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Bio-optical variability associated with phytoplankton dynamics
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Abstract. Bio-optical data recorded from April 30 to July 19, 1991, using a mooring located in the open
ocean (59°35.6'N, 20°57.9'W) are described and interpreted. Five multi-variable moored systems (MVMS)
were deployed in the upper 90 m to obtain concurrent, co-located measurements of horizontal currents,
water temperature, photosynthetically available radiation (PAR), transmission of light at 660 nm (cg60),
and stimulated chlorophyll fluorescence. In addition, meteorological and subsurface temperature data (12
depths from 80 to 310 m) were collected. When the mooring was deployed, surface waters were weakly
stratified and there was little evidence of a phytoplankton bloom. Soon after the deployment, a marked
increase in phytoplankton concentration occurred simultaneously with an increase of near-surface water
temperature. The most striking observation was a period (year days 128-140) of strong mixed layer depth
variability (daily amplitude of about 40 m) during which phytoplankton standing stock reached its
maximum. During this period, phytoplankton biomass was mixed down to deeper waters at nighttime. As
a result, the variability of the bio-optical parameters was extremely high, and deepwater phytoplankton
concentration was much greater than would have been expected from the productivity estimates. Later,
phytoplankton concentrations declined sharply in response to extremely stormy weather around year day
140. Once the storm passed (after day 143), surface waters stratified and the phytoplankton stock increased
again, but the depth integrated biomass concentration did not reach as high values as before the storm.
During this strong thermal stability period, fluorescence and cg6( signals in near-surface waters were much
higher than at depth, and displayed a diel cycle which was well correlated with PAR.

Introduction

Phytoplankton blooms in the North Atlantic have been
investigated in the past by various means, including coarse
resolution time series obtained from ocean weather station
ships and continuous plankton recorders deployed from ships of
opportunity [e.g., Williams, 1975; Colebrook, 1979]. Later,
much attention was directed toward Coastal Zone Color Scanner
(CZCS) data for the North Atlantic. These data revealed that the
open ocean can sustain intense blooms over vast areas and
extended time periods [Esaias et al., 1986]. Recently, a few
international research programs have been conducted to cover
relatively large spans of time in the North Atlantic area
[Ducklow and Harris, 1993]. Included among these efforts was
the Marine Light - Mixed Layer (MLML) program which
conducted field experiments in 1989 and 1991.

One of the important MLML strategies was to use moorings
which allow sampling of physical and bio-optical variables at a
fixed position in space, over time periods of several months,
and with resolution of the order of minutes [Dickey, 1991;
Dickey et al., 1991, 1993, 1994]. Bio-optical variables can
reveal abundances of phytoplankton, which play a key role for
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optical variability in the open ocean [Jerlov, 1976; Kirk, 1983;
Morel and Prieur, 1977; Smith and Baker; 1978]. For example,
beam attenuation coefficient measurements at 660 nm are
correlated with particle concentration [e.g., Bartz et al., 1978;
Bishop, 1986; Bishop et al., 1986, 1992; Spinrad et al., 1989;
Gardner et al., 1993], while stimulated fluorescence is correlated
with chlorophyll concentration [e.g., Smith and Baker, 1986;
Bartz et al., 1988]. Thus, a mooring using such instrumentation
is ideal for the examination of the physical/biological
feedbacks within the mixed layer and the fate of phytoplankton
populations.

An overview of the MLML mooring data collected in 1989
has been given in another paper [Dickey et al., 1994] and more
detailed aspects of the bio-optical variability have been
discussed by Stramska and Dickey [1992b, 1993, 1994]. The
present paper focuses on the fundamental time-depth variability
of bio-optical parameters as recorded by the mooring
instruments during the period of April 30 to July 19, 1991 (year
days 120-200). The primary objectives of the paper are: (1) to
quantify the temporal patterns of phytoplankton variability in
the northeast Atlantic; (2) to identify and clarify the roles of
various mechanisms that control the phytoplankton biomass in
the water column, and particularly, to examine the progression
of a spring bloom with the seasonal stratification of surface
waters; (3) to form the basis of a framework for the
interpretation of the biological and chemical processes
investigated in shipboard surveys [e.g. Langdon et al., this
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issue; Marra et al., this issue]. The description of the bio-
optical variability is complemented by an account of major
physical events observed over the course of the experiment.
Details concerning the physical variability may be found in the
companion paper by Plueddemann et al. [ this issue].

