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Abstract. Remotely sensed sea surface temperature (SST) and a model originally 
developed for Cap Blanc, northwest Africa [Dugdale et al., 1989], are used to estimate new 
production (i.e., nitrate uptake, in the sense of Dugdale and Goering [1967]) for the 
persistent coastal upwelling feature at Point Conception, California. Parameters required 
to initialize the model and remotely sensed SST (from advanced very high resolution 
radiometer images) were available for spring 1983, from data collected as part of the 
Organization of Persistent Upwelling Structures (OPUS) study. Some examples of the 
spatial extent of new production are illustrated using false color images, and temporal 
variability is shown by the time series of depth- and area-integrated nitrate uptake 
obtained from eight images. The model results are compared with shipboard data for 
three different upwelling conditions that occurred during OPUS-83, along with the model 
results and data published for Cap Blanc. These two regions, Point Conception and Cap 
Blanc, represent two ends of a spectrum of coastal upwelling performance, with low new 
production at Point Conception and less effective conversion of available nitrate into 
particulate nitrogen biomass in contrast to the high levels of new production at Cap Blanc. 
The daily new production at the Point Conception upwelling center is about 10% of the 
Cap Blanc new production, both estimated from the remote-sensing model and satellite- 
derived SSTs. The model is shown to work well for both extremes and should therefore be 

suitable for intermediate situations. The long-term objective is to produce a model which 
can be used for coastal upwelling systems globally to provide a estimate of new production 
from remotely sensed data in these important areas and to assist in understanding the role 
of these coastal systems in the air-sea exchange of biogeochemical elements. 

1. Introduction 

The major reservoir of nitrogen in the ocean is nitrate in 
subthermocline water which is incorporated into phytoplank- 
ton through primary production processes when advected into 
the upper euphotic zone. The fraction of primary production 
resulting from this or other new nitrogen sources rather from 

and Goering, 1967]. New production is a key component in the 
global oceanic nitrogen and carbon budgets since nitrogen 
must be incorporated for carbon fixation (photosynthesis) to 
occur, and the input of nitrate largely determines the maxi- 
mum export of nitrogen and carbon from the phytoplankton 
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due to downward particle flux [Eppley and Peterson, 1979] or 
into biomass yield [Dugdale and Goering, 1967]. Rates of new 
production are also important to the global CO2 cycle since 
they set the rate at which CO2 upwelled with nitrate is taken up 
and incorporated into biological particles. 

Coastal regions are sites of relatively intense new production 
compared to open ocean systems. [Dugdale and Wilkerson, 
i989] and are considered by some to be of equal importance to 
the open sea in global new production processes and the flux of 
biogenic elements to the deep ocean [Jahnke et al., 1990; 
Walsh, 1991]. Although many more measurements of new pro- 
duction with the lSN technique have been made in nearshore 
regions compared to open ocean systems, the annual new pro- 
duction of coastal systems remains poorly known, in part a 
result of the high spatial and temporal variability characteristic 
of such areas, particularly eastern boundary current upwelling 
regions [Wooster and Reid, 1963]. 

Eastern boundary coasts typically exhibit a series of up- 
welling plumes, e.g., along the coast of South Africa [Taunton- 
Clark, 1985] and the coast of South America [Guillen and 
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Figure 1. Map of the OPUS-83 study site showing G-1 (the station nearest the upwelling center) and drifter 
S77 deployed at G-1 during period 1. 

Calienes, 1981] and along the California coast where offshore 
filaments and jets also occur [Brink and Cowles, 1991; Abbott 
and Barksdale, 1991]. Production cycles in these coastal sys- 
tems have temporal scales that are related to the frequency of 
local winds as well as to remotely forced seasonal changes in 
the depth of the thermocline. As a result, coastal systems are 
strongly undersampled due to practical limitations of re- 
sources, especially ship time. Correction of the undersampling 
problem in coastal upwelling systems is only feasible using 
remote sensing [e.g., Platt and Sathyendranath, 1988; Platt et al., 
1989], in conjunction with data from moored instruments and 
shipboard observations. Models for evaluation of new produc- 
tion from remotely sensed ocean color data are underway in a 
number of laboratories [e.g., Pribble et al., 1994; Campbell and 
Aarup, 1992]. Remotely sensed temperatures from the ad- 
vanced very high resolution radiometer (AVHRR) sensor can 
be used to construct the surface nitrate field [Motin et al., 1993] 
and to determine productivity as proposed by Traganza et al. 
[1983] for the upwelling plume off Point Sur, California. Dug- 
dale et al. [1989] and Sathyendranath et al. [1991] have used 
AVHRR-SST in conjunction with coastal zone color scanner 
(CZCS) data to estimate new production at Cap Blanc, north- 
west Africa, and Georges Bank, respectively. 

Our present study uses the Dugdale et al. [1989] remote- 
sensing model to estimate new production for the upwelling 
center at Point Conception, California. It differs from the pre- 
vious application in that the input parameters were obtained 
during the same time period as the satellite images and a series 
of AVHRR images were used to get a range of values over 
different upwelling and nonupwelling conditions, whereas a 
single image was used in the previous case study and shipboard 
data from a different year were used to initialize the model. 
For the Point Conception study we use the temperature-only 
mode (no CZCS) of the model primarily as a result of unre- 
solved problems in identifying the case 2 waters in which chlo- 
rophyll concentrations are overestimated, especially in the 
nearshore regions. In these case 2 waters, inorganic particles or 

dissolved organic matter originating from land sources are 
more important then phytoplankton pigment in determining 
the total absorption of incident radiation. Also, in this study we 
use model and shipboard data combined to obtain a best esti- 
mate of new production over the area of the upwelling plume. 
New production for Point Conception is estimated for each of 
eight images available over a period of 34 days. The area- 
integrated new production is then further integrated over the 
time encompassed by the satellite data to provide a total area 
and approximately monthlong total plume new production. 

