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Abstract. The diumal variation of insolation influences the rate of primary production in the upper
ocean in two ways. Firstly, light energy is only available for photosynthesis during the day, and secon-
dly solar heating of the upper ocean during the day changes the depth of the surface mixed layer. The
consequences of these physical changes have been investigated using a one-dimensional model in
which the vertical motion and energy uptake of each member of an ensemble of phytoplankters is
calculated deterministically on 3 min time steps. The depth change and energy uptake of a single
plankter, and the depth distribution and total energy uptake of the ensemble of multiplying cells are
described. Plankton become rapidly concentrated into a band centred just below the maximum depth
of mixing in the previous 24 h. This provides a physical explanation for the depth of the maximum in
measured chlorophyll profiles. The seasonal variation of production rate has been calculated, assum-
ing no grazing, nutrient limitation or self shading. Sverdrup’s classic explanation for the onset of the
spring plankton bloom is re-interpreted, taking account of the diurnal cycle of insolation. It is argued
that the Lagrangian-ensemble model of the growth of an ensemble of phytoplankters described in this
paper is inherently better than Eulerian-continuum models, because it averages after integrating non-
linear equations, rather than vice-versa. The model can easily by extended to investigate the conse-
quences of physiological hypotheses not considered in this paper.

Introduction

The physical properties of the ocean that determine the onset of the spring
plankton bloom, namely light and mixing, exhibit strong diurnal and seasonal
variation. Most applications are concerned with the variation of primary produc-
tivity on time scales longer than a day, so attention has been focussed mainly on
modelling the response of plankton to the seasonal change. For example, Sver-
drup (1953) ignored the diurnal variation of mixed layer depth and light in his
famous theory that showed how the date of the spring plankton bloom is con-
trolled by the sharp decrease in mixed layer depth that occurs when the ocean
starts to warm up each year. That seems a rather surprising omission when one
considers the physiological processes that lead to cell division within individual
plankters, and so determine the rate of development of the bloom as a whole.
These processes are controlled by light intensity. They have time scales of order
several hours and may therefore be expected to be sensitive to the diurnal change
of daylight. There has even been some suggestion in the literature (e.g., Harris,
1980) that plankton physiology has adapted to the regular diurnal cycle of insola-
tion, with a tendency for cell division to occur once per day. In this paper we pre-
sent the results of an investigation into the response of phytoplankton to the diur-
nal variations of mixed layer depth and light at different times of year. The in-
vestigation uses a new method of modelling plankton growth on a computer.

In designing a model of primary production it is necessary to represent these
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short time scale physiological processes taking place inside the plankter and its
overall behaviour. Ideally that should be done deterministically, by keeping track
of every plankter in the bloom. But their numbers are so large that the deter-
ministic approach would require an impossible amount of computer time. The
normal solution is to treat the development of the plankters statistically. In the
jargon of computer modelling the unresolved details of the plankton bloom must
be parameterized, that is to say, treated by terms in the model equations that are
statistical in character. For example, the physical processes of turbulent mixing
may be parameterized by means of a diffusion term in the equation for scalar
concentration. In models of primary production it is normal to treat the cloud of
individual plankters in terms of a continuum property of the seawater, such as
organic carbon or chlorophyll concentration, which varies with position (just
depth in a one-dimensional model) and time. This is a crucial step. Having taken
it, the modeller is limited to describing the development of the plankton bloom in
some sort of average way; no account is taken of the variability in the develop-
ment of individual plankters. Let us call this the Eulerian-continuum method. It
has been widely used by modellers. A recent example is the one-year integration
by Kiefer and Kremer (1981).

The method successfully describes some of the main features of phytoplankton
distributions, and has therefore been accepted as the basis for applied studies.
But it suffers from a basic weakness that limits its usefulness and casts doubt on
its predictions. The problem lies in the parameterization of the cloud of plankters
by a continuum variable, That can lead to difficulties in modelling a highly non-
linear process such as phytoplankton cell division. As is well known, averaging
non-linear equations before integration does not give the same answer as averag-
ing them after integration. The latter procedure is correct: the former is adopted
in the Eulerian-continuum method of modelling primary production. It seems
unlikely a priori that such a method can cope with the non-linear interaction bet-
ween plankter physiology and the diurnal changes in mixed layer depth and light
intensity. Happily, the steady increase in computer power has now reached the
point where it is possible to adopt a less brutal approach to parameterizing the
plankters in a bloom. It is now possible to design a model in which the individual
histories of an ensemble (i.e., of a cloud) of (in our case 100) plankters are
described deterministically, that is to say, the non-linear equations describing
their growth are integrated step by step along their separate trajectories. The
development of the bloom is estimated from the statistics of the ensemble. We
call this the Lagrangian-ensemble method of modelling primary production.

