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Abstract

The production and distribution of biological material in wind-driven coastal upwelling systems are of global

importance, yet they remain poorly understood. Production is frequently presumed to be proportional to upwelling rate,

yet high winds can lead to advective losses from continental shelves, where many species at higher trophic levels reside. An

idealized mixed-layer conveyor (MLC) model of biological production from constant upwelling winds demonstrated

previously that the amount of new production available to shelf species increased with upwelling at low winds, but declined

at high winds [Botsford, L.W., Lawrence, C.A., Dever, E.P., Hastings, A., Largier, J., 2003. Wind strength and biological

productivity in upwelling systems: an idealized study. Fisheries Oceanography 12, 245–259]. Here we analyze the response

of this model to time-varying winds for parameter values and observed winds from the Wind Events and Shelf Transport

(WEST) study region. We compare this response to the conventional view that the results of upwelling are proportional to

upwelled volume. Most new production per volume upwelled available to shelf species occurs following rapid increases in

shelf transit time due to decreases in wind (i.e. relaxations). However, on synoptic, event time-scales shelf production is

positively correlated with upwelling rate. This is primarily due to the effect of synchronous periods of low values in these

time series, paradoxically due to wind relaxations. On inter-annual time-scales, computing model production from wind

forcing from 20 previous years shows that these synchronous periods of low values have little effect on correlations

between upwelling and production. Comparison of model production from 20 years of wind data over a range of shelf

widths shows that upwelling rate will predict biological production well only in locations where cross-shelf transit times are

greater than the time required for phytoplankton or zooplankton production. For stronger mean winds (narrower shelves),

annual production falls below the peak of constant wind prediction [Botsford et al., 2003. Wind strength and biological

productivity in upwelling systems: an idealized study. Fisheries Oceanography 12, 245–259], then as winds increase further

(shelves become narrower) production does not decline as steeply as the constant wind prediction.

r 2006 Elsevier Ltd. All rights reserved.

Keywords: Upwelling; Primary productivity; Variable winds; Shelf production; Phytoplankton/zooplankton; Shelf fisheries
e front matter r 2006 Elsevier Ltd. All rights reserved.

r2.2006.07.011

ng author.

ss: lwbotsford@ucdavis.edu (L.W. Botsford).

www.elsevier.com/locate/dsr2
dx.doi.org/10.1016/j.dsr2.2006.07.011
mailto:lwbotsford@ucdavis.edu


ARTICLE IN PRESS
L.W. Botsford et al. / Deep-Sea Research II 53 (2006) 3116–3140 3117
1. Introduction

The importance of wind-driven coastal upwelling
systems to global primary productivity and fishery
production is well known. Upwelling areas on the
continental shelf within eastern boundary currents
contribute 20% of global fish production while
occupying less than 1% of the world oceans’ surface
area (Ryther, 1969; Cushing, 1971; Mann, 2000).
Production in upwelling areas varies from year-to-
year and between locations, causing associated
fisheries to vary, but the mechanisms underlying
this variability are not well understood. For a
variety of purposes, such as management of marine
ecosystems and projection of the rates of global
carbon fixation, it is important to understand the
causes underlying spatial and temporal variability,
and to establish indicators that allow for more
accurate prediction of coastal productivity. A major
goal of the present Wind Events and Shelf Trans-
port (WEST) study, an observational and modeling
study on the northern California coast, is to
improve our understanding of the effects of wind
variability on biological productivity over the shelf
regions in coastal upwelling systems.

One of the primary questions in the WEST
program regarding biological productivity has been
how the positive effects of winds from upwelling of
nutrient-rich water to the surface combine with the
negative effects of horizontal advection of nutrients
and biological production away from the area of
original upwelling (e.g., off shelf) so that the
potential production is not realized. In studies of
fishery productivity on continental shelves, higher
winds are commonly considered to lead to greater
upwelling, hence greater production, while the fact
that they can increase advective losses off the shelf is
seldom considered. The advective removal of
potential production represents a reduction of
production available to the higher trophic levels in
the shelf ecosystem. The shelf ecosystem is com-
monly of great biological and commercial impor-
tance. For example, in California it consists of a
number of species of commercial importance (e.g.,
crabs, shrimp, prawns, many species of rockfish,
several flatfish, and other fish) (Leet et al., 2001). In
addition, there are a number of breeding colonies of
seabirds on nearshore islands that feed on juveniles
of fish species from this shelf ecosystem. In
biological oceanographic studies of wind-driven
production, the effects of off-shelf advection due
to upwelling sometimes are included in models (e.g.,
Olivieri and Chavez, 2000), and there is a broad
appreciation for the positive effects of occasional
lulls in the wind (Send et al., 1987) on productivity
(Wilkerson et al., 2006; Dugdale et al., 2006).
Investigators typically focus on ‘‘optimal’’ patterns
of upwelling winds, i.e. a period of upwelling to
bring nutrient-rich waters to the surface, followed
by a period of wind relaxation for the nutrients to
be drawn down in the production of phytoplankton.
There remains a basic scientific need to understand
the consequences for production of all observed
wind intensities and temporal patterns, and a
practical need to describe how well they are
represented by their standard indicator, upwelling
rate.

The dominant indicator of productivity in upwel-
ling systems over the past 30 years has been an
estimate of volume upwelled computed from winds
derived from atmospheric pressure fields (Bakun,
1973). Bakun’s upwelling index has been empirically
linked to fishery productivity in a number of species
(Botsford and Wickham, 1975; Peterson, 1973;
Nickelson, 1986; Botsford and Lawrence, 2002),
but there have been few opportunities to assess its
relationship to primary productivity (Thomas et al.,
2003; Carr and Kearns, 2003; Ware and Thomson,
2005). This upwelling index is based on the premise
that higher winds lead to a greater volume of
nutrient-rich water upwelled, and that more nu-
trients will lead to higher production in proportion
to that volume. In addition to this positive effect of
winds and upwelling on nutrient supply, some
comparative studies of upwelling systems have
observed negative effects of strong winds on
turbulence and transport of early life stages of
fish and their prey off of continental shelves
(Parrish et al., 1983; Ware, 1992). Some empirical
characterizations of the dependence of biological
productivity on upwelling winds have resulted in
dome-shaped relationships (i.e. increasing then
decreasing) between production and wind. For
example, in the ‘‘optimal environmental window’’
of Cury and Roy (1989), the observed decline in
productivity at higher winds was presumed to be
due to increasing turbulence at higher winds (e.g., as
in Lasker, 1975), though loss due to export off the
shelf was also considered to be a possibility.

Previous modeling studies have also been used to
improve our understanding of the observed effects
of wind on productivity. Early modeling studies of
upwelling focused on explaining the spatial struc-
ture of observed nutrient and phytoplankton
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distributions (Walsh and Dugdale, 1971; Walsh,
1975). Wroblewski’s (1977) two-dimensional (depth
and distance offshore) model produced greater
primary production at lower winds due to sub-
ductive losses at an offshore front in the resulting
two-celled circulation. Using a similar slice config-
uration of a primitive equation circulation model,
Spitz et al. (2003) examined the spatial distributions
of plankton resulting from different ecosystem
models and several time series of winds. In a
companion paper, Newberger et al. (2003) ap-
proached the same issue by computing the temporal
evolution of the spatial distribution of productivity
across the shelf. Thus, while these modeling studies
analyzed various aspects of the physical/biological
processes involved in upwelling-driven productivity,
they did not describe the general dynamic depen-
dence of productivity on mean wind strength and
temporal variability. This was due in part to the
difficulty in applying analytical approaches to these
complex models and to the computational demands
of multiple model runs under various wind condi-
tions.