2. Study Site: Point Conception, California 
The upwelling center at Point Conception has the general 

appearance and characteristics of other eastern boundary up- 
welling centers (15øS, Peru [MacIsaac et al., 1985]; Punta San 
Hipolito, Baja California [Walsh et al., 1974]; the Benguela 
upwelling in South Africa [e.g., Shillington et al., 1990; Probyn, 
1992]), with cold, nutrient-rich, low-chlorophyll water being 
upwelled close to the coast and moving offshore as a surface 
plume with increasing chlorophyll concentration and temper- 
ature and decreasing nutrient concentrations [Jones et al., 
1988]. The upwelling plume has its origin between Points Ar- 
guello and Conception [Jones et al., 1983] as the shoreline turns 
abruptly from a north-south orientation to east-west, becoming 
the north shore of the Santa Barbara Channel (Figure 1). 
Details of physical processes in the Point Conception up- 
welling center have been described by Barth and Brink [1987], 
Brink et al. [1984], Davis and Regier [1984], and Brink and 
Muench [1986]. This upwelling system was intensively investi- 
gated during the OPUS-83 field study from April 4 to May 11, 
1983 [Atkinson et al., 1986], with ships, moorings, instrumented 
aircraft, and satellite AVHRR imagery (images obtained, Ta- 
ble 1). Atkinson et al. [1986] identified three upwelling events 
and two downwelling events from the wind stress data obtained 
during OPUS-83, which were then organized into three periods 
(Table 1) by Dugdale and Wilkerson [1989], characterized by 
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Table 1. Upwelling State and Plume Appearance at Point Conception During the 
Acquisition Period of AVHRR Images Used in This Study 

Julian Day 
1983 Date Period Upwelling State Image Features 

104 April 14 1 moderate upwelling classical cold water plume 
107 April 17 2 early relaxation shrinking plume 
114 April 24 2 relaxed plume absent 
115 April 25 2 early weak upwelling cool water advected away 
121 May 1 2 major downwelling plume absent 
126 May 6 3 major upwelling developing plume 
129 May 9 3 major upwelling plume and eddy to north 
138 May 18 3 major upwelling large plumes at Point Conception 

and to the north 

moderate upwelling, relaxation/downwelling, and strong up- 
welling, respectively. During the first period (April 2-16 1983, 
Table 1), there was an upwelling event on April 2-4, just 
before shipboard data were collected, and a second upwelling 
event from April 12 to 14. Then followed a calm period (period 
2, April 17 to May 1) with relaxation and two downwelling 
events (April 17-20, April 27-30) and, finally, during period 3 
(May 2-19, 1983), a prolonged upwelling event from May 2 to 
18 with sustained strong upwelling favorable winds. 

The shipboard observations of the spatial and temporal dis- 
tributions of nutrient and biological variables during OPUS-83 
were described by Dugdale and Wilkerson [1989]. Besides time 
series stations at the upwelling center and mapping transect 
data, the biological observations included Lagrangian style 
studies following near-surface (1-m depth) drifters placed at 
the upwelling center, location G-1 (Figure 1). Large shipboard 
enclosures (380-1 Nalgene barrels) were filled with surface wa- 
ter at G-1 as the drifters were launched, and biological activity 
in the enclosures was compared with that occurring in the 
vicinity of the drifters [Wilkerson and Dugdale, 1987]. During 
upwelling events, both along drifters and within the barrels, 
phytoplankton activity increased with elapsed time from the 
upwelling center, whereas when drifters were deployed during 
downwelling, phytoplankton processes along the drifter track 
and in barrels filled with the same water showed decreasing 
activity with time as the low levels of initially available nutri- 
ents were depleted [Wilkerson and Dugdale, 1987]. 

3. New Production Model 

These changes in phytoplankton processes were also ob- 
served at the upwelling center at 15øS, Peru, and form the basis 
of a physiological model [Dugdale et al., 1990] and the core of 
the remote-sensing model [Dugdale et al., 1989] for new pro- 
duction in coastal upwelling areas. The increase and decrease 
in specific nitrate uptake (VNO3) activity with time can be 
described with a bell-shaped curve extending for 8-10 days 
[Dugdale e! al., 1990]. High specific nitrate uptake rates and 
accumulated biomass occur at the peak followed by a steep 
decline in VNO 3 and loss of biomass, as upwelled nutrients 
become depleted. The rate of increase of VNO3 with time, like 
observations made in higher plants and bacteria (reviewed by 
Dugdale and Wilkerson [1992]), has been confirmed in simu- 
lated upwelling experiments in the laboratory with the diatom 
Skeletonema costaturn, using molecular methods [Smith et al., 
1992], and been described by others in other upwelling studies 
[e.g., Dortch and Postel, 1989; Probyn, 1992; Yang, 1992; Kudela 
and Dugdale, 1996; Gabtic et al., 1993, 1996; Vezina, 1994]. 

Observations of increasing VNO3 in shipboard enclosure ex- 
periments were used to develop a quantitative model of phy- 
toplankton response to upwelling by Zimmerman et al. [1987a], 
who showed an acceleration term for nitrate uptake to be 
necessary to reproduce the upwelling productivity at Point 
Conception successfully and to be a function of initial NO 3 
concentration. The acceleration model was further developed 
to predict productivity changes along a simulated drifter track 
from the site of upwelling by incorporating deceleration as the 
nutrients were used up and depleted [Dugdale et al., 1990]. This 
model of phytoplankton physiological adaptation was intro- 
duced into a remote-sensing model to predict NO 3 uptake 
(new production) in a case study using a single satellite image 
from the upwelling region of Cap Blanc, northwest Africa 
[Dugdale et al., 1989]. It is used here to estimate new produc- 
tion at Point Conception, California, from AVHRR-derived 
SSTs. 

