spectrum derived using the maximum entropy method for beam attenuation from the 1987

deployment.

Power Spectral Density

ABBOTT ET AL.: SCALES OF BIO-OPTICAL VARIABILITY
Beom Attenuction
1000.000 T T T LA B N T T

100.000

10.000

1.000

Cc.100

0.01C

C.00%

1000.000

100.000

10.000

1.000

0.100

0.010

0.001

T T

T

TTTTTT] T T

T

T rToTy

IO S R 1 Lo 1o .

TRTTIT

el

1 sl

100 10
Period (hours)

Strobe Fluorescence

| S S S . Lo 1o . .

: /
r f ;
3 \ o/\ J
: f \\ ]
I o~ ]
3 \/\ 3
"
. ;

100 i0
Period (hours)

Figure 13. Same as Figure 12, except for strobe fluorescence.



ABBOTT ET AL.: SCALES OF BIO-OPTICAL VARIABILITY 13,361

Temperoture
1000.000 E | DL T T T T T T Y Y T :14
r — — First 3 Doys (neorshore} 1
- ] 1
100.000 k= Seconc 3 Doys (offshore) %
: ]
I !
|
10.000 & -
> £ =
3 g 3
5 r -
c -
: i
i 1.000 =
LY E 3
o - -
g F 2
y L
3z y
P \. 1
0.100 \ =
F \ :
C " i
L | -
- '\. -
N |
0010k .
3 \ 3
r ;
L N 0
.\
[ ;

| "

0.001

100 10
Period (hours)

Figure 14a. Variance spectrum for temperature from the 1987 deployment. Data were passed through a band
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The patterns of variance appear to differ between nearshore
and offshore, so we divided each deployment time series in half.
Thus we considered days 168-172 from 1987 and 186-189 from
1988 as the nearshore time series and days 172-176 from 1987
and 189-192 from 1988 as the offshore time series. We passed
each time series through a band reject filter, removing the strong
diurnal signal from all variables. For strobe fluorescence we
removed both the diurnal and semidiurnal signals. Figures 14a
and 14b show the MEM spectrum for temperature from both
deplovments. Although the level of variance is different between
the two deployments in the nearshore region, the slopes are
nearly identical (about 2). A peak is visible at 10 hours in 1987
(Figure 14a), but in general, neither nearshore spectrum shows
much structure. The nearshore spectrum of beam attenuation
(Figure 15) is flatter than the nearshore temperature spectrum
from 1987 (Figure 14a), with a slope of about 1.5 and a peak at
15 hours rather than at 10 hours. The shapes of the nearshore
strobe fluorescence spectra (Figures 16a and 16b) are slightly
different, with a slope of 2 in 1987 and 1.5 in 1988. There is a
noticeable semidiurnal peak in 1987 (Figure 16a). Despite these
subtle differences the nearshore specira of all three variables are
generally similar in their lack of strong peaks. This is most likely
a result of the intense, mesoscale variability present in the
nearshore region that occurs over a continuum of timescales.

The offshore variance spectra behave much more irregularty.
Figure 14 shows the spectra for temperature from the offshore
regions in 1987 and 1988. As with the nearshore series, both data
sets were passed through a band reject filter 1o remove the diurnal
signal. In 1987 (Figure 14a) the spectrum is dominated by much
stronger peaks at 19 and 6 hours than nearshore. In contrast, the
1988 temperature spectrum (Figure 14b) was dominated by a

ABBOTT ET AL.: SCALES OF BIO-OPTICAL VARIABILITY

peak near 20 hours. The bio-optical variables also varied in a less

continuous manner offshore. Beam attenuation (Figure 15) is
dominated by distinct peaks at 48, 20, and 7 hours. Strobe fluo-

rescence (Figure 16) has a peak at 19 hours in both 1987 and
1988, although it is more pronounced in the second year along
with a peak at 8 hours in 1988 (Figure 16b) and at 6.5 hours in
1987. Given the lower level of variability in the offshore regions,
it is not surprising 10 see the variance spectra dominated by
distinct periods. We have no explanation for the peaks that occur
in the 6- to 8-hour range. They may be caused by internal waves
which are propagating past the drifter. Of more interest is the
consistent peak in the 19-20 hour range.

