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Modeling nutrient and plankton processes in the 
California coastal transition zone 

3. Lagrangian drifters 

J. R. Moisa, n I a, nd E. E. Hofmann 
Center for Coastal PhysicM Oceanography, Dep•rtment of Oceanography, 
Old Dominion University, Norfolk, Virgini• 

Abstract. Two types of numerica,1 Lagrangian drifter experiments were conducted, 
using a, set of increa, singly complex and sophisticated models, to investigate the 
processes associa, ted with the plankton distributions in the California coastal 
transition zone (CTZ). The first experiment used a one-dimensional (l-D; vertical) 
time-dependent physical-bio-optical model, which contained a nine-component food 
web. Vertical velocities, along the track of simulated Lagrangian drifters, derived 
from a three-dimensional (3-D), primitive equation circulation model developed 
to simulate the flow observed within the CTZ, were used to parameterize the 
upwelling a, nd downwelling processes. The second experiment used 880 simulated 
Lagrangian drifters from a 3-D primitive equation circulation model which was 
coupled to the same food web a, nd bio-optical model used in the first experiment. 
Para, meterization of the biologica,1 processes in both experiments were based upon 
data, obtained during the CTZ field experiments. Comparison of simulations with 
da,ta, provided insight into the role of the biological and physical processes in 
determining the development of the subsurface chlorophyll maximum and other 
rela, ted features. In both studies, the vertical velocities experienced by a simulated 
La, gra, ngian drifter as it wa, s advected offshore while entrained within a filament 
played a mador role in determining the depth to which the euphotic zone and the 
chlorophyll maximum developed. Also, as the drifters moved offshore, the food 
web changed from a coastal, nefftic food web to an offshore, oligotrophic food 
web due to the decrease in nutrient availability. The temporal development of the 
food web constituents following the simulated drifters was dependent upon the 
environment to which the drifter was exposed. For example, the amount of time 
upwelled or downwelled and the initial location in the CTZ region greatly affected 
the development of the food web. 

1. Introduction 

The coastal transition zone (CTZ) is a region off the 
coast of California which is characterized by the pres- 
ence of cross-shelf jets or filaments [Brink and Cowles, 
1991]. As these filaments develop, they entrain recently 
upwelled water near the coast and transport it offshore. 
As a result, the circulation processes within the CTZ de- 
termine and control the interactions between the coastal 

and offshore ecosystems. The food webs in the water 
entrained within the filament are observed to undergo a 
transition from a coastal, neritic environment to an off- 

•Now at Physical Oceanography Research Division, Scripps 
Institution of Oceanography, La Jolla, California. 
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shore, oligotrophic environment as the filaments advect 
the water parcel offshore [Abbott et al., 1990]. 

In the past few years there has been an increase in 
the use of Lagrangian drifters as tools to obtain data on 
ocean currents [Flament, 1986; Nitlet et al., 1989; Pad- 
uan and Nitlet, 1990; Davis, 1985a, b], temperature 
[Paduan and Niiler, 1993], salinity, sea surface pres- 
sure [Data Buoy Cooperation Panel, 1993], and more 
recently fluorescence, submarine irradiance, and beam 
transmission [Abbott et al., 1990]. Biologists have used 
Lagrangian drifters as tools to follow water parcels, 
thereby allowing them to sample the water column in 
a semicontinuous and semi-Lagrangian fashion and es- 
timate changes in population growth rates [Abbott et 
al., 1990]. While sampling in this manner ignores the 
contributions from vertical and horizontal shear and ad- 

vection within the water column, it does provide high- 
resolution measurements along a specific trajectory. 

There have been many studies that have used La- 
grangian drifters to characterize the currents within the 
CTZ region. Davis [1985a, b] used 164 current-following 
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drifters to describe the two-dimensional structure of the 

mean surface flow in a region centered offshore and 
south of Point Arena, the region where filaments are 
observed to occur. His results show that the frontal 

regions associated with the offshore flowing filaments 
are regions of convergence, since drifters tended to col- 
lect along the fronts. In a similar study off of Point 
Arena, Swenson et al. [1992] deployed 56 TRISTAR-II 
mixed-layer drifters within the offshore flowing regions 
of a filament which had formed offshore. Their results 

also showed that the offshore flowing region of the ill- 
ament was convergent. In this region, the drifters en- 
countered both large horizontal velocities (greater than 
0.1 m s -•) and downwelling velocities (approximately 
20 m d-•). The observation of this subduction process 
was further verified by Brink et al. [1991], who deployed 
77 near-surface satellite tracked drifters within the cold 

filaments near Point Arena. Downwelling velocities ob- 
served in this study averaged in the order of 10 m d-• at 
a distance of about 200 km from shore. Finally, Paduan 
and Niiler [1990] released 12 TRISTAR-II drifters in an 
offshore-flowing portion of a jet off Point Reyes. Their 
results demonstrated that strong horizontal offshore- 
flowing currents (greater than 0.5 m s -•) were observed 
along the axis of the filaments and that these regions 
were also areas of strong convergence, which is consis- 
tent with other observations in this region. 