We know of three earlier models in which the trajectories of individual
plankters have been simulated. Ledbetter (1979) studied the redistribution of par-
ticles by Langmuir cells. Platt and Gallegos (1980) used a Markov method to ex-
plore the net effect on production of short-period adaptation on a cloud of par-
ticles moving randomly in a mixed layer. Falkowski and Wirick (1981) followed
the random walks and non-linear growth of two particles in the mixed layer. Our
implementation of the Lagrangian-ensemble method uses a combination of
Langmuir circulation and random small-scale turbulence to displace the particles.
The model has been used to investigate the influence of the diurnal cycle of mix-
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ing and light on the initial (light-limited) stage of a plankton bloom.
The Model

The model is divided into two parts which do not interact. The first part
describes the changing physical environment; its output is the vertical distribution
of light as a function of wavelength and the mixed layer depth, for a given
latitude, time of day, day of the year and weather. The second part describes the
vertical motion and growth of a phytoplankter. An experiment consists of run-
ning the model 100 times for plankters with different initial depths in the mixed
layer, but with the same physical forcing in the first part of the model. The output
of such an experiment consists of a statistical description of the ensemble of 100
plankters. These statistics are intended to represent the much larger population in
a natural plankton bloom.

Part 1: the physical environment

The model is a development of the one-dimensional mixed layer model of
Kraus and Tumer (1967). The main differences are that the solar spectrum is
described by 27 spectral bands as in Woods (1980), and the mixed layer depth is
calculated every time step by a sequence of routines designed to describe the
following physical processes: heating by absorption of solar radiation, convective
adjustment, convective penetration and wind-stress penetration. At the end of
each time step, which is typically one hour long, the model predicts the
temperature profile and the depth of the mixed layer. The terms used in the model
are illustrated in Figure 1. For the present investigation it was assumed that there
is no turbulence below the mixed layer.

Typical products of the model of the physical environment are illustrated in
Figures 2 —4. The vertical profile of the downward flux of solar energy in (i) the
blue-green (400 — 700 nm wavelength) and (ii) the whole spectrum (Figure 2) are
calculated on the assumption that the ocean acts like pure water, i.e., that the
presence of plankton has no effect. The diurnal variation of mixed layer depth
and temperature at different seasons is shown in Figure 3. The night-time period
is shaded and noon is marked by a vertical line; note the change in day length with
season. Figure 4a shows the annual cycle of mixed layer depth at noon and of the
maximum depth achieved each day. The latter occurs at the moment when the
rate of heating by the sun first exceeds the rate of surface cooling to the at-
mosphere about an hour after sunrise (see Figure 3). The annual maximum depth
of the mixed layer occurs close to the spring equinox, on the day when the solar
heat absorbed over 24 h first exceeds the heat lost to the atmosphere in the same
period. The precise day depends on the weather; variation of cloud and wind can
change it by as much as three weeks (Woods, 1982). Note the sharp rise in
the daily maximum mixed layer depth once spring heating has begun. It is this rise
that Sverdrup (1953) identified as being the main factor determining the onset of
the spring plankton bloom.

A brief word about the definitions used in this paper. The diurnal thermocline
is the layer that at any instant lies below the mixed layer but above the maximum
mixed layer depth achieved during the previous 24 h. The seasonal thermocline is
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the layer that at any instant lies below the diurnal thermocline but above the max-
imum depth attained by the mixed layer in the preceding twelve months. The flow
in the mixed layer is turbulent, it is assumed to be laminar in the diurnal and
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Fig. 1. The definition of terms used to describe the physical environment in the model. (a) The
temperature profile. (b) The turbulent kinetic energy profile, showing the turbocline at the base of the
mixed layer. Note the largest scale of overturning L, which is small below the mixed layer. (c) The
simplified profile of mixing used in the model; the flow below the mixed layer is assumed to be
horizontal and laminar.
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Fig. 2. Noon profiles of solar heating rate and downward flux of blue-green light on the summer
solstice at 40°N.
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seasonal thermoclines. The annual vanation of the temperature profile is shown
in Figure 4b. Note that the temperature profile in the seasonal thermocline is not
a fossil record of the earlier deeper mixed layer, as is sometimes suggested (e.g.,
Kiefer and Kremer, 1981), but develops through the season in response to in situ
solar heating.