Methods

Our measurements were carried out from April 29 through
September 6, 1991 (year days 120-249), in the North Atlantic
(59°35.6'N and 20°57.9'W). Time series data described in this
paper were obtained with multi variable moored systems
(MVMS, [Dickey et al., 1991]) and a surface meteorological
system. Since some of the instruments experienced technical
problems at the end of the deployment, we will limit the
interpretation of the data to year days 120-200 (i.e., April 29-
July 19).

The methodologies have been described before [Dickey et al.,
1991, 1993, 1994], and more details on our mooring design are
included in the work by Plueddemann et al. [1993]. Thus only a
short description is given here. The MVMS data presented
below were collected with the following sensors: vector
measuring current meters (VMCM, [Weller and Davis, 1980]),
thermistors for water temperature measurements,
photosynthetically available radiation (PAR) sensors with
spherical collectors for measuring scalar irradiance within the
visible spectral range [Booth, 1976], beam transmissometers
(light wavelength of 660 nm, [Bartz et al., 1978]), and in situ
stimulated fluorescence sensors (blue excitation filter and red
emission filter, [Bartz et. al., 1988]). The MVMS systems
sampled at nominal depths of 10, 30, 50, 70, and 90 m. In
addition, water temperatures were measured at 80, 102, 118,
150, 166, 182, 198, 214, 230, 246, and 310 m using
thermistors. Meteorological measurements on the surface buoy
included wind speed and direction, barometric pressure, air and
sea surface (2 m) temperatures, air humidity, and incident solar
radiation (250-2500 nm). The basic sampling rate for the
MVMS systems was either 1 min (at 10 and 50 m) or 128 s (at
30, 70, and 90 m). The meteorological and deepwater
temperature data were acquired at 7.5-min intervals.

The fluorometric data were converted to chlorophyll
concentrations (Chl a) using calibrations done before the
mooring deployment (e.g., see Marra and Langdon, [1993] for
details). It should be noted that the conversion from volts to
Chl a in situ is affected by factors such as ambient light
intensity [e.g. Stramska and Dickey, 1992a, b] and
phytoplankton species composition. However, the calibration,
even if not very exact, allows us to estimate Chl a biomass in
the water and enables comparison of the output from different
instruments. The data set was processed to produce 15 min, 8
hour, and daily averaged time series which were used for this
study. Time series analyses were performed using the 15-min
averaged data and applying algorithms described by Bendat and
Piersol [1966]. The power spectra of the data sets were obtained
using a Fourier transform of the covariance function, to which
the Parzen weighting function was applied. The confidence
limits for the coherence function were calculated following the
method of Bloomfield [1976].

The primary productivity estimate shown in the next section
was obtained by applying a "light-pigment" productivity model
[Kiefer and Mitchell, 1983] to the mooring data. The
phytoplankton dynamics were simulated by incorporating the
Kiefer-Mitchell productivity model into a physical one-
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dimensional model of the turbulent mixed layer [Mellor and
Yamada, 1982; Blumberg and Mellor, 1983], and by using
mooring data to initialize and force the model. A detailed
discussion of the model and numerical values of the parameters
used for the calculations may be found in the work by Stramska
and Dickey [1994].

Results

Physical Background

For detailed description of the meteorological and physical
variability at the mooring site, see a companion paper by
Plueddemann et al., [this issue]. Here we will present only those
physical data which are most relevant in the context of the
interpretation of bio-optical data.

An overview of the meteorological conditions during the
experiment is presented in Figure 1. We note that, depending
on the cloudiness, the daily maximum incoming solar irradiance
varied between 100 and 900 W m™2. Winds were variable, and
extremely high wind events corresponding to low barometric
pressure systems were observed around days 140 and 162. Time
series in Figure 1 also show the variability of the net heat flux.
This flux was estimated using MLML meteorological data and
bulk formulas [Bunker, 1976; Large and Pond, 1982; Geernaert,
1990; also see Plueddemann et al., this issue]. Note, that the
heat loss exceeded 200 W m™2 during some nights.