Lagrangian drifters were also used in the CTZ study 
to guide sampling of the chemical, biological, and opti- 
cal properties of the water column. Abbott et al. [1990] 
released a TRISTAR-II drifter, equipped with an op- 
tical package, a thermistor chain and a water sampler, 
into the central region of the nearshore end of a filament 
that was observed to have developed off the California 
coast. The drifter was tracked for 8 days as it moved 
offshore while being advected within the offshore flow- 
ing portion of the observed filament. The results from 
this study characterize the time development of a typi- 
cal upwelling ecosystem. At the beginning of the study, 
the water mass that the drifter sampled contained high 
concentrations of nutrients and low concentrations of 

phytoplankton biomass. Over the course of the next 2 
days, the nutrient concentrations decreased rapidly as 
a result of a rapid growth in the phytoplankton pop- 
ulation. In fact, both phytoplankton cell volume and 
chlorophyll fluorescence were observed to double dur- 
ing the first 2 days. For the remaining 6 days that 
the drifter was tracked, the nutrient and phytoplankton 
populations declined slowly. As the drifter moved off- 
shore, the phytoplankton assemblage became progres- 
sively dominated by the slow growing large centtic di- 
atoms (i.e., Actinocyclus and Thalassiosira spp.) due to 
the disappearance of the faster growing chain-forming 
diatoms (i.e. Chaetoceros). 

This paper is the third of a series of three studies that 
were conducted using a set of increasingly complex and 
sophisticated physical-bio-optical models. This third 
paper presents the results from two types of simulated 
Lagranian drifter experiments. The first experiment 
uses a one-dimensional (i-D, vertical) time-dependent 

physical-bio-optical model [Moisan and Hofmann, this 
issue]. By using a 1-D model, we were able to isolate 
the effect of vertical motion from the 3-D circulation 

field. 

The vertical velocities which were used to advect 

the model constituents were obtained from simulated 

Lagrangian drifters whose vertical velocities resemble 
those observed '*•' w•,nn the CTZ filaments [Hofmann et 
al., 1991]. The second experiment used simulated La- 
grangian drifters from a 3-D, time-dependent, physical- 
bio-optical model [Moisan et al., this issue]. In this 
model, a nine-component food web model has been cou- 
pled with a wavelength-dependent subsurface irradiance 
model and a three-dimensional, primitive equation, re- 
gional circulation model. This model was developed 
for the CTZ with the overall objective of quantifying 
and understanding the physical and biological processes 
associated with the across-shore transport of nutrients 
and biomass. 

The primary objective of this paper is to simulate 
the plankton dynamics observed while following a La- 
grangian drifter as it becomes advected within the fil- 
ament from nearshore to offshore. The resulting simu- 
lations are then used to determine which processes are 
responsible for creating the chemical and biological dis- 
tributions observed while following a Lagrangian drifter 
as it is advected offshore within the CTZ. 

The second section presents the methods used to cal- 
culate the velocities and resulting chemical and biologi- 
cal concentrations experienced by each of the two types 
of Lagrangian drifter experiments. The resulting values 
of the biological and chemical fields that the Lagrangian 
drifters experienced as they were advected offshore in 
a filament are presented in section 3. Finally, section 
4 presents a discussion of the results and some conclu- 
sions. 

2. Methods 

2.1. One-Dimensional Lagrangian Drifter Exper- 
iment 

The model used for the 1-D Lagrangian drifter ex- 
periments is a time- and depth-dependent physical and 
bio-optical model configured to simulate the plankton 
dynamics within the CTZ. A complete description of 
this model is presented by Moisan and Hofmann [this 
issue]. The model temperature and the nutrient and bi- 
ological distributions were initialized with observations 
taken at the initial release point of a Lagrangian drifter 
which was released and followed in the CTZ study area 
in 1988 [Abbott et al., 1990]. 