The output (Figure 2) of the remote-sensing model (de- 
scribed by Dugdale et al. [1989]) is an estimate of the biomass- 
specific nitrate uptake rate FNO3 for each pixel which is then 
multiplied by an estimate of the particulate nitrogen biomass 
PON to obtain the absolute nitrate uptake rate: 

pNO3 = I/NO3 X PON (1) 

Absolute NO 3 uptake rate oNO 3 with units of mg-atoms 
NO3-N m -3 h -I is the measure of new production of the 
system, and use of it eliminates any errors associated with 
detrital nitrogen in the system [Dugdale and Wilkerson, 1986]. 
For each pixel the maximum rate of biomass-specific nitrate 
uptake (VmaxNO3(t)) is computed from a known initial rate of 
nitrate uptake, VNO3(,), acceleration of nitrate uptake.4 with 
time with units of t-2, and the elapsed time (t) since upwelling 
for the pixel (computed from the difference in SST between 
the pixel and the SST at the upwelling center during active 
upwelling): 

VmaxNO3(t): VNO3(t) -[- .4t (2) 

The pixel SST is used to estimate the nitrate concentration 
from a regression of surface nitrate versus SST for the area and 
consequently delineates the outer plume boundary beyond 
which no significant new production occurs. The pixel value for 
NO 3 is then used to limit NO 3 uptake (VmaxNO3(t)) according 
to the Michaelis-Menten equation and calculates the realized 
nitrate uptake (VNO3(t)): 

VNO3(t) = VmaxNO3(t)X NO3/(Ks + NO3) (3) 

where Ks is the half-saturation constant, with units mg-atoms 
NO3-N m -3 for nitrate uptake. This allows for the effect of 
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Figure 2. The analytical steps taken by the model to estimate 
new production from remotely sensed temperature. 

declining nitrate concentration. The vertical irradiance field is 
computed from the characteristic diffuse attenuation coeffi- 
cient (Kd) for the area with units m -1, obtained from the 
depth to which 1% of the surface irradiance penetrates. This is 
then used to compute the vertical pattern of nitrate uptake 
from another Michaelis-Menten equation relating specific ni- 
trate uptake (VNO3) to irradiance E: 

VNO3(tz) = VNO3(t)x E/(K• + E) (4) 

where KE is the light intensity required for half the maximal 
uptake rate. The pixel value of VNOz(tz) is multiplied by the 
mean value of PON for the area to obtain the absolute nitrate 

uptake rate pNO 3, and the vertically integrated value of pNO3 
is calculated for the pixel. Finally, the values of pNO 3 for all 
pixels with NO3 concentrations greater than zero are summed 
to give the plume-wide new production rate. The development 
of the model parameters for Point Conception is given below. 

4. Model Input Parameters 
4.1. Temperature-Based Inputs 

Temperature is used to estimate nitrate concentration and 
elapsed time since upwelling. Shipboard data from depths less 

than 10 rn (from the hydrographic stations occupied by the R/V 
Velero IV during OPUS-83) gave the following linear regres- 
sion: 

NO3 = 88.56- (6.53 x T) r = 0.86, n = 20 

The equation is nearly identical to that given in Table 1 of 
Dugdale et al. [1989], for Point Conception, that used the larger 
data set collected aboard the R/V New Horizon during OPUS- 
83, which included all data from the upper 30 rn (B. H. Jones 
personal communication, 1988): 

NO3 = 89.54- (6.74 x T) r = 0.87, n = 268 

This larger data set was obtained over an area encompassing 
essentially the entire image. No NO3 was ever detected at 
temperatures above 13.3øC. We have chosen to use the shal- 
lower data set as it more closely represents the surface condi- 
tions. The initial temperature for the upwelling site used was 
10.9øC, the measured value at the upwelling center (G-l, Fig- 
ure 1) during deployment of a drifter (S77) during period 1 
(April 5, 1983), and is a typical value for the upwelling center 
during active upwelling [Atkinson et al., 1986]. 

The rate of change of surface temperature with time during 
drift away from the upwelling center was obtained from surface 
temperature changes observed while following the same sur- 
face drifter (S77). The value obtained, 0.49øC d -• [Dugdale et 
al., 1989, Table 2], is similar to that obtained for the upwelling 
systems at 15øS, Peru (0.5øC d-I), and Cap Blanc, northwest 
Africa (0.56øC d- 1). 

4.2. Acceleration and K s for Nitrate Uptake 

In the application of this model to Cap Blanc [Dugdale et al., 
1989] these parameters were obtained by plotting VNO3 (from 
the upper three light depths) against surface temperature as a 
measure of time since upwelling. The upward linear part of the 
curve enveloping these points was fitted by calculating a value 
of A (0.001 h -2) that agreed with the apparent initial slope of 
the points at colder temperatures (i.e., small values of elapsed 
time) and a K s of 3 mg-atoms m -3 to obtain the declining 
slope. The procedure amounted to placing an envelope over 
the data points, and its use was equivalent to the assumption 
that all points in the image were the result of a single upwelling 
event with the initial conditions used to construct the envelope 
curve. However, the measured data points showed consider- 
able scatter under the curve. This scatter can be simulated by 
considering the temperature, NO3, and VNO3 fields to be the 
result of multiple upwelling events with different initial condi- 
tions and different subsequent histories of temperature, NO3, 
and VNO3 propagated offshore. The theoretical effects of vary- 
ing initial NO3 concentrations on the time course of VNO3 are 
shown in Figure 3a. If all the pixels in the upwelling plume 
portion of an image were the result of one upwelling event with 
some initial NO3, one of these curves should be followed. 
However, each upwelling event with different initial NO3 con- 
centrations will have a different initial temperature; that is, the 
origin of lower NO3 curves will be displaced to higher temper- 
atures, as shown in Figure 3b. Consequently, any plot of ship- 
board data including data encompassing multiple upwelling 
events will certainly show such scatter, and the use of an en- 
velope will generally result in an overestimate of NO3 uptake. 

In this application of the model to Point Conception we have 
obtained these parameters using a more objective approach, 
even though when the shipboard VNO3 data for period 1 
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Figure 3. Plots of modeled VNO3 (a) versus time and (b) versus temperature to simulate data in a 
temperature-VNO3 field resulting from multiple upwelling events of varying strengths. Different lines or 
symbols represent different initial nitrate concentrations at start of upwelling (5-30 mg-atoms m-3). 