Another modeling approach used recently is to
formulate simpler, idealized models that focus on
specific dynamic aspects of the physical/biological
interactions underlying ecosystem responses to
winds. Idealizations such as leaving out one or
more spatial dimensions, or simplifying the physical
dynamics allow for more comprehensive analyses of
the specific dynamic mechanisms retained. There is
a greater opportunity to employ analytical ap-
proaches and make extensive numerical simulations
with less complex models. An example that focused
on the effect of wind variability on upwelling
productivity is the non-spatial (0-dimensional)
model of Carr (1998). To study the effects of
different time scales of winds on upwelling produc-
tivity, she used several versions of a Nutrient–
Phytoplankton–Zooplankton (NPZ) model (Molo-
ney and Field, 1991) with upwelling represented as
the addition of nutrient-rich water containing no
phytoplankton and zooplankton into the model.
Models of other, non-coastal types of upwelling
have represented its effects similarly (Hofmann and
Ambler, 1988; Peña, 1994). The effect of upwelling
in this formulation was to change the concentration
of nutrients, phytoplankton and zooplankton from
their current state to one more similar to newly
upwelled water (i.e. higher nutrients, lower phyto-
plankton, lower zooplankton). Olivieri and Chavez
(2000) approached the mechanism of offshore
advective losses by using a non-spatial NPZ model
with off-shelf advection of constituents equal to rate
of volume upwelled. A limitation of these examples
of simplified models is that they omit consideration
of spatial aspects of upwelling production.

In our previous study of the effects of constant
wind on productivity in coastal upwelling systems
we formulated another simplified, idealized model,
the mixed-layer conveyor (MLC) model, which
follows the conventional conceptual view of upwel-
ling as the transport of nutrient-rich water to the
surface, then transport offshore as production takes
place (Wilkerson and Dugdale, 1987; Mann, 2000;
Botsford et al., 2003). This model focuses on the
dynamics of the advective aspects of wind-driven
upwelling, cross-shelf transport and advective losses
from the shelf. Upwelling brings parcels of nutrient-
rich water to the surface where drawdown begins, as
an NPZ model describes development of phyto-
plankton, then zooplankton. Cumulative uptake of
nutrients by phytoplankton, and phytoplankton by
zooplankton, are computed up to the time that the
parcel leaves the shelf. High upwelling rates lead to
rapid transport across the shelf with the associated
losses of material and forgone production. Analysis
of this model for constant winds (Botsford et al.,
2003) showed, as expected, that NPZ models
corresponding to new production had a dome-
shaped response to wind speed, with production
increasing with upwelling volume up to the point
that losses off the shelf began to dominate at high
wind speeds. The value of shelf transit time at which
that occurred could be determined graphically as
the time corresponding to the point on a plot of
cumulative phytoplankton or zooplankton develop-
ment where a line through the origin was tangent.

Here we analyze the dynamic response of the
MLC model to variable winds. We are interested in
the effects of variability in winds on two different
ecologically important time scales: the synoptic or
event time scale and the annual time scale. We seek
to understand their effects on the amount of new
production available to shelf ecosystems. The model
includes phytoplankton and zooplankton that are
subject to passive offshore advection, but does not
explicitly include higher trophic levels such as fish
and invertebrates.

We frame this investigation as a comparison to
the conventional view that the effects of upwelling
are proportional to upwelled volume. This is a
convenient null case for comparison for several
reasons. First, if it were true, production would not
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depend on the time scale of upwelling winds, just on
the magnitude. Second, it is the most common
interpretation of the effects of upwelling winds, as
well as the most common basis for indices of
upwelling in investigation of effects on biological
production and fisheries (e.g., Bakun, 1973). We
address the question, when does the integrated
variability in volume upwelled accurately reflect
biological productivity over the shelf? This builds
on our previous study, which showed that for
constant winds, upwelled volume accurately repre-
sented production up to a certain wind speed,
beyond which production varied inversely with
wind speed. In our assessment of inter-annual
variability we also use this result as a null case for
comparison, asking whether variable winds result in
the same dependence on (seasonal means of)
productivity on upwelling rate.

2. Model

The MLC model represents biological productiv-
ity in terms of the conveyor belt representation
often used to illustrate coastal upwelling (e.g.,
Fig. 1. A schematic view of the conceptual mixed-layer conveyor mode

flow across a continental shelf.
Wilkerson and Dugdale, 1987; Mann, 2000; Bots-
ford et al., 2003) (Fig. 1). Parcels of water are
brought to the surface in response to wind, then
transported offshore, while the nutrients in each are
progressively converted to phytoplankton, then
zooplankton. The dynamics of conversion of
nutrients to phytoplankton, then to zooplankton,
are represented by an NPZ model consisting of
three nonlinear, coupled differential equations. We
model productivity in terms of nitrogen, which we
assume to be the limiting nutrient, e.g., Kudela and
Dugdale (2000). Rate parameters for the single
forms of phytoplankton and zooplankton are
similar to those in Botsford et al. (2003). Rate
parameters are chosen to represent rates of increase
observed in WEST studies (Wilkerson et al., 2006).
We do not include the shift-up effect (Zimmerman
et al., 1987) in the basic model, but assess the
influence of that effect in the discussion. The initial
concentrations of nutrients (i.e. nitrate), phyto-
plankton and zooplankton in upwelled water are
17.5mM, 2mU and 0.5mM, respectively, based on
observations from WEST (Wilkerson et al., 2006).
Values and units of all parameters for the NPZ
l portraying upwelling and shelf production as a two-dimensional
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model are given in Table 1. Cross-shelf transport is
calculated from the rate of cross-shelf Ekman
transport and the depth of the mixed layer. The
rates of shelf production for phytoplankton and
zooplankton are taken to be the product of the
velocity at which parcels are brought to the surface
and advected offshore and the cumulative uptake
per parcel up to the time that it leaves the shelf.
Rate of production at time t is represented by

BðtÞ ¼ vðtÞF ½TðtÞ�, (1)

where v(t) is the cross-shelf velocity, F[s] the
cumulative production after time s at the surface,
T(t) the shelf transit time for a particle upwelled at
time t.

The cross shelf velocity, v(t), in Ekman transport
is

vðtÞ ¼
dx

dt
¼

ME

Dcst
, (2a)

where ME is the Ekman mass transport and Dcst is
the depth of the layer being transported offshore,
here assumed to be the depth of the surface mixed-
layer depth (MLD). ME is related to alongshore
wind stress by

ME ¼
t
rf c

, (2b)

where r is the density of seawater, fc is the Coriolis
parameter and the magnitude of the wind stress, t, is

t ¼ raCDV 2, (2c)

where V is wind speed and ra is density of air.
Downwelling velocities are calculated, but down-
Table 1

Symbol descriptions, parameter values and units for the NPZ model

Symbol Symbol description

I Irradiance

Ks Half-saturation for P uptake of N

N Nutrient state variable

P Phytoplankton state variable

Rm Maximum ingestion rate of P�Z

Vm Maximum uptake rate of N�P

Z Zooplankton state variable

g Natural mortality rate of Z

kP Light extinction rate of P

kW Light extinction rate of seawater

m Natural mortality rate of P

L Grazing efficiency of Z on P

g Assimilated fraction of P ingested by Z

Z Regeneration rate of D–N

Parameter values are those of Franks and Walstad (1997).
welled volume is not subtracted when computing
total upwelled volume. The wind-speed-dependent
drag coefficient CD was calculated as suggested by
Trenbreth et al. (1990),

103CD ¼

0:49þ 0:065V for V410m s�1;

1:14 for 3ms�1pVp10m s�1;

0:62þ 1:5V�1 for Vo3m s�1:

8><
>:

(2d)

Wind data for the model were taken from NDBC
Buoy 46013 (hereafter referred to as buoy 13). Buoy
13 is located 28 km offshore of Bodega Bay, CA at
38.201N, 123.301W over the shelf at 125m water
depth. To represent wind forcing over the appro-
priate inertial time scale, the hourly data were low-
pass filtered using PL64 which has a half-power
point of 38 h (Beardsley et al., 1985).