In using this 1-D model for Lagraglan drifter simu- 
lations, we assumed that the effects of horizontal gra- 
dients were negligible. The approach further assumed 
that the nutrient and biological distributions along the 
drifter trajectory resulted from in situ processes and 
vertical advection only and that horizontal advective 
and diffusive processes were negligible. 
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The 1-D Lagrangian drifter model simulations were 
designed to investigate the vertical biological distribu- 
tions that would be encountered along the trajectory 
of a Lagrangian drifter released in the CTZ at a point 
where it would be entrained in the offshore flowing fila- 
ment. The simulated distributions obtained in this way 
can be compared to observations of nitrate, chlorophyll, 
and zooplankton concentrations made while following 
for 6 days a drifter that had been released as part of 
the 1988 CTZ field studies [Hofmann et al., 1991]. 

Two separate simulations were carried out. In the 
first, the time- and depth-dependent vertical velocities 
were obtained from a simulated Lagrangian drifter. The 
chosen drifter used in the first simulation was one of 880 

simulated Lagrangian drifters which were generated by 
a regional primitive equation circulation model that has 
been configured to simulate circulation conditions in the 
CTZ (Figure 1)[Hofmann et al., 1991; Haidvo9el et al., 
1991a]. The specific simulated Lagrangian drifter cho- 
sen was initially released in a region where an offshore- 
flowing filament was observed to form in the model. The 
path of the simulated Lagrangian drifter, after remap- 
ping to the drifter path, is shown in Figure 2a. 

The vertical velocities experienced by the chosen sim- 
ulated Lagrangian drifter were negative (downwelling) 
throughout the simulation (Figure 2b), and therefore 
the drifter was displaced vertically from its initial depth 
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Figure 1. The CTg study region. The region in- 
cluded in the CTg circulation domain is indicated by 
the box. Within this domain, the release points for the 
Lagrangian drifter experiments are indicated by crosses. 
The dots indicate the stations at which nutrient, phyto- 
plankton, and •ooplankton measurements were made 
during the 1988 CTZ field sampling period. These sta- 
tions follow along the track of a drifter that was de- 
ployed in an offshore flowing filament. The dashed line 
represents the actual coastal topography; the solid line 
represents the idealized coastal topography used in the 
circulation model. 

of 90 m to a final depth of approximately 170 m (Figure 
2c). This deepening along the filament density front was 
observed to occur in the offshore flowing portion of the 
filament during the 1988 CT7• field surveys [Washburn 
et al., 1991]. 

The upper 100-m depth-dependent vertical velocities 
from the 3-D circulation model [Haidvo9el et al., 1991a, 
b; Moisan et al., this issue] are nearly linear, with maxi- 
mal velocities at 100 m and •ero velocity at the surface. 
A correlation coefficient of 0.93 was obtained from a 

linear fit of the simulated vertical velocities. In fact, 
the structure of the vertical velocity field in the upper 
ocean due to long wave-like processes is close to lin- 
ear and decays to •ero at the sea surface. Because of 
these simulation results and upper ocean observations, 
the vertical velocity field in the 1-D model simulations 
was set as follows. 

The vertical velocity at the sea surface, the top of the 
model domain, was set to •ero. The vertical velocity at 
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Figure 2. (a) The trajectory followed by the simulated 
Lagrangian drifter released near the region of the start 
of the actual drifter track. The dots indicate the sta- 
tions at which nutrient, phytoplankton and •ooplank- 
ton measurements were made during the 1988 CT7• field 
sampling period. (b) The vertical displacement of the 
simulated Lagrangian drifter over time. (c) The verti- 
cal velocity (m d -1) experienced by the simulated La- 
grangian drifter as it was advected offshore of the model 
domain. 
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100 m, the bottom of the domain, was prescribed as 
a time-varying vertical velocity and was obtained from 
the vertical velocity at 100 m observed by the simulated 
Lagrangian drifter as it was advected offshore while en- 
trained within the filament. The vertical velocities were 

extracted from the simulated 3-D circulation fields at 

intervals of 4.8 hours and then linearly interpolated to 
the 5 minute time step used in this calculation. 

The interior vertical velocities were obtained by as- 
suming a linear dependence in the vertical between 0 
and 100 m, 

Ow(z, t) w(z - 100m, t)- w(z - 0m, t) 
0z 100m 

The interior vertical velocities were then obtained from' 

w(z t)- w(z- 100m, t) ' 100m z, 

where z is the depth. This approach assumes a constant 
horizontal divergence throughout the upper 100 m, and 
also conserves mass. 

As a comparison, a second simulation was performed 
in which no vertical advection was allowed. The simu- 

lations in both cases were extended for 20 days. How- 
ever, measurements made during the 1988 field study 
cover a period of only 6 days. Therefore comparisons 
between the two can only be made for a short period of 
time. The resulting simulated chemical and biological 
distributions were compared to the data collected from 
stations sampled while following a Lagrangian drifter 
in the CTZ study area in 1988. The resulting simu- 
lated passive Lagrangian path allowed for tracing of the 
temporal evolution of the biological fields within a 
grangian water parcel and provided an estimate of the 
time scales of the associated CTZ plankton populations. 