Time series of water temperature are plotted in the upper panel
of Figure 2. The mixed layer depth (MLD), estimated as the
depth at which the temperature change from the surface was
0.059 or 0.19C, is shown in the bottom panel. This estimate
was obtained using linear interpolation of the water temperature
between instrument depths. These data indicate that at the
beginning of the experiment (day 120), the water column was
already somewhat stratified with a MLD of about 90 m (0.05°C
criterion). Later, we observed a further increase of the surface
water temperature with time, and as early as on day 121 the MLD
decreased to about 10 m. The surface water warming was
interrupted around day 127, during a period of high wind speed
and increased heat loss from the ocean (see Figure 1). In
response to these conditions, the MLD increased, and around
day 140 it reached about 100 m due to very stormy weather.
After day 143, near-surface water warming was apparent again,
and by the end of June (year day 180), the surface water was
about 5°C warmer than it was at the end of April (year day 120).
Interestingly, this strong near surface stratification apparently
prevented the significant thickening of the mixed layer (ML)
during the storm which passed the mooring site around day 162.
It is also interesting that in 1991 we never observed a mixed
layer as deep as we had observed in 1989. For example, on year
day 120 of 1989, the MLD was estimated to be ~500 m [Dickey
et al., 1994].

Based on the water temperature data, we define three
characteristic time periods: (1) the first period is when surface
waters were thermally stable and the ML shallow (year days 120-
127), (2) the second period is when surface waters were weakly
stratified and the ML deepened (year days 127-140), and (3) the
third period is when thermal stratification increased and the ML
shoaled again (after day 143). Later, we will describe in detail
how biomass concentration within the mixed layer responded to
these different thermal situations.

Daily averaged wind and current vectors are shown in Figure
3. Current speed during the experiment was usually less than
0.6 m s'l, and even lower after day 160. There was no apparent
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Figure 1. Time series of surface meteorological variables:
downwelling irradiance (Eq), wind speed, air temperature (Ty),
relative humidity (RH), net heat flux, and barometric pressure.
These data were collected during the MLML 1991 experiment
and are 15-min averages.

190 200

correlation in the direction of the local winds and currents,
although an analysis similar to that described by Dickey et al.
[1994] supports the notion that winds were important for the
local near-surface shear (not shown here). Note that the most
dramatic change in the current direction occurred on day 126,
which corresponds to the beginning of the "deep ML" period.
Later the direction of the current remained relatively constant.

Bio-Optical Observations

Time series of beam attenuation at 660 nm (cgg().
chlorophyll a concentration from fluorometric measurements,
and scalar irradiance (PAR) are shown in Figures 4, 5, and 6,
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respectively. As seen in Figures 4 and 5, the initial increase in
the water temperature was coincident with an increase in
phytoplankton biomass. A strong bloom developed soon after
the mooring was deployed, with the maximum Chl a
concentration at 10-m depth exceeding 6 mg m'3, and the
maximum cgg( Was about 1 m'l. Later we observed a relative
minimum in the biomass concentration around day 140
corresponding to a storm system (see Figure 1). This was
quickly followed by an increase of the biomass after day 143, as
the waters stratified again. Note that these major features in
biomass concentration variability are also reflected in the
variability of the underwater PAR signal (Figure 6).

It is worthwhile to analyze in more detail the dependence of
the biomass distribution in the water column on the mixed layer
dynamics. The superimposed fluorescence time series at 10, 30,
and 90 m are shown in the middle panel of Figure 7. The MLD is
depicted in the bottom panel, where numbers 1, 2, and 3 denote
the three time periods defined above. We note the following.

1. When the ML was shallower (periods 1 and 3) the
fluorescence and cgg( signals were much higher in surface
waters than at greater depths (see Figure 4 for cgg).

2. When the ML was deeper (period 2), the bio-optical
signals were high at all depths, even at 90 m. For example, Chl
a concentration at 90-m depth, exceeded 4 mg m3 and Ce60 Was
greater than 0.8 m-!. As a result, the chlorophyll integrated
over the 90-m water column was much higher during that period
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Figure 2. Time series of water temperature at 17 depths (2,
10, 30, 50, 70, 80, 90, 102, 118, 150, 166, 182, 198, 214,
230, 246, 310 m); 0.05°C (solid hne) and 0.1°C (dotted) mixed
layer depth; 1% and 5 mEinst m 251 (PAR 5) PAR level.
Temperature data are 8-hour averages.
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Figure 3. Time sérievsiof daily averaged wind and current
vectors. North is directed up.

of time than during the other two periods (Figure 7, upper
panel). At first glance it may even appear paradoxical, as our
data suggest a relation opposite to what is commonly expected
(i.e, we observed more intense phytoplankton bloom when the
mixed layer was relatively deep). However, as we will see next,
this temporal behavior of the phytoplankton stock can be
viewed as a specific example of the balarice betweeii physical
and biological processes.