As the inertial period at this latitude (39°N) is a little over 19
hours, we suspect that the drifter was being subjected to orga-
nized inertial motions in the offshore region, similar to those
noted by Paduan and Niiler {1990] in the CTZ region. These
organized motions may have moved the drifter along a front in
bio-optical properties as well as temperature. We note that the
strength of the inertial peak is much larger in 1988 in both tem-
perature and strobe fluorescence when the drifter was nearly in
the core of the meandering jet. As noted by Paduan and Niiler
[1990] and Swenson et al. {1992). the jet is nearly geostrophic in
the offshore domain, and there are strong inertial features in the
drifter tracks. Paduan and Niiler [1990) calculated a horizontal
scale of about 3 km for these features. Swenson et al. [1992],
examining similar scales of motion, estimated vertical motions of
10-20 m/d that were associated with these features. These verti-
cal motions, caused by changes in relative vorticity, are similar to
those described for a front in the Sargasso Sea by Pollard and
Regier [1992]. These strong vertical motions are likely to have a
strong effect on the bio-optical properties observed by the drifter
package.
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We tested the performance of our band reject filter with time
series composed of sinusoid functions contaminated by random
noise. The filter successfully removed the desired frequencies, so
we do not think that the 19- to 20-hour peak is an artifact caused
by the removal of the 24-hour signal.

4. Discussion

While we expect that bio-optical parameters should change
from one oceanic domain to another, these observations show
that they vary on much smaller scales than might be expected.
The interplay between physical forcing and physiological
response of the phytoplankton will complicate the application and
interpretation of bio-optical algorithms. However, this variability
may also be used to understand the processes of response and
adaptation, if the appropriate ancillary data are collected.

One such ancillary data set will be information on phytoplank-
ton species composition. Figure 17 shows the 1988 species
composition as a percentage of total cell volume. During the first
3 days of the deployment the phytoplankton community was
dominated by Chaetoceros spp. and other centric diatoms. On
day 189 the composition changed dramatically, with Rhizosolenia
replacing Chaetoceros. The final shift was to a community domi-
nated by dinoflagellates. Although a similar replacement of
Chaetoceros by Rhizosolenia occurred in 1987 [Abbort el al.,
1990], the magnitude of the shift was not as dramatic. In 1987 the
shift was from 35% Chaetoceros to 30% Rhizosolenia, whereas
the shift in 1988 was from 35% Chaeroceros 10 45%
Rhizosolenia. In 1987 the community was dominated by large
centric diatoms in the offshore waters compared with dinoflagel-
lates in 1988. Given the increased variability in species composi-
tion in 1988, it 1s not surprising to see large differences in the
fluorescence response.

Changes in the physical environment are likely the ultimate
cause of the species changes. Figure 3 shows the temperature
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changes along the drifter path. Before day 190, temperatures are
cool and variable. The temperature increases sharply by 2°C in 12
hours at day 190. and this front is associated with the shift to
dinoflagellates (Figure 17). However, nutrients decrease rapidly
before the temperature front is reached. Swenson et al. [1992]
used two methods to estimate vertical velocities, based on esti-
mates of the heat budget and the vorticity budget. Although there
were significant differences in the magnitude of the velocity
estimates, the general patterns of upwelling and downwelling
were quite similar. The larger estimates from the heat budget
approach ranged from 70 m/d downwelling to 40 m/d upwelling,
whereas the vorticity estimates were about a factor of 3 smaller.
However, as noted by Swenson et al. [1992], the heat budget
estimates were based on a subcluster of drifters and represented a
region of about 60 km= compared with 150 km? for the vorticity
budget estimates. Initially, the bio-optical drifter was in a region
of downwelling (about 40 m/d. based on the heat budget esti-
mates) nearshore. This changed to moderate upwelling (about 20
m/d) on day 188. The drifter then experienced moderate down-
welling about midway through day 188. Strong downwelling
occurred during day 189 at the same time that Chaetoceros was
replaced by Rhizosolenia. This downwelling was associated with
an “instability” identified by Swenson er al. [1992] and a west-
ward turn of the drifter. Note the strong front at 70 km (Figure
4a). As Rhizosolenia are generally buoyant, their increase on day
189 in association with this front is not unexpected. This was
followed by weak upwelling on days 190 and 191 as dinoflagel-
lates came to dominate the phytoplankton. We noted earlier that
the normalized rate of Sun-stimulated fluorescence changed
dramatically on day 189 (Table 2). This change in physiological
response is consistent with the change in physical forcing and
species composition.