(when there was moderate upwelling) were plotted against 
surface temperature (Figure 4), they were encompassed by an 
upper envelope computed from Cap Blanc parameters (A = 
0.001 h-2 and K s = 3 mg-atoms m-3). A was calculated 
according to 

,4: 4 x 10-sx [NOD] + 4 x 10 -5 (5) 

[from Zimmerman et al., 1987a, equation (2)] as 0.00064 h -2 
using an initial NO 3 concentration (15 mg-atoms m -3) at G-1 
at deployment of drifter S77. The value of K s for NO 3 uptake, 
required to reduce the calculated VNO3(,) (equation (3)), was 
obtained by least squares, i.e., by obtaining the sum of squared 
differences between the values of measured VNOs and values 
of VNOs(,) calculated from (2) and (3), with the value ofA = 
13 130064 h 2 (frnm nhnve• fnr the rnnoe nf K_ vnllleq frnm 1 

to 6 mg-atoms m -s NOs. The minimum sum of squares was 
obtained with a K x of 4 mg-atoms m -s NOs, giving a standard 
deviation of 0.013 h -l (n - 30). The VNOs versus temper- 
ature curve using these parameters and the observed rate of 
change of temperature with time, 0.49øC d •, is shown in 
Figure 4, and its use will clearly provide a closer approximation 

to the mean shipboard values than the envelope curve. We 
used the calculated value of A, 0.00064 h -2, and the statisti- 
cally fitted value of K s = 4 mg-atoms m -3 in the model runs. 

4.3. Obtaining Values of K E and K a 

Using periods 1 and 3 data from OPUS-83, the mean values 
of VNO3 at each light penetration depth (LPD) for the up- 
welling center G-1 (less than 50 m deep) and for a number of 
other stations with a bottom depth greater than 50 m were 
plotted against the LPD at which they were sampled and in- 
cubated. Mean (_+ standard deviation) values for KE (half- 
saturation constant for the Michaelis-Menten expression for 
nitrate uptake as a function of incident irradiance) and appar- 
ent V ..... (maximal uptake assuming saturation kinetics) were 
cnlc•lnted (Tnhle ?) using n Mn.ncl m•rve-fitting nrnornm 
[Zimmerman et aJ., 1987b]. A mean value for KE of 12.1% LPD 
was used in the model simulation. 

The measured depths of the euphotic zone (defined as the 
depth to which 1% of the surface irradiance penetrated) for 
periods 1 and 3 of OPUS-83 were used to calculate K a, the 
mean diffuse attenuation coefficient for mean downwelling 
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Figure 4. Shipboard surface values (upper three LPDs) of biomass-specific nitrate uptake, VNO3 (h-I), 
versus temperature (øC) at Point Conception for period 1. The upper envelope was fitted using acceleration 
A of 0.001 h -2 and K s of 3 mg-atoms N m -s. The lower line drawn through the data was calculated usingA 
of 0.0064 h 2 and a K s of 4 mg-atoms N m -3 obtained using a least squares fit. 
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Table 2. Nitrate Uptake Versus Irradiance Parameters (Mean + Standard Deviation) 
Obtained During OPUS-83 at Point Conception 

Period 1 Period 3 

KE V .... rE Vmax, 
Region %LPD h -• %LPD h -• 

G-1 stations 17.3 _+ 2.1 0.037 _+ 0.001 11.8 +_ 6.1 0.006 +__ 0.001 

(<50-m depth) 
Offshore 12.0 _+ 4.0 0.040 _+ 0.004 7.2 _+ 7.7 0.007 _+ 0.002 

( > 50-m depth) 

PAR (mean photosynthetically available radiation valid for the 
whole euphotic layer), according to Beers Law: 

E(Z) = E(O)e -s:•z (6) 

Mean values of K a were calculated for stations sampled during 
periods 1 and 3, separated into inshore (<50-m depth) and 
offshore (>50-m depth) stations and all stations combined 
(Table 3). Since the values of •a for the two different depth 
groups were not significantly different, the overall mean of 0.3 
m- • was used in subsequent calculations. 

4.4. Vertical Integration of VNO3 and Calculation 
of pNO 3 

Equation (19) from Dugdale et al. [1989] was used to inte- 
grate VNO3 vertically since the equation for VNO3 versus E 
(i.e., percent LPD) for Point Conception fits Michaelis Menten 
kinetics (Table 2): 

AN = PON Vm•x f e-KZ(KE + e-•:z) -• dZ (7) 
The relationship of pNO 3 versus VNO3 is linear for Point 

Conception (Figure 5), indicating a constant value of PON, as 
was also observed for Cap Blanc [Dugdale et al., 1989]. The 
slope of 2.12 _+ 0.10 mg-atoms m -3 (n = 115) obtained from 
Figure 5 was used in computing integrated pNO 3 (i.e., new 
production) from values of integrated VNO3 from AVHRR 
images (equation (1)). 

4.5. Summary of Input Parameters 

The model input parameters developed above for Point 
Conception, California, and used to estimate nitrate and new 
production from AVHRR SST, from shipboard data, and from 
combined AVHRR and shipboard data are summarized in 
Table 4. 

Table 3. Mean Diffuse Attenuation Coefficient for PAR to 

the 1% Light Level During OPUS-83 at Point Conception 

Period 1 Period 3 

Region Mean __+ s.d. n Mean _+ s.d. n 

Inshore 0.377 _+ 0.177 7 0.278 + 0.597 6 

(Z < 50 m) 
Offshore 0.308 _+ 0.137 6 0.232 _+ 0.080 13 

(Z > 50 m) 
All stations 0.345 _+ 0.241 13 0.246 +_ 0.078 19 

Light level is given in m-•. Values are calculated from the depths of 
1% surface light penetration. 