To explain this point and to illustrate that changes in
biomass were closely coupled to physical conditions, two 10-
day subsets of time series data were selected. These two
examples are shown in Figures 8 and 9, corresponding to
"deeper" and "shallower" mixed layer periods (periods 2 and 3 in
Figure 7). The "deeper" ML period is actually characterized by
large-amplitude fluctuations in the MLD (Flgure 8a).
Importantly, the ML was often shallow enough to allow intense
phytoplankton growth in the near-surface water. Note that
during that period of time the "critical depth" was very close to
the MLD (Figure 7). Criticail depth (Z,) was estimated according
to the formula given by Nelson and Smith [1991]:

Z:=0. 8Eqo/ (K par E)
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where Etat is the total daily irradiance of PAR at the surface
(Einst m d- ) Kpar 18 the diffuse attenuation coefficient for
PAR (m~ ), 0.8 is the corréction term for surface reflectance and
strong absorption of PAR at 650-700 nm in the surface waters,
and E is the compensation intensity taken as 3.1 Einst m™ 2 d‘1
[seeLangdon et al., this issue].

The term "critical depth”, often used by biologists, was first
defined by Sverdraup [1953] as the depth where vertically
integrated, daily primary production is not smaller than the
community losses by respiration. However, we would like to
point out here that Sverdrup's classic model is a considerable
simplification for our data set. This is because Sverdrup assumed
a uniform mixing layer which was actively mixing at all times.
Contrary to this assum_ption, our time series for "period 2"
document strong variability of the surface water stability, which
was changing significantly on the timescale of hours. Note also
that the critical depth estimate depends strongly on the values
of the parameters used for such computations [Nelson and
Smith, 1991; Smetacek and Passow, 1990]. _

High biomass concentration in deep waters during "period 2"
(Figure 8d) is not likely to be accounted for by local growth at
these depths. Such a notion is supported by the time-depth
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Figure 4. Time series of beam attenuation coefficient at 660
nm at 10-, 30-,.50-, 70-, and 90-m depths. Note that parts of
the 10- and 70-m records are missing due to instrument failure.
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Figure 5. Time series of fluorometrically determined
concentrations of chlorophyll a at 10-, 30-, 50-, 70-, and 90-m
depths. Part of the 70-m record is missing due to instrument
failure.

primary production contour for the MLML experiment shown in
Figure 10. This primary production estimate wag obtained by
applying the Kiefer-Mitchell productivity model [Kiefer and
Mitchell, 1983] to the Chl a and PAR time series shown in
Figures 5 and 6. According to the model calculations, primary
production at the 50-m and greater depths was relatively low
because of the low light intensity. Thus, we suggest that the
observed hlgh concentration of phytoplankton in deep waters
must be explamed by the fact that phytoplankton were
effectively’ mixed down there, from near the surface. This
conclusion is based also on the fact that the temporal variations
in the temperature record closely resemble those in the
fluorescence and cggo records. This can be seen in Figure 8 d,
where sudden changes in the 50-m water temperature correspond
to similar changes in bio-optical signals.

The visual recognition of a strong relationship between water
temperature and bio-optical propertles is supported by the
results of spectral analysis. The coherence and phase functions
estimated for the water temperature and cg6( records at 10 m are
shown in Figure 11 (middle panels). To a first approx1mat10n
one can interpret our problem as a single-input, single-output
physical system, where water temperature is an input and bio-
optical properties are the outputs. For the ideal case of a linear
system, the coherence function would be unity. Our realistic
system has the coherence less than unity, which can result from
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the nonlinear response or the presence of other inputs that
contribute to the output signal (affect bio-optical variability). |

It should be noted that, in general, the strong coherence
between water temperature and bio-optical properties could arise
from both vertical mixing and/or advection of different water
masses. Although we cannot completely rule out the latter
possibility without measurements taken simultaneously in time
and providing some horizontal coverage, we note that there is
no evidence for strong advection in the time series” of local
currents. Furthermore, changes of the water temperature at 10-m
depth (Figure 8a) compared with local net heat flux (Figure 8b)
indicate that a significant part of the temperature vanablhty is
likely to be of local origin. The results of the spectral analysis
for the net heat flux and 10-m temperature are shown in Figure
11 (top panels). nghly significant coherence (about 0.75) was
found between these two variables, which supports our
conclusion.