Part 2: the plankton

The vertical displacement of a plankter is calculated every time step (3 min in-
tervals) starting from its prescribed initial depth in the mixed layer. At every time
step, the light flux in the 400 —700 nm waveband is calculated for the plankter’s
depth at that time, using the radiation routine in part one of the model. The times
of successive cell divisions in the plankter are then calculated according to a
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Fig. 3. The diurnal variation of mixed layer depth H(t) and temperature at 40°N at the solstices and
equinoxes.
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physiological formula, which assumes a light-limited growth rate. A typical in-
tegration continues for five days in our investigation, but the duration is not
limited by the model. The plankter’s history of depth and cell number is stored.
The calculation is repeated for each plankter in the ensemble (100 in our in-
vestigation). Each plankter starts with a different initial depth, the ensemble be-
ing uniformly distributed through the mixed layer. Statistical analysis of the set
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Fig. 4. (a) The variation with day number of minimum depth H,;, (d) and maximum depth Hp,,, (d)
of the mixed layer at 40°N. (b) The noon temperature profile at the middle of each month.
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of histories describes the plankton bloom. This brief summary will now be ex-
panded to give details of the Lagrangian-ensemble method, which is also discuss-
ed in Onken (1981).

The vertical displacement of a plankter occurs in two ways. In the mixed layer
it undulates somewhat erratically between the sea surface and the bottom of the
layer. The motion is a combination of a sinusoidal undulation extending over the
whole depth range with a period of 30 min, modulated by a small vertical
displacement of random amplitude in the range =4 m every time step. These
displacements represent the effect of the turbulent motion in the mixed layer. The
large undulations simulate the energy-containing eddies, on the assumption they
are like Langmuir circulations (Ledbetter, 1979); the random modulation
simulates the smaller eddies. Tests showed that the model results are not very sen-
sitive to the period of the undulations (Onken, 1981). The vertical speed of a
plankter in the mixed layer is of order 1 m/min. Its much lower speed of sinking
through the water (2 m/day in our investigation) is ignored in the mixed layer.
But in the horizontal laminar flow below the mixed layer the sinking rate deter-
mines the particle’s displacement at each time step. The mixed layer depth is
changing continuously. A simple criterion determines whether a moving plankter
that happens to be close to the bottom of the layer is entrained or detrained dur-
ing the layer’s vertical displacement in a 3-min time step. Remember that the im-
aginary horizontal interface at the bottom of the mixed layer is not a material sur-
face: it marks the location of the boundary between turbulent and non-turbulent
flow, it is a “‘turbocline’’ that presents no obstacle to the passage of particles.

Each plankter has one cell at the beginning of the model integration. Cell divi-
sion occurs at intervals during the integration, which simulates five days in 3-min
steps. The number of cells increase in the sequence n = 1,2,4,8,... All the
daughter cells of each primary plankter move together; a simplification forced by
limitations of computer power. It is assumed that the interval between cell divi-
sions is independent of temperature, which is unlikely to change by much more
than 1 K over 5 days. Nutrients and zooplankton are not represented in the
model, so the emphasis of our investigation lies on the initial, light-limited
growth of a plankton bloom (i.e., the Sverdrup problem).

The effective cross-section area A of each cell is constant (A = 7 108 m? in
our calculations). The qualitative results do not depend on the particle size. In
one time step dt, the energy dE; (t) absorbed by each cell of the plankter iden-
tified by the subscript i and having trajectory z; (t) depends on the photosynthetic
efficiency P and the light flux I(z;,t), summed over the 400 — 700 nm waveband.

ie., dE; (t) = API (z,t)-dt
All the cells in a plankter divide simultaneously after absorbing the prescribed
unit of energy (100 mJ in the results illustrated in Figures 9 and 10; 30 mJ in
Figures 11 and 12). The rate of cell division varies, but it lies typically in the range
1 —3 per day in our calculations.