The surface MLD is calculated from the regres-
sion relationship developed by Lentz (1992) for the
Coastal Ocean Dynamics Experiment (CODE)
study region, centered about 60 km north of the
WEST study region:

MLDt ¼ 6:2þ 0:7ðhprtÞt�8. (3a)

MLDt is determined from hprt, lagged by 8 h. This
time lag and the 38-h filter applied to the wind data
are assumed to provide a reasonable degree of offset
between the surface wind forcing, the evolution of
the surface mixed layer and of the development of
offshore Ekman transport. The parameter hprt
developed by Pollard et al. (1973), is based on
wind-generated shear at the base of the surface
mixed layer and gives the wind-dependent scale of
Value Units

— mEm�2 s�1

1.0 mMN

— mMN

— mMN

0.5 day�1

1.0 day�1

— mMN

0.2 day�1

0.016 (mMP)�1m�1

0.06 m�1

0.1 day�1

0.2 (mMN)�1

0.7 Proportion

0.2 day�1
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the depth of the surface mixed layer. The values of
the coefficient A, the density of seawater, r, and the
buoyancy frequency, NI, are assumed to be con-
stant.

hprt ¼ A

ffiffiffiffiffiffiffiffiffiffiffiffiffi
jtj

rf cNI

s
. (3b)

The expressions for cumulative production, F,
(Eq. (1)) differ for phytoplankton and zooplankton.
They are based on a simple ecosystem model for
nutrients, N, phytoplankton, P, and zooplankton,
Z:

dN

dt
¼ �

VmN

K s þN
f ðIÞP, (4a)

dP

dt
¼

VmN

K s þN
f ðIÞP�mP� Rmð1� e�LPÞZ (4b)

and

dZ

dt
¼ gRmð1� e�LPÞZ � gZ, (4c)

where the definition of variables is in Table 1. This
model represents new production. It is the model
developed by Franks and Walstad (1997) with the
feedback paths from zooplankton and phytoplank-
ton to nutrients removed. This was done to remove
the inherent instability in the close coupling of
regenerated production when a parabolic mortality
rate, time delays or diffusion are not included
(Edwards et al., 2000; Newberger et al., 2003;
Botsford et al., 2003). The model was parameterized
to produce the magnitudes and time scales of
productivity observed during WEST (Wilkerson et
al., 2006).

The functions represented by F in Eq. (1) are the
cumulative uptake of nutrients by phytoplankton,
FP, and the cumulative consumption of phytoplank-
ton by zooplankton, FZ. These are:

FPðTÞ ¼

Z T

0

VmN

K s þN
f ðIÞPdt (5a)

and

FZðTÞ ¼

Z T

0

gRmð1� eLPÞZ dt, (5b)

where the integrands are the first terms in Eqs. (4b)
and (4c), respectively, in the ecosystem models in
Eq. (3). FP(T) is the total gross phytoplankton
production in a parcel when it reaches the shelf
edge, ignoring losses due to mortality and zoo-
plankton consumption. FZ(T) is the total gross
zooplankton production in a parcel when it reaches
the shelf edge, ignoring zooplankton mortality.
Both of these depend on the initial nutrient
concentration and light level. The influence of light
extinction by seawater and phytoplankton (Bannis-
ter, 1974)

Iz ¼ I0e
�ðkwþkPPÞz (6a)

is averaged over the assumed MLD. As such, the
mixed layer average light, including self-shading by
the phytoplankton, is computed from surface light
intensity (I0)

I ¼
1

MLD

Z MLD

0

I0e
�ðkwþkPPÞ, (6b)

which is

Ī ¼
I0

MLDðkw þ kPPÞ
1� e�ðkwþkPPÞMLD
� �

, (6c)

and the light level influences phytoplankton growth
according to

f ðĪÞ ¼ 1� e�0:006Ī . (6d)

We assumed a MLD of 17m for the NPZ model
in spite of the t-dependent MLD used to calculate
of cross-shelf velocity (described above). This was
an extension of our previous work (Botsford et al.,
2003) in which a constant MLD of 17m was used
for both. A MLD of 17m is typical for the WEST
study region during upwelling favorable wind
conditions (Lentz, 1992; Dever et al., 2006). We
tested the sensitivity of our results to the assumption
of a constant MLD for the NPZ model by
simulating a more computationally intensive model.
The results (described below) indicate little differ-
ence between the assumed model and the more
realistic version. The value of T in Eq. (1) is the time
increment required for a particle upwelled at time t

to cross a shelf of width W. It is given implicitly byZ tþT

t

vðtÞdt ¼W . (7)

3. Example of time series

Plots of time series of the elements of Eq. (3)
versus time for 2001 illustrate the nonlinear
mechanisms involved in the production of phyto-
plankton and zooplankton in the context of
this model (Fig. 2). The cross-shelf velocity
(Fig. 2A) reflects rather high upwelling during



ARTICLE IN PRESS

Fig. 2. MLC model example using NDBC Buoy 13 winds for 2001 and a shelf width of 35 km. (A) Cross-shelf velocity at each time

(negative values represent the offshore direction), (B) the time required for a parcel upwelled at time t to transit the shelf, (C) fraction of

maximum possible production of phytoplankton (green) and zooplankton (red) that would be produced in a parcel if it were upwelled at

time t, by the time it reached the edge of the shelf, (D) volume upwelled at each time t (UWindex, blue), and the resulting amount of

phytoplankton (Pindex, green) and zooplankton (Zindex, red) produced. Pindex and Zindex are the product of the fraction of maximum

production (Fig. 1C) and UWindex. The units of UWindex are 102 km.

L.W. Botsford et al. / Deep-Sea Research II 53 (2006) 3116–31403122
May, punctuated by occasional reversals. That is
followed in early June by a period of moderate
upwelling with no relaxations through June 25, after
which relaxations occur occasionally.

A salient feature of the plot of parcel-specific shelf
transit times (Fig. 2B) is the jumps to high values
followed by gradual declines. A substantial part of
the production of both phytoplankton and zoo-
plankton per upwelled parcel occurred in these
parcels with long transit times (Fig. 2C and D). To
understand why these occur, we expanded the time
scale in Fig. 3A. The definition of T (Eq. (7)) as the
time taken for integrated velocity to move the
particle a distance W corresponds to examining the
integral of velocity to determine how long it takes to
increase by 35 km at each point (i.e. to move across
the shelf (Fig. 3B). In this plot, for each time, one
moves vertically a distance equal to the shelf width
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Fig. 3. Illustration of the mechanism underlying the jumps in shelf transit time in Fig. 1 from 6/19 to 7/1: (A) cross-shelf transit time (from

Fig. 1A with expanded time scale), (B) the cumulative distance moved by an upwelled particle over this time period shown so that the time

required to travel a distance equal to the shelf width by a particle upwelled at each time can be identified (e.g., the horizontal dashed lines

corresponding to parcels upwelled at times 1 and 2), and (C) the resulting values of shelf transit time. Between times 1 and 2, the length of

the horizontal dashed line in (B) (i.e., the shelf transit time) jumps from about 3 days to about 7 days, and that is plotted in (C).

L.W. Botsford et al. / Deep-Sea Research II 53 (2006) 3116–3140 3123
above the line in Fig. 3B, then measures the
horizontal distance to the right to determine the
time required to move that distance. When a brief
reversal occurs, as it did on about June 27, there is a
dip in the integral of velocity (Fig. 3B). That causes
the time required to travel a distance equal to the
shelf width to jump across that dip, causing a
positive jump in the transit time (Fig. 3C). Follow-
ing this mechanism we can see that the rapid
increases in shelf transit time (Fig. 2B) for parcels
upwelled on May 5, 17, June 23, July 2 and 19 were
caused by relaxations (Fig. 2A) on May 11–12,
21–23, June 26–28, July 8–10 and 24–25, respec-
tively.

Production per parcel of both phytoplankton and
zooplankton is determined by the shelf transit time
of the particle (Fig. 2B) and the time course of
cumulative production (Fig. 4). The time courses of



ARTICLE IN PRESS

Fig. 4. The maximum potential new production, (i.e. model’s cumulative increase in phytoplankton and zooplankton) in a parcel of

upwelled water as it travels across the shelf is shown along with distributions of cross-shelf transport time computed from Eqs. (2) and (7)

and NDBC Buoy 13 winds over the past 20 years and the local WEST shelf width of 35 km.

L.W. Botsford et al. / Deep-Sea Research II 53 (2006) 3116–31403124
phytoplankton and zooplankton production per
parcel illustrate that it requires 5 days for phyto-
plankton to reach maximal new production rates
and 9.6 days for zooplankton to completely con-
sume the phytoplankton. (We define these times in
terms of the break point between increasing and
decreasing dependence on constant wind, i.e. the
point at which a line through the origin in Fig. 3 is
tangent to the cumulative production (Botsford
et al., 2003).) From Fig. 2C, one sees that the time
course of conversion of nutrients to phytoplankton
and phytoplankton to zooplankton approaches
completion only in parcels beginning at and just
following the jumps in transit time. Conversion of
phytoplankton to zooplankton reaches completion
for fewer particles, consistent with the longer time
required.