The second 10-day subset of time series is shown in Figure 9
and represents the condmons of relatively strong thermal
stratification of surface waters (days 149-159, which are in
period 3, Figure 7). The data presented in Figure 9a indicate that
the MLD’wa’s less than 20 m, due to intense heating and weak
winds. The bio-optical signals (Figures 9c and 9d) show very
different behaviors than during period 2 (Figures 8c and 8d).
First, high fluorescence and cgg( signals were restricted to
surface waters and their magnitude decreased rapidly with depth.

500 [

250

100

50

T
o " ]
o ]
§7 208 50m ]
m 1
€ ]
w10 -
> ]
p— -
we 0Ff -
10 F ]
70m ]
S S
0 ]
3_ -
2L 90m |

1
O RS FERRE ENNTE TR UL SE RN WNE s N
120 130 140 150 160 170 180 190 200

DAY 1991

Figure 6. Time series of PAR at 10-, 30-, 50-, 70-, and 90-m
depths. Parts of the 50-.and 70-m records are missing due to
instrument failure.
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Figure 7. (a) Time series of water column integrated
phytoplankton biomass. This was calculated using the Chl a
time series shown in Figure 5. (b) Superimposed time series of
fluorometrically determined concentration of chlorophyll a at
10 (solid line), 30 (dashed line), and 90 m (triple dot-dash ). (c)
Time series of 0.05°C (solid line) and 0.1°C (dotted line) mixed
layer depth, and "critical depth" (dashed line) estimated using
formula given by Nelson and Smith [1991].

Second, it appears that deep waters were well isolated from
above, because there was basically no correlation between the
bio-optical signals at 10- and 50-m depths (the same was true
for the water temperature at 10- and 50-m depths, Figure 12).
Third, characteristic diel cycles in cggq and fluorescence were
apparent at 10-m depth [e.g. Stramska and Dickey, 1992b], but
there was no strong correlation between bio-optical parameters
and water temperature at this depth. In contrast, at greater
depths there was a strong correlation of bio-optical properties
with water temperature, including intense short-term
variability, which was probably related to the presence of
internal waves [e.g., Denman, 1976]. All of these
relationships, which are relatively easy to assess by a visual
inspection of the data plotted in Figure 9, were supported by the
spectral analysis. Only the most important results of the
spectral analysis are summarized in Figure 12.
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Discussion and Conclusions

Our MLML time series collected in 1989 and 1991 show that
there is large inter-annual variability in the scenario of high-
latitude North Atlantic spring blooms. For example, there were
obvious differences in the timing of progress of the water's
thermal stratification, with periods of extremely deep mixing
observed only during the 1989 experiment. As a result, the
bloom in 1991 apparently began a few weeks earlier than in
1989 (day 120 compared to day 140, see Dickey et al., [1994]
for the 1989 mooring data). Additionally, the Chl a
concentration in the spring of 1991 was significantly higher
than in 1989.

The most striking observation in the 1991 data set was the
several day long period of strong MLD variability (with 0.05°C
MLD daily amplitude of about 40 m) during which
phytoplankton standing stock reached a maximum. During this
period, phytoplankton biomass was mixed down to greater
depths during nighttime. As a result, the variability of the bio-
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Figure 8. The 10-day subset of the MLML data from the period
of extremely variable MLD. (a) Water temperature (at 2, 10, and
50 m ), and mixed layer depth. (b) Meteorological data: net heat
flux and wind speed. (c) 10-m data: PAR, chl a, cggq, and water
temperature. (d) 50-m data: PAR, chl a, cggg, and water
temperature.
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Figure 8. (continued)

optical parameters was extremely high, and deepwater
phytoplankton biomass was much higher than would have been
expected from the primary productivity estimates. These
conditions changed around day 143 when surface waters
stratified and the 0.05°C MLD was less than 20 m. During the
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time period of stable stratification, we observed strong
blooming, but depth integrated phytoplankton biomass was
lower than in "period 2". The fluorescence and cgg signals
were much higher in surface waters than at depth, and
characteristic diel cycles (in response to PAR variability) were
present in fluorescence and cggq at 10-m depth. At greater
depths, the variability in the bio-optical parameters was strong
on a short timescale and correlated with water temperature.