2.2. Three-Dimensional Lagrangian Drifter Ex- 
periment 

Simulated Lagrangian drifters, which served as pas- 
sive tracers, were released into the 3-D, time-varying 
physical, biological, and chemical fields generated by 
the regional 3-D physical-bio-optical model presented 
by Moisan et al. [this issue]. The trajectories followed 
by these drifters and the magnitudes of the physical, 
chemical, and biological fields they encountered were 
then calculated. 

The numerical technique used for determining the lo- 
cation of the Lagrangian floats at a given time is dis- 
cussed in detail by Hedstrb'm [1990] and Hofmann et 
al. [1991]. Briefly, the distance traveled by a simulated 
drifter in a time interval was calculated using a fourth- 
order Runge-Kutta scheme' 

ffn+l : • q- q- q- q- 6 (5) 
where •n+l represents the new location of a particle 
that is advected from its previous position •n by the 
velocity ¾ in a time interval At, and ki represents the 
Runge-Kutta coefficients. 

These tracers were c,q•amc of moving within the grid 
boxes, and so the fluid velocities, •, at points not repre- 
sented by grid points were required for use in the Runga- 
Kurta scheme. The model obtained these velocities by 
using a horizontal, bicubic interpolation algorithm of 
the form 

¾(x.f , yf ) -- Ei--l,4 Ej----1,4 •(Xi, yj) 
• (•-..•)• •(y•-y•) Ilk= ,4 

rlk-- ,4 * --1, 
(6) 

where (xf, y.t) is the position of the Lagrangian driRer 
and (xi, yi) are the positions of the 16 neighboring grid 
points. The magnitudes of the chemical and biological 
fields encountered along the path of the drifter were also 
calculated using the above bicubic interpolation scheme. 

Simulated Lagrangian drifter experiments were car- 
ried out between model day 140 and 160. A total of 
880 drifters were released in the model domain at points 
which surrounded the location at which a filament was 

observed to form (Figure 1). Three sets of drifters were 
released at each location at depths of 30, 60, and 90 m 
and were followed for 20 days. The position of these 
drifters varied over time as a result of the vertical and 

horizontal velocities that they experienced. A fourth 
drifter set was released at each location; however, this 
drifter set was constrained to remain at 30 m. The po- 
sition of this set of drifters varied over time only as a 
result of horizontal velocities. 

The resulting paths taken by the simulated drifters 
also allow for vertical sampling of the 3-D fields as the 
drifters were advected through the model domain. This 
form of numerical data sarnpling was similar to the 
field sampling scheme used by Abbott et al. [1990] and 
Mackas et al. [1991], and thus the results from these are 
compared. 

The final results obtained from the 3-D physical- 
bio-optical model consisted of extracting the biological 
and chemical distributions along trajectories followed 
by drifters released in the simulated circulation fields. 
Such an approach allows quantification of the changes 
in the biological and chemical fields while the water 
parcel moves from the nearshore neritic environment to 
offshore waters. 

3. Results 

3.1. One-Dimensional Lagrangian Drifter Exper- 
iment 

The depth of the nutricline, defined as the depth of 
the 10 mg N m -3 isopleth, deepened for both conditions 
with and without vertical advection (Figure 3). How- 
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Figure 3. Time evolution of the simulated vertical ni- 
trate distributions for conditions of (a) no vertical ad- 
vection and (b) vertical advective field obtained from a 
circulation simulation for the CTZ, with (c) observed ni- 
trate fields measured while following a drifter released 
during the 1988 CTZ field studies shown for compar- 
ison. Triangles at the top of Figure 3c indicate the 
times at which measurements were made. Values were 

obtained at intervening times by linear interpolation. 
Contour levels are 2.5 mg N m -a for all panels. Note 
scale change in the time axis between Figures 3a and 
3b, and 3c. 

Time [days] 

Figure 4. Time evolution of the simulated vertical 
chlorophyll distributions for conditions of (a) no vertical 
advection and (b) vertical advective field obtained from 
a circulation simulation for the CTZ, with (c) observed 
chlorophyll fields measured while following a drifter re- 
leased during the 1988 CTZ field studies shown for com- 
parison. Triangles at the top of Figure 4c indicate the 
times at which measurements were made. Values were 
obtained at intervening times by linear interpolation. 