Given the complex flow patterns in this region, it is not
surprising to see strong interleaving of various water masses
characterized by different phytoplankton communities. Following
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the description laid out by Strub er al. [1991], we define the
broad, cold, productive regions as the filaments which are scpa-
rated from the warmer, less productive offshore waters by a
meandering jet. As the drifter does not exactly follow a single
water parcel, it may traverse these various water types. It is
apparent from these data that the physical dynamics of the coastal
transition zone affect the timing and nature of the species changes
as observed by the drifter.

A general picture emerges from the two drifter deployments.
Changes in the strength of the meander correspond with changes
in species composition, primary productivity, and PE. Biomass
and primary productivity decrease offshore as nutrients become
depleted, but PB increases. Phytoplankion become more strongly
scattering per unit chlorophyll in offshore waters. Thus the
meander represents a sharp demarcation between both the biolog-
ical and bio-optical properties of the phytoplankton. Physical
processes such as upwelling and downwelling along the meander
play an important role in the smaller-scale variability of these
properties. In 1987, when the drifter was somewhat inshore of the
main meander, these properties tended to change more gradually
over the course of the deployment. In contrast, the deployment in
1988 more nearly followed the core of the meander. and the bio-
optical properties changed more abruptly over time. This resulted
in more abrupt changes in the biological/physical regime as
observed in 1988 and more intense inertial motions.

The presence of intense vertical motions along the drifter path.
either through subduction processes [Kadko et al.. 199]1:
Washburn et al., 1991] or through vorticity adjustments caused
by inertial motions, obviously complicates the interpretation of
the drifter data. As noted earlier, phytoplankton species composi-
tion changes considerably in association with changes in the
direction of vertical motion. However, we are able to interpret the
patterns of temporal change in terms of changes in the physical
circulation field. While we cannot assume that the drifter is truly
following a patch of phytoplankton, these data show the influence
of inertial and tidal motions on bio-optical properties as well as
the larger-scale changes that occur between nearshore and
offshore or between years.

5. Summary and Conclusions

The two deployments of a bio-optical drifter in the coastal
transition zone off northern California were analyzed in terms of
the performance of several bio-optical algorithms and in terms of
large- and small-scale variability. With the availability of long-
term bio-optical sampling we need to understand the limits and
advantages of these data sets. Bio-optical relationships can
change dramatically on a wide range of time and length scales,
thus complicating any analysis.

The general features of the waters off northemn California were
similar in the 2 years. Chlorophyll, particulate concentration, and
primary productivity were higher and more variable in the
nearshore waters than offshore. PF and scatiering per unit chloro-
phyll, however, were lower nearshore and higher offshore. The
separation between nearshore and offshore properties was delin-
eated by the meandering jet. which separated distinct phytoplank-
ton communities, based on species counts. Similar distinctions
were noted by Hood et al. [1991] and Chave: et al. [1991] for the
coastal transition zone region. There were significant changes in
species composition (and size structure of the community), both
along the drifter tracks and between the two deployments.
Although the phytoplankton sampling ceased to operate in the far
offshore waters, other observations showed that this region was
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dominated by small forms. primarily flagellates [Hood et al..
1991].