The ultimate resulting new production is the
product of upwelling per parcel and upwelling rate
(Fig. 2D). The central question of whether upwelled
volume adequately predicts new production is
essentially whether the green (phytoplankton) or
red (zooplankton) closely resemble the blue line
in Fig. 2D (i.e. how important is the variability in
Fig. 2C?). We address that question below for
the synoptic time scale shown here, as well as the
inter-annual time scale, which would involve
averages over the upwelling seasons (several
months).

It is informative to relate the plots in Fig. 2 to the
observations from the cruise in 2001 and the
instruments on the moorings. The broad-scale
cruises following the upwelling period ending on
May 19 indicate a cool, saline upwelling tongue
from the Pt. Arena upwelling area in the northern
part of the WEST area, and nitrate decreasing from
north to south along what can be viewed as the
transport path of the MLC model (Fig. 8 in
Wilkerson et al., 2006). The time series of samples
indicates a decline in nitrate from May 19th through
May 24th as chlorophyll increases from just
detectable levels to a maximum on May 25th
(Fig. 10B and C in Wilkerson et al., 2006). This
event can also be seen in Fig. 2, in the time series of
shelf transit time (Fig. 2B), production per parcel
(Fig. 2C) and actual production (production per
parcel times upwelling rate, Fig. 2D), all indexed by
the time at which a parcel is upwelled. Note that the
relaxation from May 21 to 25 leads to a reduction in
cross-shelf velocity (Fig. 2A), which increases the
transport time of parcels upwelled from about May
18 to 24 (Fig. 2B). That would lead to high
phytoplankton production in any parcel upwelled
over that same period (Fig. 2C). However, there is
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substantial upwelling only over the time period
from May 16 to 20, hence those parcels are the only
ones that realize that high phytoplankton produc-
tion (Fig. 2D). The production in those parcels is
observed in the time series samples taken at the D2
mooring from May 19 to 25 (Fig. 10 in Wilkerson et
al., 2006), and also observed in the moored
instruments (Fig. 1 in Kaplan and Largier, 2006).
Note that for the dates shown, the pulse of
productivity on May 19–25 was one of the
dominant pulses in 2001, but was preceded by the
pulse from parcels upwelled on May 10 (seen in Fig.
1 of Kaplan and Largier, 2006).

4. Analysis and results

We are primarily interested in how characteristics
of the wind, such as the mean, the variance of the
wind speed and the associated time scales of
variability; affect biological productivity. For this
analysis, we do not examine the effects of the hourly
scale time lags between wind speed and water
velocity, rather we assume that our approach to
calculation of MLD and Ekman transport minimizes
their effects on our results. This is reasonable given
that observed MLD cross-shelf transports lag wind
forcing by 7h or less (Dever et al., 2006). We are
interested in variability in productivity on both
synoptic (or upwelling event) and annual time scales.
This variability will depend on the relative values of
various time scales, which we define here: Tcs is the
mean cross-shelf transit time, TP is the time to
maximum cumulative phytoplankton in a parcel
(defined as the point on Fig. 4 where a line through
the origin is tangent to the curve; Botsford et al.,
2003), TZ is the time to maximum cumulative
zooplankton in a parcel (defined the same way),
and tw is the dominant time scale of variability in the
wind. We analyze several different cases that illustrate
the dependence of productivity on upwelling rate.

4.1. Production per parcel, F(T), held constant

From Eq. (1), if F[T(t)] is constant, shelf
productivity, B(t), will trivially be represented by
cross-shelf velocity, which in this model is propor-
tional to volume rate of upwelling.

4.1.1. Complete realization of potential new

production

Solutions to Eq. (3) indicate that after a particle is
upwelled to the surface, conversion of nutrients to
phytoplankton and conversion of phytoplankton to
zooplankton proceed to a constant level, the
maximum potential primary and secondary new
production (Fig. 4). The most obvious way that F

can be constant is if the mean transport time is long
enough for complete realization of potential new
production, and the standard deviation of transport
time is relatively low. If the transport times for all
parcels are long enough that cumulative production
is always on the flat part of the curves in Fig. 4 (i.e.,
Tcs4TP, Tcs4TZ), productivity will vary with
velocity only (Eq. (1)). In this case, the conventional
upwelling index (i.e. volume upwelled) will faithfully
represent the variability in productivity.

For the parameter values appropriate for the
WEST study site, distributions of shelf transit times
from our model (Fig. 4) only occasionally allowed for
complete realization of maximum potential primary
new production, and rarely allowed for complete
realization of potential secondary new production (5
and 9.6 days, respectively). Furthermore, box plots of
variability from NDBC Buoy 13 winds within specific
years (Fig. 5) indicated that this held true for most
years. Thus, the upwelling index may not represent
the variability in shelf productivity at the WEST
location, though it would at other locations with
wider shelves and lower wind speeds.

4.1.2. Incomplete realization of potential new

production: short and long time scales

For situations with stronger upwelling winds and
narrower shelves such that this condition (i.e., T

long enough for cumulative shelf production to be
on the flat part of the curves in Fig. 4) does not
hold, it appears from Eq. (1) that F can still be
constant (and productivity will be proportional to
upwelling index) if the shelf transit time, T, is
constant. To understand how T varies, we differ-
entiate Eq. (7) to obtain,

dT

dt
¼

vðtÞ

vðtþ TÞ
� 1. (8)

Thus, changes in transit time, T, are determined by
values of velocity separated by a time interval equal
to the current value of T.

From this we can draw conclusions for several
cases. First, if the time scale of the winds is such that
the time scales of variability in cross-shelf velocities
are much greater than the mean transit time
(tvbTcs), then v(t)/v(t+T) will always be near 1.0,
and from Eq. (8), T will vary little. We also can
conclude that if the time-scales of variability in the
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Fig. 5. Box plots of the distributions of shelf transit times computed from NDBC Buoy13 over the 20 years shown in Fig. 3.
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cross-shelf velocities are very small with respect to
the mean shelf transit time (tv5Tcs), T should again
be relatively constant. If time scales of variability in
v(t) are small, v(t) and 1/v(t+T) will be independent,
and the expected value of dT/dt will be

E
vðtÞ

vðtþ TÞ

� �
� 1 ¼ E½vðtÞ�E

1

vðtÞ

� �
� 1. (9)

For high mean velocities, and relatively low
variability, these means will be approximately the
inverse of each other and dT/dt will be zero.
However, if variability in cross shelf velocity is
relatively large with respect to the mean velocity,
this will not be true. One such case of particular
importance here is when variability in velocity can
approach zero. From Eq. (8), it is obvious that large
changes in cross-shelf transit time would occur if
cross-shelf velocities passed through zero. Since
relaxation of upwelling winds to near zero is a
common occurrence at this location and others, this
consideration is important.

For NDBC Buoy 13 winds and the parameter
values appropriate for our WEST study area, these
conditions of very high and very low time scales of
variability with respect to Tcs occur only occasion-
ally; the time scales of the cross-shelf velocity
through an upwelling season are typically about
the same as the mean transit time.
Autocorrelations of winds from Buoy 13 over the
past 20 years indicate time scales vary between 3
and 10 days (Fig. 6), values not very different from
the mean transit times in Fig. 5. On the other hand,
as noted below, there is one period in 2001 in which
there are no relaxations, and the cross-shelf velocity
varies on a much shorter time scale than the cross-
shelf transit time.

4.2. Production per parcel, F(T), not constant

To examine the remaining cases in which F(T) is
not necessarily constant, we use time series cor-
relation as an indicator of similarity between
the volume upwelled and biological productivity
as represented by the model presented here.
Relationships between biological variables and
upwelling are commonly established on the basis
of correlations computed between time series of
the conventional upwelling index and time series
of biological variables. We assess covariability
on two time scales commonly of interest to
biologists, the synoptic or event time scale, and
the annual time scale.

4.2.1. Effect of common terms

In comparing volume upwelled, which is propor-
tional to cross shelf velocity, v(t), to biological
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Fig. 6. Autocorrelations of NDBC13 winds in the months of May–July over the years shown in Fig. 4.
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production, which is the product of cross shelf
velocity and cumulative production (i.e., v(t)F[T(t)]),
we essentially are computing the correlation be-
tween a random series and the product of that
random series and another random series, the two
of which may or may not be correlated. It is clear
that the correlation would be moderately high even
if the two series v and F were independent. More-
over, it is also clear that if v goes to zero frequently
the correlation should increase. To gain some sense
of what to expect from this situation, we examined
the correlation between two random series x(t) and
x(t)y(t), where x(t) and y(t) are composed of
independent Gaussian random variables filtered to
have the same time scales as cross-shelf velocities, as
we varied the fraction of time that x(t) spends at
zero (Fig. 7). Note that as the fraction of time spent
at zero by x(t) (and therefore x(t)y(t)) increases
from 0 to 30%, the correlation increases from a
value near 0.6 to greater than 0.9.