Contour levels are 0.25 m_] chl a m -a, 0.25 mg chl a m -3 and 0.5 mg chl a m for FigUres 4a, 4b, and 4c, 
respectively. Note scale change in the time axis between 
Figures 4a and 4b, and Figure 4c. 

ever, the final depth for the no-vertical-velocity simu- 
lation (45 m) was shallower than that for the vertical 
advection simulation (67 m). The observed depth of the 
nutricline (Figure 3c) deepened from 34 to 70 m dur- 
ing the 6 days covered by the field study. This rate of 
decrease is much faster than that simulated. Overall, 
the pattern in the observed nitrate field is closer to that 
obtained for the vertical advection case than for the no 
advection case. 

The simulated chlorophyll fields obtained without 
(Figure 4a) and with (Figure 4b) vertical advection 
show the development of a subsurface chlorophyll max- 
imum that deepens over the 20-day simulation. The 
rate of deepening is greater for the advective case, 1.5 
m d-• versus 0.75 m d -•. A chlorophyll maximum was 
observed during the field study (Figure 4c) and deep- 

ened from about 15 to 45 m during the 6 days encom- 
passed by the observations. The vertical distributions 
and rate of deepening of the observed chlorophyll dis- 
tribution are similar to those obtained for the vertical 

advection case. 

The rapid deepening of the nutricline and chlorophyll 
maximum in the distributions of the GTZ field stud- 

ies has been attributed to downwelling vertical velocity 
rates of 20 to 30 m d -• [Kadko et al., 1991; Washburn 
et al., 1991]. The maximum vertical velocities obtained 
in the simulated Lagrangian drifter from the CTZ circu- 
lation simulations (Figure 2) are about 7 m d-1. Hence 
the simulated distributions will not deepen as rapidly as 
was observed. However, the overall patterns are similar, 
and the simulations with and without vertical advection 
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demonstrated the importance of this process in regulat- 
ing the vertical distribution of biological quantities. 

As a final comparison, the simulated reproductive 
effort for the three zooplankton species was obtained 
along the drifter track from the simulation that included 
vertical advection (Figure 5). The reproductive effort 
is defined as the amount of assimilated food remaining 
after growth, respiration, and molting that is available 
for use in reproduction. The simulated reproductive ef- 
forts for the copepod (Eucalanus californicus) and the 
euphausiid (Euphausia pacificus) are highest during the 
initial 6 to 7 days of the simulation, when the simulated 
drifter was in the nearshore region of the filament. In 
contrast, the doliolid (Dolioletta gegenbauri) showed the 
highest reproductive effort at the end of the simulation, 

lOO 
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• 100 •• 100 
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-- 
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lOO 
o 4 8 12 16 20 
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Figure 5. The 20-day time evolution of the simulated 
zooplankton reproductive effort (/•g N m -a d -1) with 
depth for the vertical velocity case: (a) euphausiids, 
(b) copepods, and (c) doliolids. High reproductive rates 
were observed early in the simulation for the euphausiid 
and copepod fractions, when the drifter was within the 
.region of filament formation. Conversely, the simulated 
reproductive rates for the doliolid fraction were highest 
at the end of the simulation, when the drifter was far- 

thest from shore. 1,Contour levels are 100/•g N m -a d -1, 10 F,g N m -• d- and 10/•g N m -a d -t, for Figures 
5a, 5b, and 5c, respectively. 

when the drifter was located offshore. These simulated 

results are in qualitative agreement with the observa- 
tions of zooplankton reproductive effort from the CTZ. 
Highest biomass and egg production rates for E. call- 
romic,us and E. pacificus were found in the nearshore 
region of the filament [Smith and Lane, 1991; Mackas 
e! al., 1991]. The highest biomass of D. gegenbauri was 
found in the offshore regions [Mackas et al., 1991]. Re- 
productive rates were not measured for this animal. 

3.2. Three-Dimensional Lagrangian Drifter Ex- 
periment 

3.2.1. Composite drifter trajectories and ve- 
locities. The drifter array was initially positioned up- 
stream of a filament that formed in the model region 
(Figure 1). This allowed drifters to be entrained in the 
filament as it developed and extended offshore. A de- 
tailed analysis of the general transport patterns and res- 
idence times derived from an analysis of these drifters 
is given by Holmann et al. [1991]. However, a brief 
description is given here as a basis for the biological 
distributions given in the following section. 

The general drifter patterns are shown in Plate 1. 
Most of the drifters released within 150 km of the coast 

were transported to the south with the southward flow 
of the California Current. Those drifters released far- 

ther offshore were transported offshore in the filament. 
Many of the drifters that were located along the south- 
ern side of the filament were returned to the coastal 

regions by the cyclonic flow that occurred there. Those 
drifters that reached the outer extent of the filament 

became entrained in either the cyclonic or anticyclonic 
eddies that formed at the offshore extent of this feature. 