It should be borne in mind, that during both observational
periods (Figures 8 and 9) the surface water temperature displayed
a daily cycle of variability. The theoretical description of such
variability and its implications for mixed layer dynamics has
been modeled by several authors [Kondo et al., 1979; Dickey
and Simpson, 1983; Price et al., 1986; Woods and Barkmann,
1986]. According to the results of these models, turbulent
mixing of the surface waters extends to shallower depths during
the day than at night because solar heating inhibits the mixing
associated with wind action. The precise amplitude of the daily
thermocline depends on the weather, especially cloud cover and
winds, which may enhance or decrease the changes related to
seasonal variability. Note that the diel thermal cycle is of
special importance for biological/physical feedbacks since this
timescale coincides with the generation time of individual
phytoplankters.

M

TEMPERATURE (°C)
(o]
[6,]

ML DEPTH (m)

NET FLUX (Wm™2)

WIND (ms™")

158

154
DAY 1991

150 152 156

Figure 9. Same as Figure 8, but for the period of little
variability in MLD.



6628

24
<):250
o +
0
3
£
(G
Q
©0
©w
18}
[
..l Il 1 TS | |

1582 154 158

DAY 1991

150 156

STRAMSKA ET AL.: BIO-OPTICAL VARIABILITY DURING MLML EXPERIMENT

50 m

T T T

T

PAR

Chia

Ce60

| BT 1

-
150

a1
152 154
DAY 1991

156

Figure 9. (continued)

It seems that our period 2 is a very energetic case of such a
diel cycle in ML stratification. Indeed, the conditions at that
time were characterized by considerable wind stirring and
intense heat loss during nighttime, alternating with significant
input of solar radiation during daytime, with low daily average
heat flux (~20 W m2. The nighttime deepening of the mixed
layer was reflected in deep penetration of the spring bloom.

Such intense mixing likely assured a good supply of nutrients,
while the removal of the phytoplankton stock from the surface
increased the transmission of solar energy over the next day.
The reduction of mixing during the day was critical for the high
growth rate; the phytoplankton production in the well-lighted
surface waters during the day must have been sufficient to
compensate for cells being transported down to greater depths
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Figure 10. Primary production estimated from Chl a and PAR time series (shown in Figures 5 and 6), using

the Kiefer and Mitchell [1983] model.
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Figure 11. Squared coherence and phase function between (a) net heat flux and 10-m water temperature, (b)
water temperature and cggq at 10-m depth, (c) cggo at 10- and 50-m depths. These are estimates for the 10-day
subset of the MLML data shown in Figure 8. Dashed line is a 95% cutoff value.

during the night. The optimum conditions for high
phytoplankton production also required that the overnight
decrease of phytoplankton concentration in surface waters was
not too large, because total production is proportional to the
product of the growth rate and chlorophyll concentration.

We can view the above scenario as a special equilibrium
between physical and biological conditions which lead to
extremely favorable conditions for phytoplankton growth.
Note, that the probability of occurrence of such a balanced
situation may partially explain large inter-annual variation of
phytoplankton biomass in the North Atlantic waters. In
general, if the daily heating of the surface waters starts to
prevail over the nighttime cooling, then the trend of increasing
thermal stratification should be observed. This in turn must
result in a separation of the surface and deep waters similar to
this described for our period 3 (Figure 9). The "moderate" diel
cycle associated with such a situation has been reproduced

before for data from the spring of 1989 by Taylor and Stephens
[1993] and Stramska and Dickey [1994], although different
modeling approaches were used. The important observation
now is that the conditions of a "moderate” diel cycle lead to a
somewhat smaller total biomass in the water column compared
to the "intense thermal diel variability” period. On the other
hand, if the overnight cooling is not compensated by the
diurnal warming, then the deepening of the ML should be
observed. This may lead to a significant dilution of the biomass
in the water column which will not be replaced by a newly
produced phytoplankton. An example of such conditions is the
decrease of phytoplankton concentration in response to stormy
weather around day 140 (Figure 7). Similar examples for the
1989 data are discussed by Stramska and Dickey [1994].