We applied scveral methods to estimale chlorophyll using
downwelling irradiance ratios [Smith et al., 1991}, beam attenua-
tion [Siegel er al., 1989], Sun-stimulated fluorescence
[Chamberlin et al.. 1990]. and conventional strobe fluorescence.
Although the general patterns were similar (high, variable
chlorophyll values nearshore, decreasing rapidly as the drifter
moved offshore), there was considerable difference in the
detailed structure of the time series. The relationship between
chlorophyll derived from strobe fluorescence and that derived
from Sun-stimulated fluorescence differed considerably between
1987 and 1988. In the latter deployment a different set of coeffi-
cients for Sun-stimulated fluorescence was required to obtain
agreement between the two fluorescence estimates, and these
coefficients needed to be altered along the drifter track as it
moved from nearshore to offshore. It appeared that strong
changes in the phytoplankton community were largely responsi-
ble for the changes in the fluorescence relationships. The beam
attenuation data were available only during the first deployment.
but they revealed strong onshore/offshore differences in bio-
optical properties, especially in the amount of scattering per unit
chlorophyll.

We examined small-scale variability through variance spectral
analysis. A strong diel signal was present in many of the bio-
optical variables. as expected. In particular, strobe fluorescence
showed a consistent pattern in relation to the amount of solar
radiation. Beam attenuation showed a similar diel pattern in the
offshore waters. We suggest that this is the result of grazing
activity, but changes in the optical properties of phytoplankton
would cause a similar pattern. A semidiurnal signal was present
in temperature and strobe fluorescence and is perhaps related to
the semidiurnal tide. An unexpected peak was found at the iner-
tial period (19 hours) in the bio-optical variables and in tempera-
ture. This peak, however. was present only in the offshore waters
in both 1987 and 1988. Organized inertial motions of the drifter
in the offshore portion of the meander have been observed in
other drifter data sets from northern California. These inertial
motions are sometimes associated with strong vertical motions
caused by changes in relative vorticity. The bio-optical properties
varied in response either to these vertical motions or to changes
in the relative horizontal position of the drifter as it moved along
the meander.

The proximate cause for the temporal and spatial fluctuations
in bio-optical properties was changes in the physiological
response of the phytoplankton community which was driven by
variability in phytoplankton species composition. Such species
dependence has been noted in many studies and is not unex-
pected. The ultimate cause, however, appears to be changes in the
physical environment. For example. the strength of the meander
as well as distance from the meander appeared to affect the
phytoplankton species composition as noted also by Chavez et al.
[1991]. Similarly. vertical velocities associated with organized
inertial motions in the offshore region result in a pronounced bio-
optical response.

Similar concerns were raised about fluorometric methods
when they were introduced nearly 30 years ago. Many of the
problems were addressed simply by more frequent calibration
samples. However, it is clear that such calibration sampling must
be done on a scale appropriate for the inherent variability in the
process under study. Unfortunately, we know little about these
scales in the bio-optical realm. Of more concern is the recent
avatlability of unattended sampling devices where calibration
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sampling is not possible. Analysis of such data must be con-
ducted with the awareness that variability in the relationships of
interest (such as beam attenuation and particulate abundance) will
have its own temporal and spatial scales. Thus studies of biologi-
cal variability must also focus on the variability in the processes
used to convert the sensor data (beam transmission, fluorescence,
absorption, etc.) into the biological data of interest (particulate
concentration, chlorophyll content, etc.).

We are beginning to collect information on the temporal and
spatial scales of variability that will be useful in future data
assimilation models. While we cannot hope to measure all
processes on all relevant scales, more systematic observations of
such temporal and spatial variability must be undertaken. Future
work must extend these observations over a broad range of
physical and biological conditions as it is apparent that the scales
of variability can change dramatically, depending on the physical
environment.
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