5. Results 

5.1. Spatial Extent of New Production 
at Point Conception 

Plates 1 and 2 show the sea surface temperatures for 256 x 
256 pixel AVHRR images (282 x 282 km at nadir) for the 
OPUS-83 area, with surface nitrate concentrations and uptake 
(pNO3) computed from the temperature images. The features 
captured by these images show the same events described by 
Atkinson et al. [1986], an upwelling event (Julian Day 104), 
followed by a decline in total nitrate uptake as a major relax- 
ation and downwelling event occurred (Julian Day 107, 121), 
punctuated by a short upwelling pulse (Julian Day 115), and 
the "spin-up" of new production as winds and upwelling re- 
commenced at the beginning of May (Julian Days 126-138). 
The large area with warmer temperatures and, consequently, 
no nitrate or new production is evident on the western side of 
all the images. Pixels with temperatures low enough for new 
production estimates are close to the coast or in the upwelling 
plume. 

The AVHRR sea surface temperature field (Plate la) for 
Julian Day 104 (April 14, 1983, period 1) compares well with 
the sea surface temperature map obtained by aircraft [Atkinson 
et al., 1986] at the same time, and the nitrate field (Plate lb) 
compares well with the shipboard nitrate map [Jones et al., 
1988]. Surface maps of nitrate uptake were not made during 
the OPUS-83 study as sampling was focused on linear transects 

0.25 

0.20 

*"E 0.15 

E 

C• • 0.10 
z 

0.05 

D D 
D D 

D D 

- D D 
DD D D D 

0.02 

D 

D D 

•g 
D 

D D D 

D 

D D 

D 

D 

D D 

D 
D D 

D 
D 

0.00 I I I 
0.00 0.04 0.06 0.08 0.10 

VN03, h '1 

Figure 5. Volume-specific nitrate uptake, pNO 3 (mg-atoms 
N m -3 h-•), versus biomass specific nitrate uptake, VNO3 
(h-•), for the upper three light depths (100, 50, 30% LPD) at 
Point Conception. 
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Table 4. Input Parameters Used in the Model 

Parameter Value Used Source 

Slope, mg-atoms N m -3 øC- • 
X intercept, øC 
Y intercept, mg-atoms N m -3 
Heating rate, d øC-• 
Initial temperature, øC 

VNO3(,) , h -• 

Acceleration, h -2 x 10 4 

Ks, mg-atoms N m -3 

K_E, % surface 
Ka, m -1 
pNO3-VNO 3 slope 

Temperature-Nitrate 
-6.53 <10-m data, R/V Velero, OPUS-83 
13.56 <10-m data, R/V Velero, OPUS-83 
88.56 <10-m data, R/V Velero, OPUS-83 
2.04 drifter S77, period 1, Dugdale et al. [1989] 

!0.9 G-l, Start of drifter S77, period 1, 
Dugdale and Wilkerson [1989] 

Other Parameters 

0.0068 G-l, start of drifter S77, period 1, 
Dugdale and Wilkerson [1989] 

6.4 G-l, start of drifter S77, period 1, 
calculated from NO3(/) : 15 mg-atoms N m -3 
Dugdale and Wilkerson [1989] 

4.0 Fitted by least squares to period 1, OPUS-83 data 
(Figure 3) 

Table 2, periods 1 and 3 mean for G-1 and >50 m 
Table 3, periods 1 and 3 mean for G-1 and >50 m 
Figure 4, linear reg. r 2 = 0.8, OPUS-83 

12.1 

0.3 

2.12 

(C lines), a time series at the upwelling center, and along 
drifter trajectories [Dugdale and Wilkerson, 1989]. However, 
the pattern of computed nitrate uptake shown in Plate lc for 
day 104, i.e., low uptake at the upwelling center increasing with 
distance away from the center, is consistent with the drifter 
results [Wilkerson and Dugdale, 1987; Dugdale et al., 1990; 
Dugdale and Wilkerson, 1992]. 

The image for Julian Day 107 (Plates ld-lf) illustrates well 
the relaxation or downwelling phase of OPUS-83 during pe- 
riod 2 as a result of slackened winds. Although the area of 
water with high nitrate concentrations has decreased (Plate le) 
compared to the previous image (Plate lb), a relatively broad 
band of water showine strone nitrate uptake aDDears near the 
cnaqt nreq•mahlv the req•lt of qhoreward movement of water 

already well adapted physiologically to the available nitrate 
(i.e., in an advanced state of shift-up for nitrate uptake). The 
full impact of relaxation and downwelling can be seen for 
Julian Days 114 and 121 (Plates lg-li and 2a-2c) where tem- 
perature, nitrate, and nitrate uptake plumes are absent. Some 
nitrate uptake appears in Plate 11 as a result of a short-lived 
pulse of weak upwelling (Plate lj). The May 2-18 upwelling 
event of period 3 is shown developing on Julian Day 126 
(Plates 2d-2f) with the appearance of an offshore eddy show- 
ing nitrate at the surface and accompanying new production on 
Julian Days 129 and 138 (Plates 2g-2i and 2j-21). 

5.2. Time Series of New Production 

Table 5 shows the calculated mean values of depth- 
integrated pNO 3 (i.e., mean of all pixels with new production) 
and total pNO3 (sum of all pixels with new production) for the 
AVHRR images. Mean NO 3 uptake was computed only for 
those pixels with surface NO 3 > 0, and consequently the 
spread in values is quite small, from 4.75 to 5.54 mg-atoms m -2 
d -1. The value of mean pNO 3 from all images (5.06 _+ 0.29 
mg-atoms m -2 d -1, n = 8) compares well with the mean 
integrated pNO3 from shipboard lsNO 3 uptake measurements 
(4.03 +_ 6.2 mg-atoms m -2 d -1 n = 60) made during 
OPUS-83 [Dugdale and Wilkerson, 1989] (Table 6). However, 
when the results are divided into the three OPUS-83 periods, 
a discrepancy appears between the shipboard and satellite- 
derived measurements for period 3 when the mean values of 

pNO 3 are 1.98 and 5.02 mg-atoms m -2 d -•, respec.tively. An 
alternative estimate of the mean depth-integrated pNO 3 was 
made by averaging the shipboard •SNO 3 uptake measurements 
from the upper three light depths to obtain a mean surface 
VNO3 for each period. The mean surface VNO3 values were 
then depth integrated using (7) and the required input param- 
eters from Table 4. The relatively good agreement between the 
shipboard mean VNO3 plus model with depth-integrated ship- 
board data for periods 1 and 2 (Table 6) supports the vertical 
integration procedure used. For period 3 these shipboard plus 
model values compare more favorably with the shipboard data 
than the elevated value given by the satellite data. Possible 
explanations for the period 3 discrepancy are provided in the 