Correlations between upwelling and biological
production are often assessed on a seasonal or
annual time scale. To determine how the computed
correlations can be expected to differ at that scale,
we computed correlations between the same syn-
thetic data from two series x(t) and x(t)y(t) except
that in this instance, we summed each series over a
2-month period before computing the correlations.
The results (Fig. 7) indicate a weaker correlation
between 0.5 and 0.7, even with a substantial fraction
of zeroes in x(t). The question of whether there is a
correlation between upwelling rate and production
then depends on whether the inverse relationship
between v(t) and F[T(t)] will outweigh this moderate
positive correlation due to synchronous periods of
low values in the two series.

4.3. Expectations from actual wind data

4.3.1. Event time scale

We assessed the similarity between volume
upwelled and model biological productivity by
computing the correlation between hourly values
of volume upwelled and phytoplankton and zoo-
plankton production in the parcel of water up-
welled. We chose hourly values to avoid the noise
that would be introduced by converting these data
to daily averages. We computed the correlations
over a running 10-day time periods from April 30 to
July 19 in 2001. The 10-day period was chosen to be
long enough to produce a reasonable estimate of
correlation, while at the same time being short
enough to show variability in correlation over
different time periods.

The resulting correlations indicate high covaria-
bility up to the 10-day period ending on June 13,
where they drop to low values, then immediately
begin a return to high values (Fig. 8). This behavior
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Fig. 7. Correlation between two random time series x(t) and x(t)y(t), where both x(t) and y(t) are independent white hourly series of

Gaussian random variables filtered to have roughly the same frequency content as cross-shelf transit times, as the fraction of time spent at

zero by x(t) is varied by reducing the mean of the series and setting negative values to zero. The top line (dashed) represents daily

correlations, while the bottom line (solid) is for correlations of sums of each series over 90 days, to represent inter-annual covariability in

upwelling seasons.
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is due to two different mechanisms. In the period
from May 2 to June 2 there are frequent excursions
of volume upwelled to zero (i.e. relaxations), while
during the period from June 3 to 26 there are no
zeros, then from June 27 frequent zeros resume to
July 19. The fraction of time spent at zero or less by
cross-shelf velocity v(t) in the time period from May
2 to June 3 is 0.21. High correlations during this
period with frequent zeros are due to the synchro-
nous periods of low values in the velocity and the
production time series as indicated by Fig. 7. High
correlations during the period without zeros are due
to the mechanism described earlier (Section 4.1.2) in
which variability in velocity at fast time scales
(relative to cross-shelf velocity, Tcs) leads to
relatively constant T, hence constant F. Note
in Fig. 2B that cross-shelf transit time, hence F

(Fig. 2C) is relatively constant over the time period
June 7–23, even though velocity is fluctuating
rapidly (Fig. 2A).

A unique feature of these correlations is the low
correlation at June 16. This is caused by the shift
between the two mechanisms. The correlation for
the period ending near June 10 includes the period
of low values in the first few days of June, but after
June 12 the effect of those few days declines. The
correlation begins to increase again as the end of the
period approaches June 17, as the correlation begins
to include the period of constant F and the
consequent high correlation.

4.3.2. Annual time scale

To compare the inter-annual variability in pro-
duction of phytoplankton and zooplankton that
would be projected by this model, to the conven-
tional volume-based index, we computed the
production from May 1 to June 15 for 20 years
preceding 2004, then the cross correlation between
the volume-based index for that same 45 days and
both phytoplankton and zooplankton production
(Fig. 9A). To determine the relative amount of
inter-annual variability in production that would be
expected if advective losses were considered, we
also compared the coefficients of variation of each
(Fig. 9B). These results were obtained for winds
from the NDBC Buoy 13. Data for 1993 were not
included because the period of interest in 1993 had
an anomalously long 24-day relaxation starting on
May 10. This year would have had a dispropor-
tionate effect on the inter-annual statistical calcula-
tions so it was treated as an outlier. To obtain
results of more general applicability, we plotted
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Fig. 8. Running correlation over the previous 10 days, between volume upwelled at time t (UWindex, blue line) and production of

phytoplankton (Pindex, green line) and zooplankton (Zindex, redline) from that volume. Correlations are shown as the thick green line

and the thick red line for phytoplankton and zooplankton, respectively. Units are the same as in Fig. 1D.

Fig. 9. The correlation between annual values of upwelled volume and annual new production of phytoplankton and consequent

zooplankton production (A) and the coefficient of variation of annual new production of phytoplankton and zooplankton normalized by

the coefficient of variation of upwelled volume (B). Values were generated from NDBC13 winds and the MLC model described here. Both

are plotted against shelf width for generality; the local WEST shelf width is 35 km.

L.W. Botsford et al. / Deep-Sea Research II 53 (2006) 3116–3140 3129
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both of these over a range of shelf widths possible in
upwelling regions (specific to latitudes 38.21N or S
because of the Coriolis parameter in Eq. (3b)).

Biological production would be highly correlated
with upwelling only for shelf widths of 50 km and
greater for phytoplankton, and approximately
100 km and greater for zooplankton (Fig. 9A). For
narrower widths, correlations decrease and become
negative reaching values near �0.5. The amount of
variability in annual shelf production due to wind-
induced coastal upwelling also would vary with
shelf width (as well as latitude and mean winds). As
shelf width narrows, the coefficient of variation
(CV) of phytoplankton production declines from
being the same as the CV of upwelling to 40–60
percent over the range plotted (Fig. 9B). The CV of
zooplankton production also declines from being
the same as the CV of upwelling as the shelf width
declines from high values (not shown), and then
increases beginning at a shelf width of about 60 km.
However, from Fig. 9A, the increase occurs over
Fig. 10. Annual new production of phytoplankton and zooplankton pl

different shelf widths (x’s). Also plotted are the production from the M

2003) and the annual values of production that would have resulted fro

through the ‘‘lifetime’’ of the upwelled parcel (circles). Units are the sa
values for which the correlation with upwelling is
negative.

These differences can be understood by examin-
ing them in the context of the dome-shaped
response that one would expect from the constant
wind case (Botsford et al., 2003) (Fig. 10). In the
case with constant wind, as wind speed increases
from zero, production increases, up to a point
beyond which advective losses off the shelf cause
production to decrease. The shelf transit time
corresponding to that critical wind speed, i.e. the
transit time below which production decreases, is
the point on the cumulative production curves in
Fig. 4, at which a line through the origin is tangent
with the cumulative production curve (Botsford et
al., 2003). From Fig. 4, these transport times are 5
and 9.6 days for phytoplankton and zooplankton,
respectively. These values correspond to upwelling
indices of 4.0 and 1.7, for a shelf width of 35 km,
leading to the dome-shaped responses (solid line) in
Fig. 10A and D, respectively.
otted versus upwelled volume for the 20 years in Fig. 4, for three

LC model with constant winds (lines, similar to Botsford et al.,

m the same distribution of wind speeds, but with constant winds

me as in Fig. 1D.
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The values of annual phytoplankton production
are the same as those for the constant wind case for
a shelf width of 140 km, indicating that this width is
adequate for complete realization of potential new
production (Fig. 10C). As the shelf width becomes
narrower (Fig. 10B and A), annual phytoplankton
production falls below the values produced under
constant winds. Annual zooplankton production
for a shelf width of 140 km (Fig. 10F) falls to the left
of the peak for the constant wind case and just
below the constant wind values. For narrower
shelves, values are below the peak (Fig. 10E) and
to the right of the peak and greater than the
constant wind values (Fig. 10D).

The differences between the responses to constant
and variable winds can be understood using
Jensen’s inequality as a heuristic guide (for another
biological example, see Chesson, 1985). According
to Jensen’s inequality, if the response (productivity)
to the input (winds) is either concave up or down
(fixed sign of the second derivative of the function)
over the range of non-time-varying inputs, then the
result of increasing variability while holding the
mean constant would be to increase or decrease
(respectively) the mean of the response. This occurs
because points resulting from varying the indepen-
dent variable about a point on a curved line will
take on values either above or below the tangent at
the mean value.