Bearing in mind that our main concern in the present investigation is to study
the effect of diurnal changes in the physical environment, it seems appropriate to
use the simplest possible formula for photosynthetic efficiency. On the other
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hand, the power of the Lagrangian-ensemble method lies in its potential for
testing the consequences of different hypotheses concerning the physiology and
behaviour of plankters in a systematic and internally consistent way. We decided
to illustrate this potential by repeating the calculations with three different for-
mulae for P taken from the literature on Eulerian-continuum models (Platt et al.,
1977). In the first, P is a constant p.

) dE; (t) = Apl(z;,t)-dt

The second and third formula are based on the assumption that over the previous
five days the cells have adapted to the ambient light, expressed by a reference
light flux Ig (in the 400 —700 nm waveband), as discussed by Platt et al. (1977)
and Yentsch (1980). We have adopted the following definition of the reference
light flux (Steele, 1962):

Ig = 0.5 m (preceding 5 days)

The second formula is designed to represent the effect of saturation:

aIn dE;(t) = Ap (1 + Bl(z;,t)/Ir)~ - 1I(z;,1)- dt

The value of 8 = 2.0185 was chosen for our calculations to minimize the dif-
ference between the mean production rates with formulae II and III (Dr. J.

Steele, personal communication). The third formula, designed to represent the ef-
fect of inhibition (Steele, 1962) was the following:

(111) dE; (t) = A p I (z;,t)-exp(— I(z;,t)/Ig)- dt
For simplicity we put p = 1 for our calculations. (The product p A isa common
factor of all the formulae, so if the reader objects that p should be less than unity,

he is free to use the value of his choice and substitute the corresponding value of
A to make p A = 7108 m2.) The formulae are illustrated in Figure 5.
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Fig. 5. The photosynthetic efficiency function used in the experiment.
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Results

The calculations performed so far with the model were designed to reveal the
general character of particle motion and energy consumption during the diurnal
cycle and to make a preliminary assessment of the effect of different photo-
synthetic efficiency formulae. To save computer time the diurnal variation of
mixed layer depth was simplified; it was treated as a sawtooth curve with the same
depths and times as the full calculation at the maxima and minima.

A single plankter

The depth variation of a typical plankter injected into the mixed layer is shown
in Figure 6a. Note the rapid undulation while the particle remains in the mixed
layer, its subsequent slow sinking through the diurnal thermocline during the day,
and the return to undulations the next night after it has been entrained again by
the descending mixed layer. The amount of energy consumed is shown in Figure
6¢. Note that most of the energy is received while the plankter is below the mixed
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Fig. 6. (a) the depth variation (z;) off plankter i starting in the mixed layer (cloudless day number 95
at 40°N). (b) The variation of the energy flux I (;) in the waveband 400 — 700 nm at the depth of the
plankter. (c) The energy consumed for the three photosynthetic efficiency functions.
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layer and therefore not undulating. The amount of light received during this
period depends on the depth at which the plankter happened by chance to be left
behind by the rising mixed layer during the forenoon. It receives a little flickering
energy while making its last undulations after dawn, but the sun is then low in the
sky and the energy received is a small fraction of the 24-h total. The temperature
of the particle does not vary very much. While in the mixed layer it follows the
slow diumal cycle of surface temperature (see Figure 3); during the day when it is
in laminar flow below the mixed layer it is warmed slowly by the sun at a rate
depending on its depth, and it cools as it slowly sinks through the diurnal ther-
mocline.

If one moming the plankter happens to be left behind early in the ascent of the
mixed layer, and therefore near its maximum depth, the particle may sink far
enough to escape recapture by the mixed layer next night. This irreversible escape
is illustrated in Figure 7. All plankters will eventually escape in this way provided
the daily maximum depth of the mixed layer is decreasing or at least not increas-

LN

20

30

40| .

50 1 1 ! A 1 1 1 1 1

WO r—T——T 717 T T T 1

I(z;)
wm-2

50

Illllllll
lllllllll

[EM)]AOO T T T T T T T T

J
m 300 |- .

200 - —

100 - 1

Fig. 7. (a) The depth variation of a plankter that is irreversibly lost from the mixed layer after the
fourth night (day numbers 95 — 100 at 40°N). (b) The energy flux I (z) in the waveband 400— 700 nm
at the depth of the plankter. (c) The energy consumed for the three photosynthetic efficiency func-
tions.
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ing faster than the sinking speed of the plankters. This is the most important pro-
cess revealed by the experiments with the Lagrangian-ensemble model.