The daily total areal uptake for each AVHRR image was 
averaged to obtain a simple mean of 1.53 _ 0.97 x 10" kg N 
d-• (Table 5). Two additional values of total areal uptake for 
each image (Figure 6) were also calculated using mean depth- 
integrated new production values obtained from shipboard and 
combined shipboard plus model data (Table 6). Mean values 
from Table 6 for the appropriate time period were multiplied 
by the area with NO3 > 0 (from Table 5). The values obtained 
using the three methods (AVHRR, shipboard, and combined) 
agree well except for period 3 when the AVHRR values give 
greater values than the shipboard or shipboard plus model 
values (Figure 6). These area-integrated nitrate uptake rates 
show first a decline (Julian Days 104, 107, 114) at the end of an 
upwelling event followed by an increase (Julian Day 115) and 
decrease (Julian Day 121) reflecting a weak upwelling event 
followed by downwelling (Figure 6). Finally, new production 
increases as strong upwelling sets in (Julian Day 138), follow- 
ing the end of the OPUS-83 field program. 

Another approach to obtaining an overall new production 
value for the plume and the study period of 34 days was made 
by integrating the area under the curve of areal uptake versus 
time (Figure 6). The total new production (depth-, area-, and 
time-integrated) values are estimated to be 26.88-32.18 x 10 6 
kg N after rejecting the temperature-only estimate. The 
weighted daily mean for the study period was from 0.79 to 
0.95 x 10' kg N d -1 (Table 7), lower than the simple mean, 
obtained from the AVHRR values from the eight images 
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Table 5. New Production From AVHRR SST at Point Conception 

No. of Pixels With 

Julian Day Mean pNO3, Total pNO3, New Production 
1983 mg-atoms N m -2 d -• 10 6 kg N d -• NO 3 > 0 

No. of Pixels No. of Pixels 

Cloud/Land NO 3 = 0 

104 4.98 3.01 35,649 3,548 26,339 
107 5.54 1.53 16,310 34,564 14,662 
114 4.83 0.49 5,892 17,623 42,008 
115 5.38 2.17 23,766 6,628 35,141 
121 4.75 0.72 8,932 2,943 53,659 
126 4.84 0.53 6,364 883 58,267 
129 4.93 1.20 14,379 847 50,253 
138 5.24 2.57 28,987 3,274 33,275 

5.06 _+ 0.29* 1.53 +_ 0.97* 

*Mean +_ s.d. 

1.53 x 10 6 kg N d- • (Table 5). A range of 0.79 to 1.53 x 10 6 
kg N d -• may be used as a provisional estimate for the mean 
daily new production in the Point Conception upwelling center 
during the period of active upwelling, 

6. Discussion 

Application of our remote-sensing model developed for Cap 
Blanc to the upwelling system at Point Conception, California, 
has reproduced both qualitative and quantitative elements of 
new production in the upwelling center observed during the 
1983 OPUS study. In the qualitative realm the model repro- 
duces the spatial distributions observed in other upwelling 
studies; that is, in the region of maximum upwelling, there are 
high nitrate concentrations, low temperatures, and low nitrate 
uptake rates, with the opposite (decreased nitrate, increased 
temperature, and increased nitrate uptake rate) occurring 
downstream from the upwelling source. 

The mean values of pNO3 obtained from AVHRR and ship- 
board measurements are compared in Table 6 for the different 
OPUS periods that represent different upwelling strengths at 
Point Conception. The input parameters used for the model 
were from period 1 when moderate upwelling occurred. Con- 
sequently, there was good agreement between oNO 3 derived 
from AVHRR SSTs and the shipboard data for that period. 
The remote-sensing model agrees well with shipboard data for 
period 2, even though the input parameters used were not from 
relaxation or downwelling periods. This is in part because of 
the high variability of the shipboard data collected at this time 
that included some data collected from outside the OPUS-83 

study area (to the north of Point Arguello) and some overes- 
timates that resulted from additions of saturating concentra- 
tions of •sNO 3 to water with no measurable nitrate. There was 
also the contribution of a short but moderate upwelling pulse 
(Plate lj) on Julian Day 115 that resulted in increased nitrate 
concentrations and uptake. However, for period 3 the remote- 
sensing model overestimates mean nitrate uptake compared to 
that measured on shipboard. The measured rate of accelera- 
tion was low during period 3, e.g., 0.0001 h -2 for drifter S239, 
versus 0.00038 h -2 during period 1, for drifter S77, as were 
initial nitrate concentrations (e.g., 9.9 mg-atoms m -3 for S239 
versus 15 mg-atoms m -3 for S77) [Dugdale and Wilkerson, 
1989]. Very likely the high winds with resultant strong mixing 
and reduced irradiance were the cause. However, some reduc- 
tion in acceleration would be expected also from the reduced 
nitrate concentration. 

The satellite estimate of new production for Point Concep- 

tion averaged from eight AVHRR images was 26% higher 
than shipboard lsNO 3 uptake data acquired at the same time 
(Table 6). The satellite-derived values of mean depth- 
integrated pNO 3 were also greater than shipboard values at 
Cap Blanc [Dugdale et al., 1989]. Nitrate uptake for a single 
AVHRR image from 1983 for Cap Blanc compared to •sNO 3 
uptake obtained on shipboard in 1974 was 20% higher (Table 
6). Platt and Harrison [1985] showed that undersampling of the 
oceanic systems will result in underestimation of production 
values. The shipboard measurements of pNO 3 made during the 
Point Conception and Cap Blanc studies fall readily into the 
undersampling situation, as the high standard deviations in 
Table 6 for shipboard measurements during OPUS-83 indi- 
cate. The differences in the mean NO 3 uptake values between 
shipboard and satellite-derived data probably also result from 
differences in the distribution of temperature sampled by the 
two methods. The shipboard data in OPUS-83 were more or 
less evenly distributed across the temperature range, while the 
satellite temperatures were not normally distributed. Pearson's 
first coefficient of skewness (mean-mode/standard deviation) 
showed skewness toward the left, i.e., with the peak frequency 
to the right of the mean [Spiegel, 1961]. For example, for Julian 
Day 104 the Pearson's first coefficient of skewness for the 
temperature data was -0.436, resulting in more pixels with 
high uptake being included in the calculation of the mean. 