We can explain the differences between values of
annual production from constant wind and actual
variable winds by considering the distribution of
winds, therefore transit times, within years and the
consequent cumulative production (Fig. 4), For
a wide shelf and short time scale of productivity
(Fig. 10C), shelf transit times are always greater
than 5 days so that production per parcel is constant
(Fig. 4); hence production is proportional to
upwelling velocity. As the shelf becomes narrower
(Fig. 10B), some transit times within years will be
less than 5 days, and production per parcel will be
less than the maximum value. Values of upwelling
index corresponding to the transit times will range
from zero to values above the seasonal means or
upwelling index at which each point in Fig. 10B is
plotted; hence values of production for those points
will be less than the value for constant winds, even
though the mean value of upwelling index is in the
range of increasing production for constant winds.
This means that the points in Fig. 10B can lie below
the line corresponding to constant winds, but
cannot lie above the increasing part of that line.
As shelf width becomes shorter still (Fig. 10A), more
transit times will be less than 5 days. However,
because the values of transit times in any specific year
include values corresponding to values of upwelling
index to the left of their mean, the points on Fig. 10A
can lie above the descending part of the curve from
constant winds. The trend of increasingly shorter
times for production relative to the time required for
maximal production, with constant winds can be
followed by turning to Fig. 10E, where the cloud of
points is roughly at the same point relative to the
peak. The cloud of points continues to the right in
Fig. 10D, but variability in production increases, in
part because of an increasing slope reflected in the
constant wind line, but also because of the decreasing
time over which randomly varying velocity is summed
to reach the edge of the shelf.

4.4. Sensitivity to assumptions

To examine the sensitivity of our results to the
rate parameter for phytoplankton production (Vm),
we computed time series of production per parcel
for values of times required for complete uptake
(TP) ranging from 2 to 10 days (Fig. 11). As the time
required for complete uptake decreased, the produc-
tion per particle increased. Over most of this range,
temporal patterns were quite similar to each other,
with each result being a multiple of the others.
However, as the rates approached values of 2 days,
the amount of time for which phytoplankton
production per upwelled parcel was a maximum
dominated the time series, and they were not similar
to the others. For the values of rate parameters
corresponding to 4 days and greater, it appears that
the results obtained here regarding the temporal
correlation between upwelling rate and production
would hold, based on the similarity in temporal
pattern. For shorter uptake times, as the fraction of
parcels for which uptake is complete increased to
1.0, the dependence of production on upwelling rate
at inter-annual time scales (Fig. 10) would tend to
follow the ascending part of the relationship for
constant winds, even for a 35 km shelf.

To examine the sensitivity of our results to the use
of a simplified surface-mixed layer representation in
the MLC, particularly the use of a constant MLD of
17m for the biological model and a t-dependent
MLD for the physical model, we simulated a fully
t-dependent MLD in which light was explicitly
calculated over 30 layers of 1m depth rather than
being averaged. The results of this model are shown
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Fig. 11. Sensitivity of results to rate of conversion from nutrients to phytoplankton. Production per parcel for phytoplankton (A) and

zooplankton (B) (i.e. comparable to the green and red lines in Fig. 1C).

Fig. 12. Sensitivity of model results to relaxation of assumptions about the surface mixed layer. Computation of phytoplankton and

zooplankton production under different assumptions regarding the mixed layer depth (A) and their consequences in a comparison to the

levels possible with full conversion of nutrients (B). Units of 10B are the same as Fig. 1D.
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in Fig. 12 for example year 2001. The alternative
approach produced less complete conversion of
nutrients to new biological production than our
original approach (Fig. 12A); however, this has a
minor effect on the volume-weighted production as
shown by comparing Figs. 12B–2D. As such, the
simplifications we used throughout the analysis
represent an upper bound on new biological
production. However, the differences are typically
so small that they lie within the thickness of the
curves in Fig. 11B, giving us confidence that our
original assumption did not affect our general
results nor their interpretation.

5. Discussion

The dynamics of this simple, idealized MLC
model provide a quantitative means for assessing
the characteristics of variable wind forcing that
motivated the WEST project. This model contains
both of the countervailing consequences of winds,
(1) upwelling of nutrients, and (2) transport of their
biological products away from the local area,
allowing us to address long-standing questions
regarding how they combine to lead to new
production. It provides potential answers to ques-
tions such as what is the optimal pattern of strong
and weak (or reversed) upwelling winds, and what is
the impact of upwelling relaxations on primary
productivity? Moreover, it extends our intuition and
ability to quantify beyond the concepts of the ideal
periods of optimal strong and weak pulses, to the
consequences of all forms of variability in upwelling
winds. It does this by making explicit assumptions
about the spatial characteristics of the process.

The key assumption of this model is spatial
limitation of the advective physical/biological pro-
cess, a necessary element of such a model. Without
this spatial limitation there would be fewer ques-
tions regarding the effect on production of the
temporal pattern in variable upwelling winds.
Periods of relaxation would have no special value
since there would be no time limit on conversion of
nutrients to phytoplankton and higher trophic levels
as surface waters were transported downstream.
The highest wind possible would be optimal, and
production would be correlated with upwelling rate.

In the two-dimensional MLC model considered
here and elsewhere (e.g., Mann, 2000), the mechan-
ism for advective loss is the cross-shelf Ekman
transport. Biological products transported across
the shelf break by the Ekman transport are lost to
further trophic development (Botsford et al., 2003).
However, the cross-shelf Ekman transport also
accelerates an equatorward along-shelf transport.

A detailed examination of possible along-shelf
advective loss mechanisms is beyond the scope of
this study. However, we can gain some insight as to
the relative magnitude of cross-shelf and along-shelf
transport by considering a simple two-dimensional
model of coastal upwelling. This model was devel-
oped by Janowitz and Pietrafesa (1980) and applied
with some success by Dever (1997) to the northern
California shelf about 60 km north of the WEST
region. The model is consistent with the MLC in
that there is a wind-forced offshore Ekman trans-
port confined to a distinct surface boundary layer.

In this model, the magnitude of the steady state
along-shelf velocity relative to the offshore velocity
(Eq. (2a)) depends on the bottom friction. For
reasonable values of bottom friction, the steady
state value along-shelf velocity is about 6 times the
offshore velocity (assuming a MLD of 17m). Hence
during the same time a water parcel travels 35 km to
the shelf break, it would travel 210 km in the along-
shelf direction if the steady state velocity were
achieved. If capes or other large changes in
bathymetry exist within this distance (as in the
WEST region), then clearly along-shelf advection is
a major source of advective loss from the shelf.

The steady state is an upper bound on the
magnitude on the along-shelf velocity generated by
this model. The time to reach steady state is a
function of both the bottom friction and the total
water depth. As bottom friction increases, the time to
reach steady state decreases. Conversely, as depth
increases, the time to reach steady state increases. At
typical mid-shelf depths (100m), the time scale is
about 4 days. For wind forcing events shorter than
this time, the along-shelf velocity will not be 6 times
the cross-shelf velocity, but something closer to twice
the cross-shelf velocity (again assuming a MLD of
17m). This is significantly slower than the steady state
along-shelf velocity, and it is interesting to note that
similar time scales likely exist for the cross-shelf
transit time and the time required for downstream
advection to a cape (Pt. Reyes) in the WEST region.

The observations support both cross-shelf and
along-shelf advection as likely mechanisms for
advective losses from the region. Significant along-
shelf transport is observed during WEST where the
dominant surface flows are north to south, at an
oblique angle to the coastline. HF radar measure-
ments indicate only some surface parcels flow off
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the shelfbreak in this region, with the remainder
transported to the south (Kaplan and Largier,
2006). Production could be lost to local higher
trophic levels downstream at capes where along-
shelf transport can leave the coast in upwelling
filaments (e.g., Strub et al., 1991; referred to in Ware
and Thomson, 2005) or where along-shelf upwelling
jets are subducted beneath less dense coastal waters
(Collins et al., 2003). Thus downstream along-shelf
transport constitutes an important alternative ad-
vective loss mechanism.