An ensemble of plankters

The results of ensemble calculations are illustrated in Figures 8 —12. Each
calculation started with one hundred unicellular plankters distributed evenly
through the mixed layer. The calculations were designed to reveal how the vertical
distribution of plankters changes during the day at different seasons, and to
discover how the seasonal changes in the physical environment influences the rate
at which the total number of cells in the plankton ensemble increases in the early
days of a plankton bloom (i.e., before grazing, self-shading and nutrient deple-
tion become important). The calculations were repeated for the three different
photosynthetic efficiency functions described above.

It was shown above that the slow sinking of a plankter relative to the water (at
2 m/day) eventually causes it to escape irreversibly from the mixed layer, assum-
ing that the latter executes a regular diurnal cycle. Once a plankter has escaped
from the mixed layer in this way its depth changes steadily and slowly. As suc-
cessive plankters in an ensemble escape the mixed layer, they form a thin cloud
just below the maximum depth attained by the mixed layer each day. Examples of
such a concentration are to be found in Raymont (1980, Figures 6.24, 6.25, 6.26).
During the spring, when the mixed layer progressively thins and during the early
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Fig. 8. The time variation of an ensemble of particles starting at different depths in the mixed layer
on day number 95 at 40°N. (a) The number of particles M remaining in the mixed layer each night. (b)
The total energy consumed by the ensemble for the three photosynthetic efficiency curves.
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summer when it deepens less rapidly than the sinking speed of the plankters, it
only takes a few days for all the plankters in an ensemble to accumulate in a cloud
below the diurnal thermocline. The rate at which this happens is illustrated in
Figure 8, which shows the progressive irreversible loss of plankters from the mix-
ed layer over a period of ten days, each with a constant diurnal variation of mixed
layer depth. The ‘‘mixed layer half-life’’ of an ensemble of plankters that start in
the mixed layer is shortest in summer when the diurnal range of the mixed layer
depth is smallest. The number of plankters in the mixed layer at any time since it
last had a depth maximum is in principle proportional to the mixed layer depth.
(Because there were only 100 plankters in our ensemble, individual model profiles
deviate significantly from this ideal.)

But, if the plankton concentration in the mixed layer does not change during
one diurnal cycle of the mixed layer depth, it is affected by the progressive drop-
ping out of particles into the seasonal thermocline due to their sinking relative to
the water. The tendency for the concentration in the mixed layer to decrease can
be temporarily reversed in summer when a storm deepens the mixed layer below
the climatological mean for a few days, and it is systematically reversed in
autumn and winter when the climatological mean mixed layer depth steadily in-
creases, as was shown in Figure 4.

These results help us to interpret the profiles of plankton cell concentration
shown in Figures 9 and 10. The number of cells in each one metre depth range was
calculated for every time step of the experiment. With only 100 plankters in the
ensemble, these raw profiles do not provide a very good representation of the ver-
tical distribution in a real plankton bloom. There was too much statistical noise,
so the profiles were averaged over 3 h. The resulting average profiles may be
compared with measured profiles of phytoplankton or chlorophyll concentra-
tion.

The diural variation is illustrated in Figure 9. The three-hourly mean profiles
are shown for the fifth day of each calculations. In Figure 9a, for the late winter
(day numbers 84 —88), the mixed layer ranges between <10 and >120 m and
very few of the plankters have escaped. There are between 0.1 and 1 cell/m in the
mixed layer throughout the fifth day of the calculation. The situation is very dif-
ferent in the next model run (Figure 9b), for mid-summer, when the mixed layer
depth varies only over a very narrow range (between 6 and 12 m). All the
plankters have escaped from the mixed layer before the fifth day (day 180, shown
in Figure 9b). They all lie in a thin cloud between 18 and 24 m. Their steady des-
cent during day 180 is clearly visible. The concentration of cells in the cloud
ranges from 100 to 6000 per m. Cell division in this summer calculation has been
very much more vigorous than in the late winter one.