Table 6. Comparison of Depth-Integrated pNO 3 Estimated 
Using AVHRR Data, Shipboard Data, and Combined 
Shipboard Data and Model 

Mean Depth-Integrated pNO3, mg- 
atoms m -2 d -• _+ s.d. 

Upwelling Center and AVHRR Shipboard Shipboard and 
Period Data Data Model 

Point Conception, California 
Spring 1983 5.06 _+ 0.29 4.03 _+ 6.20 

(n = 8) (n = 60) 
Period 1 4.98 4.76 _+ 4.98 5.79 

(Julian Days 92-106) (n = 1) (n = 16) 
Period 2 4.98 _+ 0.28 4.88 _+ 8.27 4.09 

(Julian Days 107-121) (n = 4) (n = 27) 
Period 3 5.02 + 0.21 1.98 + 1.60 1.24 

(Julian Days 122-139) (n = 3) (n : 17) 
Cap Blanc, NW Africa 

northern sector 

1983 18.22 

1974 15.20 
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JULIAN 
DAY 

104 

TEMPERATURE (øC) [NO3] (mg-at m '3) 

o 

107 "' 

(d) 

115 

(b) 

., 

(h) 

PNo3(mg'at N m-2d 4) 

%. 

aq , ." o,• 

, .,;• ...,•..,, 

. 

'4' 
. 

(g) (i) 

Plate 1. Each image is offshore from Point Conception and is 256 x 256 pixels in size. (a) SST for day 104, 
(b) NO3 (mg-atoms m -3) for day 104, (c) pNO3 (mg-atoms m -2 d -q) for day 104, (d) SST for day 107, (e) NO 3 
(mg-atoms m -3) for day 107, (f) pNO3 (mg-atoms m -2 d -l) for day 107, (g) SST for day 114, (h) NO3 
(mg-atoms m -3) for day 114, (i) pNO 3 (mg-atoms m -2 d -l) for day 114, (j) SST for day 115, (k) NO 3 
(mg-atoms m -3) for day 115, (1) pNO 3 (mg-atoms m -2 d -l) for day 115. 
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JULIAN 
DAY TEMPERATURE (øC) [HO 3] (mg-at m '3) PNoa(mg'at N m '2d'1 ) 

121 

(a) (b) (c) 

126 

(d) (e) (f) 

129 

(g) (h) (i) 

138 

(j) (k) (I) 
Plate 2. Each image is offshore from Point Conception and is 256 x 256 pixels in size. (a) SST for day 121, 
(b) NO3 (mg-atoms m -3) for day 121, (c) pNO3 (mg-atoms m -2 d -x) for day 121, (d) SST for day 126, (e) NO3 
(mg-atoms m -3) for day 126, (f) pNO3 (mg-atoms m -2 d -x) for day 126, (g) SST for day 129, (h) NO3 
(mg-atoms m -3) for day 129, (i) pNO3 (mg-atoms m -2 d -•) for day 129, (j) SST for day 138, (k) NO3 
(mg-atoms m -3) for day 138, (1) pNO3 (mg-atoms m -2 d -x) for day 138. 
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Figure 6. Time series of total (area- and depth-integrated) 9NO3 (X 10 6 kg N d -•) estimated using AVHRR 
(triangles), shipboard (circles), and combined AVHRR and shipboard data (squares) from OPUS-83. 

The mean nitrate uptake rate calculated for pixels with mea- 
surable NO 3 (i.e., greater than zero) is constrained by the 
mean variables that are used as initial conditions, e.g., the 
initial uptake rate, VNO3(i), nitrate concentration, NO3(i) , 
and Ka. The sensitivity of the model to parameter variability 
was tested during the Cap Blanc analysis [Dugdale et al., 1989] 
and showed that the parameters related to the temperature- 
nitrate regression equation and the pNO 3 versus VNO3 regres- 
sion had a minor effect on the mean integrated nitrate uptake, 
whereas varying the heating rate by +_95% confidence limits 
gave differences of 43%. In this study we have examined the 
effect of changing A from the calculated value of 0.0064 h-2 to 
.4 ---- 0.0010 h -2, which is the upper value obtained from the 
maximum envelope shown in Figure 4, and to A = 0.00038 
h -2, the measured value obtained using •SN during S77 [Dug- 
dale and Wilkerson, 1989]. The higher value increases the mean 
integrated 9NO3 by 49%' the lower value reduces it by 35% 
(Table 8). Alternative values of K s (Table 8) were also tried. 
When K s was decreased by 1 rag-atoms m 3, mean integrated 
9NO3 increased 14%; a 10% decrease occurred when Ks was 
increased from 4 to 5 mg-atoms m -3 

The effect of clouds obscuring the sea surface could be 
important in biasing the estimates of new production by this 
technique [Michaelsen et al., 1988]. Only during the relaxation 
and downwelling event (Julian Days 107 and 114) were clouds 
present in a relatively large number of pixels (Table 5). Typi- 
cally, they never exceeded 5% of the pixels in the rest of the 
image. The possibility of clouds masking cold water during the 
relaxation/downwelling period was eliminated in this study by 
examining the corresponding aircraft surface maps [Atkinson et 
al., 1986] which showed that temperatures greater than the 
intercept for zero nitrate (i.e., 13.56øC) occurred over the en- 

Table 7. Depth-, Area-, and Time-Integrated pNO 3 
Obtained From the Areas Under the Curves in Figure 6 

AVHRR Shipboard Shipboard and 
Data Data Model 

Total, 46.57 32.18 26.88 
x 10 •) kg N 

Weighted mean, 1.37 0.95 0.79 
x 10 •'kgNd-• 

tire study area for the relaxation/downwelling period except 
during the short upwelling pulse on April 25 (Julian Day 115) 
when the proportion of clouds plus land pixels was reduced to 
10% (Table 5). 