Our model results presented depend on accurate
representation of the effects of wind on the MLD.
WEST observations indicate calculation of the
MLD from Eq. (3) is adequate for our purposes.
Dever et al. (2006), estimate surface boundary layer
depths for the WEST region and calculate Ekman
transport (relative to the interior flow). They find
surface MLDs ranging from 0 (during wind relaxa-
tion events) to 40m or more (during strong
upwelling events). The MLD used here is qualita-
tively consistent with their results. Dever et al.
(2006) also calculate observed surface boundary
layer transports and find that the observed offshore
surface boundary layer transport is well correlated
with, and similar in magnitude to, the Ekman
transport estimated from wind stress. This finding is
well supported by historical results and is common
to several coastal upwelling regions (Lentz, 1992).

Our understanding of the effects of time-varying
winds on shelf production can be summarized as the
combination of two effects: (1) the inverse effect of
losses with high winds and (2) the effect of
synchronous periods of low values in the time series
of upwelling rate and production. These combine
and sometimes work at cross-purposes for different
levels of average wind and different time scales of
interest.

The inverse effect of losses with high winds can be
seen in the dome-shaped relationship that resulted
for new production only in our earlier investigation
of the effects of constant winds (i.e. the lines in
Fig. 10). The shape of that relationship is deter-
mined by the spatial limitation, which in conjunc-
tion with wind speed, sets the dominant physical
time scale, here referred to as the cross-shelf transit
time (Tcs). The dominant physical time scale in
comparison with the dominant biological time
scales, the time to complete nutrient uptake by
phytoplankton (TP), and the time to maximal
zooplanton population development (TZ) determine
the dynamic behavior of production in response to
winds. When the dominant biological time scale
exceeds the dominant physical time scale, increasing
wind strength shifts from having a positive effect to
a negative effect in a way that is transparent for
constant winds.

The effect of synchronous periods of low values in
the wind and the production series (due to wind
relaxations) arises when temporal variability in the
wind is introduced. It has two important character-
istics: (1) it has a positive effect on the correlation
between upwelling rate and production, in spite of
the fact that relaxation (low wind) represents an
inverse effect on production (high production), and
(2) it depends on the time scale of observation, being
stronger at the synoptic (event) scale, but still
having an effect at the inter-annual scale. The latter
characteristic occurs because inter-annual variabil-
ity involves averaging upwelling rate and produc-
tion over a season, thus reducing the presence of the
shorter time scale.

In addition to these major effects, we also saw
that when temporal variability is added, wind
variability on time scales (tw) either much shorter
than or much longer than the dominant physical
time scale, Tcs can lead to a positive correlation
between upwelling rate and production (Section
4.1.2).

The scientific implications of these results depend
on the time scale of interest to investigators. On
synoptic (event) time scales, prediction of produc-
tion from winds would be of interest to investigators
of event scale effects of productivity on filter-feeding
invertebrates in the inter-tidal zone. Their investiga-
tions address issues such as the trophic organization
of intertidal communities (Menge, 2000) and the
geographic variability in abundance and growth
rate that could determine species distribution and
abundance. They compare growth to synoptic scale
variability in upwelling (e.g., Sanford and Menge,
2001) and compare community interactions among
areas of the California Current that are differen-
tiated on the basis of the time scales of variability in
their upwelling winds (Menge et al., 2004). Our
results on synoptic time scales are also relevant to
feeding and growth of nearshore rockfish, whose
feeding behavior is influenced synoptic scale varia-
bility in upwelling (Hobson and Chess, 1988).

Strictly speaking our MLC model would not
apply shoreward of the depths over which surface
Ekman transport divergence (i.e. upwelling) oc-
curred. For the spatially uniform wind forcing
consistent with our model, Ekman transport
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divergence occurs in depths shallow enough such
that there is a direct transfer of the turbulent
momentum flux from the surface to the bottom
boundary layer. The spatial extent of this region,
often called the inner shelf, depends strongly on the
interior stratification. The exact spatial extent of the
inner shelf is not well known. When stratification
exists, the inner shelf can be as shallow as 15–30m
depth (e.g., Lentz, 2001; Kirincich et al., 2005). For
the WEST observations, available evidence (Dever
et al., 2006) indicates that the 40-m mooring is
usually outside the inner shelf for spring 2001. That
is, the inner shelf boundary is somewhere between
40m and the coast, a distance of 1.5 km.

In spite of the fact that the inter-tidal areas are
shoreward of these depths, the clear examples of
observed effects of synoptic scale variability on
inter- and sub-tidal ecology mentioned above
indicates the variation in productivity described in
our model does affect these areas. Also, since the
area of interest for intertidal studies is the near
shore, one would expect mechanisms involving
losses due to advection out of the area of interest
to be particularly relevant. Our results indicate that,
in spite of a negative relationship between produc-
tivity per parcel upwelled and wind stress, there is
likely to be a strong correlation between volume
upwelled and productivity. The basis of that
correlation is the presence of synchronous periods
of low values in volume upwelled and productivity
(volume upwelled times productivity per unit
volume).

Taken at face value, this suggests that the
standard upwelling index remains a useful indicator
of productivity, and it can continue to be used to
detect the presence and absence of such a relation-
ship. However, this result also indicates that there
could be a negative effect of wind on productivity
present, yet it would be occluded by the positive
effect of the synchronous periods of low values in
wind and production. This latter consideration
suggests that attempting to detect both effects
through use of a model such as the MLC would
lead to a more comprehensive description with
greater fidelity and usefulness. For example, finding
a positive correlation between upwelling and
production could lead to the conclusion that there
was not an inverse effect of strong winds on
productivity, even when it was present.

Turning to the annual time scale where wind
effects are commonly summed or averaged over the
upwelling period of several months, then compared
with annual productivity, the effect of the synchro-
nous periods of low values on signal detection is
reduced. For example, the correlation between x(t)
and x(t)y(t), where x(t) and y(t) were independent,
was near 0.9 for the synoptic time scale, but for the
annual time scale dropped to near 0.5 (Fig. 7). In
spite of the fact that the effect of synchronous
periods of low values on the correlation between
upwelling rate and production is real, in attempting
to detect the relationship between upwelling winds
and production that one would see with constant
winds, it introduces a bias in correlation in the
direction of a positive relationship. This effect is
evident, for example, in the lack of symmetry in
Fig. 9A. For broad shelves, when the productivity
has a positive dependence on upwelled volume
(Fig. 10C), a correlation of 1.0 is possible, however,
for narrow shelves, where productivity has a negative
dependence on upwelled volume (Fig. 10D), the
maximum (negative) correlation is �0.5 (Fig. 9A).
Thus, results at the annual scale also suggest a model
that includes both the positive and negative aspects
of the production process be used to investigate the
mechanism(s) by which upwelling and production
are related. Another possible alternative, that we
adjust for the positive bias that appears to be 0.5
both for artificially generated series (Fig. 7) and for
real wind series (Fig. 9A), would be risky since the
magnitude of the bias depends on the details of the
distribution of wind strengths and the length of the
period over which winds are summed or averages.
Longer periods would lead to less bias, but it would
be difficult to predict the bias on the basis of a single
realization of the process.

The use of an MLC model in detection and
prediction of the effects of wind variability on
biological production apparently would improve
those efforts, yet would not place a great additional
burden on them. As seen in Eq. (1) it requires only
adding an expression of the potential productivity
per parcel. The upwelling velocity can be taken from
existing calculations of the upwelling index or
computed directly from buoy winds, as was done
here. Calculation of potential productivity per
parcel for new phytoplankton production would
not require the full biological model used here, but
rather only a means for constructing a cumulative
phytoplankton production curve such as that in
Fig. 4. The most important aspect of that curve is
that it have the correct time scale. Based on
observations in a number of areas that time scale
is in the range of 3–7 days (Dugdale et al., 2006).
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The next step, choosing a spatial scale, is somewhat
speculative, as it requires settling on a physical
mechanism. The goal would be to characterize the
dominant, upwelling-driven flow in the region of
interest by choice of the spatial dimension of the
model. Because of the uncertainty in the appro-
priate physical spatial scale and the biological
temporal scale, another possibility is to include a
general dome-shaped relationship, and fit it to the
statistical characteristics of the data by appropriate
choice of parameter values.