The vertical velocities experienced by the drifters re- 
leased at 90 m (Plate lb) show that those drifters that 
were entrained in the filament were downwelled as they 
were transported offshore. Maximum downwelling ve- 
locities ranged from 47 to 55 m d -1. The minimum 
and maximum depths experienced by these drifters were 
15.8 and 207.7 m, respectively. Upwelling velocities 
were experienced by drifters on the southern side of the 
filament and by those transported southward along the 
coast. 

3.2.2. Biological distributions. The total phyto- 
plankton concentrations along the drifter trajectories 
(Plate 2a) showed highest concentrations, about 392.5 
mg C m -3, at the onshore end of the trajectories. As 
the drifters moved offshore in the filament, phytoplank- 
ton concentrations decreased. A similar decrease in con- 

centration with time occurred along the trajectories of 
drifters not entrained in the filament. 

The phytoplankton populations at the onshore base 
of the filament initially consisted of primarily large cells 
(Plate 2b). As the drifters moved offshore in the fil- 
ament, the relative abundance of the phytoplankton 
population shifted to dominance by the smaller size 
fraction. This change in dominance increased with in- 
creasing distance offshore. At the offshore extent of the 
filament, the phytoplankton populations to the south 
of the feature had a higher percentage of large phyto- 
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plankton cells than those to the north. This reflects 
the differing nutrient environments that are produced 
by cyclonic and anticyclonic circulations. The anticy- 
clonic circulation on the northern side of the filament is 

formed from nutrient-poor, low phytoplankton biomass 
water, while the cyclonic circulation on the southern 
side of the filament is formed from the nutrient-rich, 
high phytoplankton biomass water from the core of the 
filament. 

In general, zooplankton concentrations encountered 
along the drifter trajectories (Plate 2c) were similar to 
those obtained for the phytoplankton concentrations. 
Highest concentrations were inshore and decreased con- 
centrations were found along the filament and in off- 
shore waters. The zooplankton populations inshore of 
the filament were composed of about 40% (m 9.5 mg C 
m -3) euphausiids, 40% (m 9.5 mg C m -3) copepods, 
and 20% (..• 4.8 mg C m -3) doliolids. Within the fila- 
ment, copepods were more dominant, with about 43% 
(m 6.5 mg C m -3) copepods, 19% (m 2.9 mg C m -3) eu- 
phausiids, and 37% (m 5.5 mg C m -3 doliolids. Within 
the offshore portion of the filament, the copepods con- 
tinued to remain dominant, with about 55% (m 0.23 mg 
C m -3 copepods, aa% 0.4 mg c m-") euphausiids, 
and 11% (m 0.05 mg C m -3) doliolids. 

The vertical structure of the phytoplankton and zoo- 
plankton distributions in the upper 1000 m of the wa- 
ter column along the trajectory of a drifter that was 
transported offshore in the filament is shown in Figures 
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Figure 6. The depth-dependent fields of the (a) per- 
cent of large to total phytoplankton concentration, and 
the concentrations (mg N m -3 of (b) large and (c) 
small phytoplankton size fractions sampled above and 
below a Lagrangian drifter as it was advected offshore 
within the filament. The solid line located initially at 
90 m indicates the depth to which the drifter moved 
over time. This particular drifter was released at 90 m 
and allowed to vary in depth in response to the vertical 
velocities it experienced. Contour levels are 5%, 5 mg 
N m -3, and 0.5 mg N m -3 for Figures 6a, 6b, and 6c, 
respectively. 
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Figure 7. The depth-dependent fields of the (a) cope- 
pod, (b)doliolid, and (c)euphausiid concentrations (mg 
N m -3) sampled above and below a Lagrangian drifter 
as it was advected offshore within the filament. The 

solid line initially located at 90 m indicates the depth 
to which the drifter moved over time. This particu- 
lar drifter was released at 90 m and allowed to vary 
in depth in response to the vertical velocities it expe- 
rienced. Contour levels are 1 mg N m -3, 0.25 mg N 
m -3, and 0.25 mg N m -3, for Figures 7a, 7b, and 7c, 
respectively. 

6 and 7. Initially, the phytoplankton population was 
dominated by the fast growing, silicate-dependent, large 
phytoplankton assemblage (Figure 6a). However, graz- 
ing and nutrient depletion reduced the concentration of 
this size fraction over time and with increased distance 

offshore. At the offshore end of the trajectory at model 
day 160, the small phytoplankton fraction dominated at 
depth. The large cells still accounted for the majority 
of the phytoplankton biomass above 100 m, but overall, 
the large phytoplankton were less dominant than that 
observed in the coastal regions. The subsurface chloro- 
phyll maximum associated with the large phytoplank- 
ton size fraction deepened along the drifter trajectory. 
This may have contributed to the apparent decrease in 
chlorophyll biomass at the offshore extent of the drifter 
trajectory. 