In principle, a more direct, nonphysiological estimate of new 
production could be obtained for the surface region by com- 
paring the temperature-derived NO 3 concentration from the 
initial upwelled NO3 concentration. This estimate by disap- 
pearance would, however, be an overestimate since some ni- 
trate disappears from an upwelled water mass by mixing pro- 
cesses and perhaps by other unaccounted for effects. In drifter 
experiments, for example, we have observed such larger disap- 
pearance rates for NO3 compared to •sNO• measured uptake 
rates (unpublished). Since the present model gives higher new 
production estimates than shipboard values in some cases, 
there would be little to be gained by using the nonphysiological 
temperature-NO3 model to estimate new production. 

When remotely sensed ocean color again becomes available 
and algorithms appropriate to coastal upwelling systems are 
developed, considerable improvement in model results should 
be possible. CZCS data were not used in this study, primarily 
because the optical characteristics of the Point Conception 
region have not been well characterized and because the case 
2 waters (i.e., waters with high concentrations of nonbiological 
particles) have not been delineated for the CZCS images avail- 
able for the OPUS-83 study. In the model used for Cap Blanc, 

Table 8. Effect of Changing Input Values of A and K s on 
the Estimate of New Production Using Image for 
Julian Day 104 

A, Ks, Mean Integrated pNO3, 
h-2 mg-atoms m 3 mg-atoms m-2 d- • % Change* 

0.00038 4 3.21 -35.5 

0.00064 4 4.98 ... 

0.00100 4 7.44 +49.3 

0.00064 1 8.18 +64.3 

0.00064 2 6.65 +33.5 
0.00064 3 5.68 +14.1 
0.00064 5 4.46 -10.4 

0.00064 6 4.05 -18.7 

*Percent change in mean integrated 9NO3 calculated when A = 
0.00064 h -2 and K s = 4 mg-atoms m 3. 
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CZCS data were used to obtain chlorophyll values and the 
depth of the euphotic zone. However, when the OPUS-83 
chlorophyll versus irradiance data were plotted to obtain Kd, a 
large overestimate of euphotic zone depth resulted, in part 
because of the large number of G-1 (Figure 1) stations that are 
most likely case 2 waters. If these euphotic zone depths had 
been calculated from CZCS chlorophyll estimates, a similar 
overestimate in integrated new production would have re- 
sulted. Instead, we used the temperature-only model and ship- 
board measured 1% light level depths. CZCS data were also 
used to estimate primary production in the Cap Blanc study 
and, with the new production values to estimate f, the fraction 
of new to total production. However, the Bricaud et al. [1987] 
model used to estimate primary productivity is for case 1 wa- 
ters [Morel, 1988] only, so estimates of primary production 
could not be calculated from the Point Conception, California, 
CZCS images. We suspect that strong winds and deep mixing 
were the causes of the low acceleration and new production 
rate observed in the OPUS 83 period 3. If such a relationship 
can be established, it should be possible to use scatterometer- 
derived winds to improve model estimates. 

The robustness of the model in predicting values of mean 
depth integrated nitrate uptake that agree with shipboard data 
suggests that reliable area-wide new production rates can be 
obtained by combining mean AVHRR-derived values with 
AVHRR predicted size of area with detectable nitrate. The 
major variable in total area-wide new production is the size of 
the new production area since the mean pixel nitrate uptake 
shows only a small range, 4.75-5.54 mg-atoms N m -2 d -1 for 
the images used here, while the total area-wide new production 
varied by a factor of 6, from 0.49 to 3.01 x 10 6 kg N d -•. The 
area with detectable nitrate is most easily determined from the 
model and verified by shipboard sampling. 

This study indicates that a range of 0.79-1.53 x 10 6 kg N 
d- • may be used as a provisional estimate for the mean daily 
areal depth-integrated new production in the Point Concep- 
tion upwelling center during the period of active upwelling. 
This is much lower than the values calculated using the same 
remote-sensing model for the northern (11.94 • 10 6 kg N d -•) 
and southern (2.85 x 10 6 kg N d -x) sectors of the Cap Blanc, 
northwest Africa, upwelling region [Dugdale et al., 1989]. Point 
Conception has been identified as an area characterized by a 
low realization value (r = 0.2, i.e., does not realize the full 
potential of available NO 3 in accumulated PON biomass), 
compared to the northwest Africa upwelling area (r -- 1.2) 
[Dugdale et al., 1990]. If the Point Conception upwelling center 
were to perform at full theoretical realization, 1.0, the daily 
area depth-integrated new production rate would be 5 times 
higher than the values given above, i.e., 4.0-7.5 x 10 6 kg N 
d-•, well within the range of the two northwest Africa sectors. 
This analysis focuses attention on the factors holding Point 
Conception new production to low levels. The primary reason 
appears to be the lack of accumulation of biomass in the Point 
Conception ecosystem. The ecosystem factors causing this 
problem are unknown at present but are probably related to 
the kind of grazing pressure exerted by higher levels of the 
food chain. 

The two applications of the remote-sensing model have been 
to eastern boundary centers at opposite ends of a continuum of 
upwelling efficiencies and realizations [Dugdale et al., 1990], 
Cap Blanc, northwest Africa, and Point Conception, Califor- 
nia. Consequently, the model should be applicable over the 
wide range of upwelling centers with intermediate character- 

istics. Ideally, images from an annual cycle should be used in 
this manner to estimate annual new production. Here we offer 
the first step toward the goal of estimating the annual new 
production of a single upwelling plume by providing areal and 
depth-integrated new production from images collected during 
an upwelling month from Point Conception, California. 
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