High coherence between net heat flux and 10-m water
temperature (Figure 11) supports our interpretation of the data
primarily in terms of the local variability. Importantly, we
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subset of the MLML data shown in Figure 9. Dashed line is a 95% cutoff value.

were able to simulate a similar pattern of intense diel changes
with a 1-D mixed layer model. A full description of the model
and numerical values of the parameters used for the calculations
are given by Stramska and Dickey [1994]). The model was
forced with the boundary conditions estimated from the
meteorological and mooring data on days 125-137. The
temperature and Chl a time series from this model simulation are
shown in Figure 13. The behavior of the model resembles that
of the experimental time series, which plausibly suggests that
the variability of the biomass concentration may be attributed
in large part to local processes. The model estimate of the
phytoplankton export out of the euphotic waters (taken here to
be 50 m deep) is shown in the bottom panel of the Figure 13.
This is presented as the ratio of the net Chl a flux out of the
euphotic waters to the total production in the water column,

both integrated over a day. The results shown in Figure 13
indicate the great importance of the increased mixing for the
removing of phytoplankton from the surface. Because of the
simplicity of the biological part of the model and the lack of in
situ measurements for the biological parameters, the
quantitative interpretation of these results must be done with
caution. However, because the model did not take into account
cell sinking, it underestimated rather than overestimated total
export of the biomass to deep waters.

What is the fate of the cells which were mixed to deeper
waters? According to the interpretation of some previous
modeling results [e.g., Woods and Onken, 1982; Lande and
Wood, 1987], the phytoplankton that were mixed down by the
nighttime convection may be separated from the mixed layer by
the daily thermocline. Cells would accumulate in a deeper layer
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Figure 13. (a) Modeled time series of water temperature. (b)
Modeled time series of Chl a concentration. Curves are shown
for 2, 11, 33, 41, 50, 60, 76 m. (c) Model estimate of the
biomass export from the 50-m deep surface layer due to vertical
mixing. It has been calculated as the ratio of the net turbulent
flux of the Chl a at 50-m depth to the total production of Chl a
in the water column, both integrated over a day.

and their depth would change very little with time due to low
sinking rates. They would thus contribute to the deep
phytoplankton maximum. It was further suggested that some of
the cells may be reentrained by the next nighttime convection
back into the mixed layer. It was also suggested that, in a
similar way, spring storms may provide a mechanism for
returning the phytoplankton to near the surface.

While this description of the phytoplankton fate may be
appropriate in some circumstances (deep biomass maximum),
the explanation for our observations seems different. We
believe that intermittent mixing due to synoptic wind forcing
and large-amplitude diurnal changes in mixed layer thickness in
the spring acted to remove phytoplankton from surface waters.
This is in agreement with the fact that both primary production
and phytoplankton concentration were much higher in surface
waters than at depth during our experiment. Thus the net flux of
particles by vertical mixing had to be directed downward. Such
an effect of the mixing on the particle removal has been
suggested before [Gardner et al., 1993; Stramska and Dickey,
1994]. Interestingly, after the fast increase of the biomass in
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deep waters due to each mixing event, our data show slow but
persistent decreases in the Chl a and cggg with time. If a
quiescent flow is assumed in deep waters, then such a decrease of
biomass cannot be explained only by the low cell sinking rates.
In the actual ocean, the dispersion of particles is probably more
efficient because of the role of processes not included in the
model. These may include mixing induced by internal wave
breaking and oceanic fronts, or aggregate formation [e.g.,
Holligan et al., 1985; Hill, 1992].

Finally, if our interpretation is correct, then the bio-optical
properties in the open ocean may be highly variable on
relatively short time scales due to local dynamical processes
(twofold changes within a few hours at 10-m depth). This
variability is a consequence of the critical dependence of
biomass on mixing. Large errors in the interpretation of the
data may be induced if physical conditions are not well known,
or if the data collected in the sea have inadequate temporal
resolution [Wiggert et al., 1994].
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