The zooplankton distributions along the drifter tra- 
jectory showed increased copepod (Figure 7a) and eu- 
phausiid (Figure 7b) concentrations at the offshore end 
of the filament between 200 and 400 m. Doliolid (Fig- 
ure 7b) populations were confined primarily to the more 
onshore portions of the trajectory. 

4. Discussion and Conclusions 

4.1. One-Dimensional Lagrangian Drifter Exper- 
iment 

Moisan and Hofmann [this issue] used a vertical- and 
time-dependent bio-optical model to simulate the bio- 
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logical and physical processes which control the time 
development of the vertical distributions of the nutri- 
ent and plankton fields within the CTZ. The results 
from this study demonstrated that the development 
and maintenance of the subsurface chlorophyll maxi- 
mum was primarily controlled by phytoplankton in situ 
growth and that its depth covaried with the depth of the 
nutricline. In general, the chlorophyll maximum was ap- 
proximately 10 m nearshore and deepened to more than 
65 m farther offshore. Coastal water entrained within 

the offshore flowing portion of a filament will develop a 
deeper subsurface chlorophyll layer as it becomes incor- 
porated into the offshore water mass. 

Downwelling along the northern offshore-flowing side 
of the filament was observed to be as high as 20 to 40 
m d -• [Kadko ½! al., 1991; Dewey ½! al., 1991]. This 
rapid subduction of water has a considerable effect on 
the plankton dynamics. Results from the model simu- 
lations show that downwelling vertical velocities cause 
the nutricline and chlorophyll maximum to develop at 
greater depths (Figures 3 and 4). Washburn ½! al. [1991] 
suggested that the phytoplankton in the water column 
within the filament may have been downwelled over 
100 m as they were advected offshore while entrained 
within the filament. Also, Abbot! ½! al. [1990] favored 
the explanation that downwelling was partly responsi- 
ble for the optical and biological properties measured by 
a fixed-depth drifter as it was advected offshore while 
entrained within a filament. The presence of a defi- 
ciency in the concentration of 226Rn within the water 
column along the front of the filament, along with the 
presence of a chlorophyll layer well below the euphotic 
zone led Kadko el al. [1991] to estimate that the rate 
of downwelling along the offshore-flowing portion of the 
filament was approximately 25 m d-•. The downwelling 
of water in the model also caused the euphotic zone to 
deepen and the f ratio to decrease as the supply of new 
nutrients decreased. For upwelling simulations, the ef- 
fect was reversed. 

High reproductive efforts in the copepod E. califor- 
nicus have previously been observed off the California 
coast [Smith et al., 1986] and within the filament [Smith 
and Lane, 1991]. Copepod and euphausiid populations 
in the model simulations had higher reproductive effort 
in regions with high concentrations of the fast-growing, 
large phytoplankton. These regions coincided with re- 
gions where silicate concentrations were less limiting to 
these fast-growing, silicate-dependent phytoplankton. 

4.2. Three-Dimensional Lagrangian Drifter 
periment 

By using simulated Lagrangian drifters in conjunc- 
tion with a coupled physical-bio-optical model, the ef- 
fects of in situ processes can be separated from the 
advective effects of the circulation field. The numer- 

ical experiments show that the time development of 
the biological and chemical constituents while follow- 
ing a Lagrangian drifter can be quite variable. This is 
partly due to the initial conditions that the simulated 
Lagrangian drifters were given. The drifters released 
closer to shore were initialized with higher nutrient con- 

centrations, greater phytoplankton biomass dominated 
by the large, fast growing diatoms, and a large zoo- 
plankton population composed primarily of euphausi- 
ids, some copepods, and few doliolids. The drifters re- 
leased over the shelf break were initialized with lower 

nutrient concentrations, a lower phytoplankton biomass 
containing equal amounts of both phytoplankton frac- 
tions, and a smaller zooplankton population dominated 
by the doliolid population. Those drifters released far- 
thest offshore were initialized with low nutrient concen- 

trations, a low phytoplankton biomass composed pri- 
marily of the slow growing, small population, and a 
small zooplankton population composed primarily of 
doliolids and copepods. 