The third model run (Figure 9¢) covered five days (280 —284) in early autumn
when the mixed layer depth ranged between 9 and 22 m. Most of the plankters
have escaped the mixed layer by the fifth day, the few remaining being entrained
and mixed up between the hours of 3 a.m. and 6 a.m. Their number is small and
by chance they are all detrained below 19 m soon after 9 a.m. That is, of course,
an artifact resulting from the model’s small number of plankters. In reality a
finite plankton concentration would persist in the mixed layer throughout the
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day. That is correctly shown in the fourth run (Figure 9d), which covers the early
winter period (day number 360 to 364). The noon mixed layer depth is deepest at
the winter solstice (see Figure 4a) with a value of 27 m; the maximum depth is
45 m. The cell concentration ranges from 0.1 to 1 per m in the mixed layer and
1 —10 per m in the cloud below the diurnal thermocline.

A more detailed picture of the seasonal variation of mid-day cell concentration
is shown in Figure 10 by three-hourly mean profiles for the period noon to 3 p.m.
on the mid-day of each month, that being in each case the last day of a separate
five-day calculation. The concentration of the plankton into a thin cloud below
the diurnal thermocline starts dramatically in spring. The cloud becomes thinner
and shallower and contains an increasing number of cells through the spring and
early summer months. Entrainment of plankton into the mixed layer is first seen
in the November profile and continues through until March. This set of mid-
month profiles vividly illustrates Sverdrup’s theory that the onset of a spring
plankton bloom coincides with the retreat of the (nocturnal) mixed layer towards
the surface.

The rate of increase R of the cell population in the ensemble of 100 plankters
on the fifth day in each of a set of calculations started at ten day intervals through
the year is shown in Figure 11. The onset of the spring plankton bloom is clearly
identified with the onset of spring heating and the rapid decrease of mixed layer
depth that accompanies it. The figure shows the potential relative growth rate of
a bloom starting at different times of the year. It does not show the actual growth
of a plankton population from the start of the year.

Physiology

The effects of adaptation, saturation and inhibition are illustrated in Figure 6,
7, 8 and 11, There is a considerable difference between the productivity achieved
with the linear efficiency formula (I), on the one hand, and the saturation (II) and
inhibition (III) formulae, on the other. The value of the parameter 8 was chosen
to minimize the difference between the productivity rates achieved by the satura-
tion and inhibition formulae. But 8 was kept constant throughout the year, with
the result that the ratio of the production rates Ry; and Ryj; shows some response
to the seasonal variation of the illumination of the plankton, which depend on
their vertical distribution (i.e., on the daily maximum mixed layer depth) and the
solar elevation. The result (Figure 11) is that the inhibition formula yields higher
production rates throughout most of the year, with the ratio (Ry;/Ry) having a
maximum at the start of spring heating, and decreasing exponentially thereafter
to a minimum at about the autumn equinox. This result suggests that, if it occurs
in Nature as in our model, inhibition may contribute significantly to the sharp
development of the plankton bloom as the ocean begins to warm in the spring.
We make no claim that that is necessarily a true description of Nature, but it
shows how the model can be used to investigate the implications of different
assumptions about the physiology.

Both inhibition and saturation formulae assume that the plankters have
adapted to the average illumination during the previous 5 days. The inclusion of
adaptation significantly influences the form of curve IlI in Figure 11. We have us-
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ed the simple assumption that all the plankters are adapted to half the 24-h mean
surface light flux in the 400 — 700 nm waveband. Although computationally con-
venient, that does not really do justice to the phenomenon. It would be better to
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Fig. 9. The depth distribution of phytoplankton cells averaged over 3 h on the fifth day of an ensem-
ble experiment at 40°N (no cloud), started on day number (a) 84 (b) 176 (c) 280 (d) 360. The mixed
layer depth at the end of the 3 h period is shown by a horizontal line with an elliptical arrow to repre-
sent the ‘‘Langmuir’’ overturning.
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allow each plankter to adapt to its own individual history of illumination, which,
as was shown in Figure 7, can differ considerably from its neighbours in the
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Fig. 10. Seasonal variation of the depth distribution of an ensemble of plankters, based on the ex-
periment shown in Figure 9. The mean profile for the period 1200 — 1500 is shown for the mid-day of
each month.
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ensemble as a consequence of turbulence in the mixed layer. As Platt and
Gallegos (1980) have shown with a constant mixed layer model, it is a simple mat-
ter to do so with the Lagrangian-ensemble method of modelling given longer in-
tegration than those reported in this paper, and we plan to do so in the future,
after incorporating zooplankton and nutrients which influence the longer term
development of a plankton bloom. Meanwhile, noting that most of the plankter
ensemble congregates in a thin cloud at the top of the seasonal thermocline
(Figures 9, 10), we propose that the reference light flux Iy used for adaptation in
formulae II and III could be based on the depth of the top of the seasonal
thermocline, as follows:

Ig = Im) (preceding S days)

MONTH
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L 1T 1T 17T

o

20
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Fig. 11. (a) Seasonal variation of the productivity R of phytoplankton predicted by the model for
the photosynthetic efficiency functions I and III.
R = N(G) — N©O)

5N(0)
N(t) = Total number of cells in the ensemble after integration for t days. (b) Seasonal variation of the
ratio of the productivities Ry; and Ry achieved with the photosynthetic efficiency functions Il and III.

751



J.D. Woods and R. Onken

The calculations leading to Figure 11 were repeated using this definition, with the
result shown in Figure 12, where it is seen that the production rate is most sen-
sitive to the choice of adaptation formula at the time of the spring plankton
bloom.

Discussion

We had two aims in writing this paper. The first was to introduce a new method
of modelling plankton growth. The second was to show how the new method
could be used to clarify the role of turbulence in the surface mixed layer during
the early stages of a plankton bloom, the problem analysed by Sverdrup (1953) in
his classic paper. In order to simplify the problem we made a number of assump-
tions. These will now be considered and it will be argued that the new method of
modelling lends itself to including the neglected effects in future experiments.

First, a few words about the method. The novel idea is to follow the trajec-
tories of individual plankters as they rise and fall through the upper ocean, enter-
ing and leaving the mixed layer. The properties of the plankton bloom are then
estimated from the statistics of an ensemble of plankters whose histories are first
calculated individually. The method is similar to that used in modelling rain for-
mation in clouds (see, for example, Mason, 1971). It is superior to the more com-
mon Eulerian method in which the cloud of plankters is modelled in terms of its
changing concentration at fixed positions because it allows one to represent the
non-linear effects of physical environment, cell physiology and plankter
behaviour deterministically, before averaging rather than after. That does not
mean that the results of contemporary Eulerian models are invariably wrong. In-
deed they do seem to reproduce many of the observed features (see, for example,
Kiefer and Kremer, 1981). Nevertheless, they do not describe specific effect of
diurnal detrainment-entrainment into the mixed layer reported here. And by
glossing over such details of the physics they leave one uncertain as to the validity
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Fig. 12. Seasonal variation of the ratio of the productivities Ry, and Ry, achieved with the
photosynthetic efficiency function I1I assuming
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@ Iz = 0.51(0) (b) I = T(Hog" Preceding days)
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of their prediction about the effect of different parameterizations of the
physiology. The Eulerian and Lagrangian-ensemble methods give different
results because the processes controlling plankton growth are non-linear. In the
experiments reported in this paper the non-linearity enters through the combina-
tion of vertical mixing, variation of light with depth and the variation of
photosynthetic efficiency with light intensity. But that is only the tip of the
iceberg. Some of the complexities that have been neglected so far will now be
briefly discussed.

The effect of the plankton on the vertical distribution of light has been
neglected. The concentration of plankters into a relatively thin cloud just below
the diurnal thermocline simplifies the problem. First it means that the heating of
the diurnal thermocline and mixed layer is virtually unaffected by plankton. But
the change in blue-gree light should be calculated. The availability of a profile of
plankter concentration at every time step will simplify this task.

In the present investigation it has been assumed that the plankters sink at a con-
stant rate (2 m/day) relative to the water while below the mixed layer. Smayda
(1970) and Walsby and Reynolds (1980) have discussed the sinking and floating
of plankton. The phenomenon is much more complicated than we have assumed,
A plankter may vary its fall speed as it grows, or in response to the physical en-
vironment (e.g., light intensity). Different species vary their motion relative to the
water in different ways. There has been speculation that such motion is an impor-
tant factor in primary production (Hutchinson, 1967). It will be a rather straight-
forward matter to test such ideas with the Lagrangian-ensemble method.