The lack of a linear increase in production with
upwelling velocity as described here may be in part
responsible for the lack of consistent relationships
between annual upwelling indices and production at
higher trophic levels. In the California Current,
correlations between Bakun’s upwelling index and
biological indicators are sometimes found (Botsford
and Wickham, 1975; Nickelson, 1986; Botsford and
Lawrence, 2002), but just as often are not found.
Notably, Nickelson’s (1986) correlation between
upwelling index and coho salmon became negative
and statistically insignificant after the decadal scale
shift in ocean conditions in the mid-1970s (Pearcy,
1997). Interpretation of the role of upwelling in
detected biological responses is clouded by the fact
that the upwelling index (which is computed from
atmospheric pressure observations) is highly corre-
lated with other hydrographic indicators that vary
with biological production in the CCS (i.e. sea level
and temperature) (Botsford and Lawrence, 2002).
There is also a long-standing question as to whether
wind-induced coastal upwelling is the source of
nutrients in this system (Reid, 1962). Alongshore
advection from the north was proposed as an
alternative based on a lack of correlation between
zooplankton and upwelling (Chelton et al., 1982).
However, Collins et al. (2003) recently reported
direct observations of wind-driven upwelling as the
source. Other mechanisms, at least on longer,
decadal time scales include the depth of the mixed
layer (McGowan et al., 2003). Our results here (i.e.
Fig. 10D and E) indicate that even if wind-induced
coastal upwelling were driving biological produc-
tion, there could still be very little annual variability
in new production, and that the consequent
zooplankton production could be poorly or nega-
tively correlated.

Several observations are consistent with the
predicted consequences of the MLC mechanism. A
dome-shaped relationship between upwelling winds
and meroplankton settlement was described in our
earlier analysis of the response of the MLC to
constant winds (Botsford et al., 2003). Another local
example is the comparison of growth rates of
juvenile salmon between years of strong and weak
upwelling. Growth rates of Chinook salmon in the
Gulf of the Farallones in 1998 and 1999 unexpect-
edly showed little difference in growth (Botsford,
2002; MacFarlane et al., 2002).

From a global, more spatial perspective, the
range of cross-shelf velocities and shelf widths in the
four major coastal upwelling regions (Carr and
Kearns, 2003) indicate the mechanism studied here
could affect expectations regarding productivity.
From satellite-derived chlorophyll estimates, Tho-
mas et al. (2003) found that the latitudes of
maximum chlorophyll a were generally the latitudes
of greatest upwelling. From their examination of a
number of hydrographic variables, Carr and Kearns
(2003) found that spatial and temporal variability
was due to the effect of large-scale circulation on
source waters, sometimes in conjunction with local
wind forcing. Analyses such as these could benefit
by considering the potential for advective losses off
continental shelves, using calculations such as the
MLC model. Indications that the timescales of
phytoplankton development are similar between
systems (see Wilkerson et al., 2006; Dugdale et al.,
2006) imply that the differences between systems
may depend on differences in shelf widths, mean
winds, the time scale of wind variability and the
frequency of relaxations.

The potential global implications of the results
obtained here can be understood in terms of the
relationships between time scales by defining a
characteristic velocity for a location as the ratio of
the shelf width (W) to the time scale of biological
production (TP or TZ), then plotting production
from constant winds and variable winds with
velocity normalized by that characteristic velocity
(Fig. 13). This essentially allows all of the plots in
Fig. 10 to be approximated in a single plot. For
weak wind and a low relative velocity, the ascending
limb of the dome-shaped relationship is followed
closely, but as we depart from those conditions,
production from variable winds is initially less than
that predicted from constant winds, then at some
point crosses the descending limb of the constant
wind relationship and remains greater than the
constant wind relationship, declining more gradu-
ally. A critical aspect of this general view is that the
locations of the ellipsoids representing variability
depend critically on the fact that as we increase the
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Fig. 13. A schematic view of how productivity varies with a

generalized velocity, normalized by dividing by a characteristic

velocity associated with the location. The characteristic velocity,

v*, is the shelf width divided by the time scale of biological

production.
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average normalized velocity, the distribution of
winds still contains zeroes (i.e. relaxations).

The MLC model runs presented here compares
closely to observations, both in terms of biological
and physical processes and the consequences for the
dependence of productivity on wind speed and
pattern. The biological parameters were chosen to
represent typical patterns of new production both in
WEST and in other upwelling systems. The time to
complete nutrient uptake by phytoplankton in the
MLC is about 5 days (Fig. 4), which compares
favorably with the duration of 6 days Fig. 11C in
Wilkerson et al. (2006) and is within the generally
regarded range of 3–7 days (Wilkerson et al., 2006).
Sensitivity runs varying drawdown time (Fig. 11)
indicate that the results obtained here regarding
correlation with upwelling volume on various time
scales should hold for all but the fastest times (2
days). The dominant flows in WEST as seen in the
HF radar and other data, involve upwelling and
transport of water offshore and out of the local area
with a spatial scale near 35 km. The time scales of
transport off the shelf and out of the local area
range from 2 to 6 days, and vary with the wind
(Figs. 15 and 16 in Kaplan and Largier, 2006).
Additional, more direct comparisons are planned.

Other models and observations show losses off
the shelf. A non-spatial version of the model of
Fasham et al. (1990) parameterized for upwelling
near Monterey, 200 km to the south of the WEST
site, produced the result that slightly greater than
half of the primary production was exported, and
that result compared favorably with field values
(Olivieri and Chavez, 2000). From Fig. 10A for the
35-km shelf, projecting the linear part of the
phytoplankton production curve to higher upwel-
ling values so that the offshore losses are ignored
shows that the values of production we obtain here
are just greater than half of the projected linear
values at the mean upwelling value. From hydro-
graphic observations near Monterey Bay in central
California, Collins et al. (2003) identified subduc-
tion beneath the coastal jet as a potential mechan-
ism for offshore loss at that location.

We have used an idealized model here raising the
question of the effects of factors not directly
accounted for. We explicitly evaluated the effects
of leaving the wind-driven variability in the MLD
out of the production calculation. It affects the scale
of the production, but not the temporal pattern,
which is the focus here. A similar comment can be
made regarding sinking; to a first approximation,
the influence of sinking on rates of new production
are not likely to change with the time scale of
forcing. We have not specifically addressed the
consequences of the shift-up phenomenon (Zimmer-
man et al., 1987), but it is represented to some
degree our examination of the range of development
rates. Another important effect not accounted for in
our model is the tendency of diel vertical migration
of some zooplankton to lead to their greater
retention on than shelf than the passive particles
depicted here (Batchelder et al., 2002). Lastly, the
MLC model is not well suited for easy incorpora-
tion of the recent WEST results involving upwelling
due to wind stress curl (Dorman et al., 2005), but to
the degree that the curl is correlated with the
magnitude of wind stress (Dorman et al., 2005), the
results here would apply.

More complex models could be formulated to
include these effects, but that would be at the
expense of run times and ease of analysis. Three-
dimensional circulation models for the WEST
location have been developed (Gan and Allen,
2002a, b; Kuebel Cervantes and Allen, 2005), and
the latter includes Lagrangian tracers, a capability
that would be useful in the context of the topic here.
A two-dimensional ‘‘slice’’ model (Spitz et al., 2003)
and a model that advects NPZ models along a
characteristic line (Newberger et al., 2003) have
been used to assess the cross-shelf spatial distribu-
tion of biological material. An approach that
compared the mechanisms and effects described
here among models of varying complexity is a
reasonable way to pursue further investigation of
the consequences identified in this simple, idealized
model. Such an approach could also explore some
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of the mechanisms not accounted for here, such as
diel vertical migration of zooplankton.

6. Conclusions

Adding temporal variability in winds to an MLC
model that appears to reflect the relationship
between observations of chlorophyll, wind, and
surface transport in the WEST program has
revealed that high winds can have an inverse effect
on new production. The common practice of
computing correlations between time series of
upwelled volume and biological variables is at-
tempting to detect a biologically meaningful effect
of upwelling, but the resulting covariability is due to
two mechanisms, (1) the effect of wind on produc-
tion, and (2) the effect of synchronous periods of
low values. The former can tend to produce more
negative correlations, and the latter more positive
correlations. The effects of time-varying winds and
upwelling on biological production are in this sense
very different from conclusions we might reach
viewing the process as merely a noisy version of
constant upwelling. Accounting for the possibility
of an inverse relationship using a model similar to
the MLC may be useful in increasing our under-
standing of variability in new production on both
synoptic (event) and inter-annual time scales.
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