The initial positions of the simulated Lagrangian 
drifters were also important in determining what the 
Lagrangian drifters experienced. Hofmann el al. [1991] 
showed that the ultimate fate of the simulated La- 

grangian drifters depended upon how close the drifters 
were released to the formation region of the filament. 
Of the 880 simulated Lagrangian drifters released dur- 
ing the simulation, a total of 279 were entrained within 
the rapid offshore flowing portion of the filament and 
were advected offshore more than 400 km (Plate 1). In 
general, these drifters all experienced similar changes 
in the concentrations of the biological and chemical 
constituents in the water column. The fast-growing 
(neritic) phytoplankton population dominated the wa- 
ter column at the onshore portion of the simulated La- 
grangian drifter tracks. As the simulated Lagrangian 
drifters were advected offshore, both populations de- 
creased in magnitude (Plate 2a) due to the loss of nu- 
trients, grazing, and death. The slow growing (oceanic) 
small phytoplankton population became more domi- 
nant (Plate 2b). This progressive change in the phyto- 
plankton populations from fast growing and neritic to 
slow growing and oceanic was also partly observed in 
the CTZ while following an Lagrangian drifter as it was 
advected offshore within a filament [Abbott el al., 1990]. 

If we compare the composite trajectories of the simu- 
lated Lagrangian drifters (Plate 2) to the quasi-synoptic 
observations from the CTZ program, similar patterns 
emerge. Of the simulated Lagrangian drifters which 
were advected offshore, a rapid change in the cross- 
filament direction occurred in the nutrient, phytoplank- 
ton and zooplankton, fields. High nutrient and phyto- 
plankton concentrations occurred within the slow mov- 
ing core of the filament. Moving from the slow flowing 
core to the offshore flowing portion of the filament, a 
sharp transition occurs from high to low nutrient and 
phytoplankton concentrations. Highest concentrations 
of zooplankton were found in the core due'to the advec- 
tion of water containing high zooplankton concentra- 
tions from the shelf region. Offshore, the biomass and 
nutrient concentrations all decreased. Hood el al. [1990] 
and Chavez et al. [1991] both observed similar patterns 
in the nutrient and phytoplankton fields. Both nutri- 
ent and phytoplankton populations decreased from the 
slow flowing core of the filament to the offshore, with 
the sharpest gradient within the fast flowing portion of 
the filament. 
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Mackas e! al. [1991] presented results from a study 
which looked at zooplankton distributions within an 
offshore flowing filament. Zooplankton samples were 
obtained by sampling the water column while following 
a Lagrangian drifter which was released into the off- 
shore flowing region of the filament. The observed zoo- 
plankton distributions were banded parallel to the axis 
of the filament, with highest concentrations, primarily 
composed of Euphausia pacifica, occurring within the 
cold regions of the filament where offshore velocities 
were slowest. Eucalanus californicus, and euphausiid 
larvae dominated the water in the region where the 
filement showed highest offshore velocities. Mackas 
e! al. [1991] also observed a rapid change in the zoo- 
plankton assemblage across the filaments, with highest 
concentrations within the filament. As in our results, 
Mackas e! al. [1991] found that a core group of samples 
matched the trajectories of several drifters which were 
released upstream of the filament. In the offshore re- 
gions, the zooplankton assemblage was composed pri- 
marily of chaetognaths, heteropod larvae, Dolioletta 
gcgcnbauri, and a mixture of small copepods. 

Furthermore, Smith and Lane [1991] found highest 
rates of egg production for the copepod E. californicus 
in the filament to occur within the cold slow-flowing 
portion, where the high concentrations of phytoplank- 
ton biomass are observed. High rates of egg production 
was observed (not shown) onshore and within the slow 
flowing core of the filament for both the euphausiid and 
copepod populations. Since egg production is directly 
linked to food availability, this result is expected. This 
high secondary production within the slow-moving core 
of the filament may help to explain the high zooplank- 
ton biomass observed to exist approximately 200 km 
offshore in the southern region of the CTZ [Chelton e! 
al., 1982]. 

This study used simulated Lagrangian drifters to es- 
timate the in situ biological and chemical character of 
water parcels as they were entrained and advected off- 
shore within a filament. Such numerically derived cal- 
culations can be accomplished only with a realistic cir- 
culation field and initial conditions. Simulated drifters 

can be deployed into coupled physical-bio-optical mod- 
els to give estimates of the in situ processes which con- 
trol the time development of the ecosystem within the 
water parcels as they are advected along with the cir- 
culation field. 

With the increasing use of instrumented Lagrangian 
drifters equipped with physical, biological, and opti- 
cal sensing instruments to acquire data on the world 
ocean and the development of data assimilation tech- 
niques, simulated Lagrangian drifters should continue 
to be used with coupled physical-biological models as 
another tool to investigate the interactions between the 
circulation field and the ecosystem which interacts with 
it. 
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