The spring growth in the phytoplankton population rapidly consumes nutrients
brought up to the surface by deep convection in winter. The rate of cell division
eventually becomes limited not by the supply of light energy but by the nutrient
concentration. That has not been considered in the present experiments, but it is
not difficult to modify the model to take it into account. Similarly, it is possible
to add a population of zooplankton to graze on the phytoplankton. The motion
of the zooplankters must be prescribed; it may be influenced by the changing
physical environment (e.g., light) or by the vertical distribution of the
phytoplankton. A capture cross-section would have to be specified, as in
meteorological models of cloud particle development. The addition of nutrients
and grazing will greatly increase the non-linearity of the model, adding to the
justification of using the Langrangian-ensemble method.

Perhaps the ultimate use of the new method will be to study the effect on
primary production of different assumptions concerning the physiology of
phytoplankton. There are too many possibilities to list them here (for a recent
review see Morris, 1980). But it is worth making the point that the Lagrangian-
ensemble approach makes it possible to describe the different physiological
hypotheses at the level of the individual cell.

Finally, returning to the role of the physical environment in primary produc-
tion, there is the possibility of investigating the effects of coastal upwelling, inter-
nal waves and undulations of particles flowing along meandering frontal jets, all
of which are believed to influence primary production. And, although the
method has so far been used to describe only the vertical component of motion,
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there is no reason why in principle it should not be used to follow the horizontal
motion of plankters as well, and so explore the causes of plankton patchiness
(Steele, 1978).

Conclusion

The Lagrangian-ensemble method of modelling is suitable for investigating the
effect of diurnal changes in the physical environment on the development of a
phytoplankton bloom. The investigation reported in this paper involved a
number of simplifications and assumptions (see The model). It is therefore
necessary to treat the results of our model calculations with some caution. They
reveal some aspects of the early development of a plankton bloom. The predicted
diurnal and seasonal variation of phytoplankton cell concentration can in princi-
ple be related to corresponding variations in observed profiles of chlorophyll con-
centration, but the latter may be influenced significantly by the effects left out of
the model. Horizontal variability in plankton concentration poses sampling pro-
blems that must be overcome before one can collect a representative average ver-
tical profile that can be compared with the prediction of a one-dimensional
model.

Bearing in mind these limitations, the results of our computations suggest the
following conclusions:

1. There is no diumnal cycle of phytoplankton concentration in the upper ocean.
2. Progressive change in the phytoplankton cell concentration during spring and
summer is due to two opposing processes:

a. the irreversible sinking into the seasonal thermocline of some of the plank-

ters left each forenoon in the diurnal thermocline as the mixed layer recedes

towards the surface,

b. cell division, which may tend to become synchronized to the diurnal cycle of

light (such synchronization was not featured in our experiments).
(Remember that grazing was not included in the model.)

3. The forenoon rise of the mixed layer leaves many of the plankters in laminar
flow during most of the hours of day-light. So they do not experience significant
variation of depth while illuminated by the sun.

4. During spring the climatological daily maximum depth of the mixed layer pro-
gressively decreases, and during most of the summer it increases more slowly than
the (2 m/d) sinking rate of phytoplankters. During this period the plankters ac-
cumulate in a cloud just below the diurnal thermocline in laminar flow. The pro-
ductivity is then greatest.

5. The effect of a spring storm has not been modelled, but it is clear from the
computations that as the storm temporarily deepens the mixed layer the cloud of
plankters that had sunk into the seasonal thermocline will be reentrained into the
mixed layer. After the storm they will sink back into the seasonal thermocline
with a half-life of a few days. The resulting cloud will tend to be shallower than
the pre-storm one, which was laid down in spring when the climatological daily
maximum depth of the mixed layer was deeper. So spring storms provide the
mechanism for keeping the phytoplankton near the surface.

6. The model results support Sverdrup’s (1953) conclusion that primary produc-
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tivity rapidly increases when the ocean begins to warm in spring. They show that
this is because of the associated decrease in the climatological daily maximum
depth of the mixed layer, which occurs about an hour after sunrise. The date of
the first day of spring heating varies from year to year because of differences in
the weather. Our calculations show that typical variations of wind speed and
cloud can change the date by up to 3 weeks. That may explain the observed inter-
annual and spatial variation of the start of the spring plankton bloom (Cushing
and Walsh, 1976).

7. The Lagrangian-ensemble method is capable of extension to include the effects
not considered in the experiments reported in this paper.
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