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Abstract. Physical and biological processes in the mixed layer at ocean weather station 
(OWS) P (50øN, 145øW) over a 30-year period (1951-1980) were investigated using 
observations and model simulations. The observations include 30 years of surface 
meteorological and sea surface temperature data collected at OWS P and Ekman 
upwelling velocities derived from the Comprehensive Ocean-Atmosphere Data Set, 14 
years (1953-1966) of daily temperature profiles, nearly 150 chlorophyll a profiles spanning 
all months of the year, monthly climatological solar irradiances, and 0- to 50-m integrated 
nitrate concentrations. The simulations incorporated models for the estimation of surface 
solar downwelling irradiance, surface heat fluxes, subsurface diffuse attenuation, mixed 
layer dynamics, and biological processes. The time-dependent model inputs were the 
surface observations of cloud cover, air temperature, dew point temperature, and wind 
speed. The atmospheric irradiance, marine diffuse attenuation, and mixed layer models 
were adapted from existing models developed by others. The biological model, developed 
by the authors, has four components (nitrate, ammonium, phytoplankton nitrogen, and 
zooplankton nitrogen) and computes a variety of additional quantities including 
chlorophyll a concentration and gross and new production. Model comparisons with in 
situ time series showed that predictions of sea surface temperature and mixed layer depth 
were reasonably accurate. Climatological monthly profiles of chlorophyll a and 
temperature were within 1 standard deviation of the observed values at nearly all depths. 
Also, the climatological annual cycles of solar irradiance and 0- to 50-m integrated nitrate 
accurately reproduced observed values. Annual primary production was estimated to be 
-190 g C m -2 yr -1 and varied by no more than _+5% in any year. This estimate is 
consistent with recent observations but is much greater than earlier estimates, indicating 
that carbon cycling in the North Pacific is much more important to the global carbon 
budget than previously thought. Significant interannual variability in sea surface 
temperature, Ekman upwelling, mixed layer depth, and surface nitrate concentration had 
little impact on productivity. The model also indicates that the nitrate supply to the 
euphotic zone is very sensitive to Ekman upwelling and that amplification of the wind 
stress curl can result in complete nitrate depletion when the winds are persistently 
downwelling favorable. 

1. Introduction 

Recent concern about increased levels of atmospheric CO2 
and global warming have led to studies of the ocean's role in 
the global carbon budget, e.g., the Joint Global Ocean Flux 
Study (JGOFS), and increased interest in interannual and in- 
terdecadal oceanic variability [Ocean Studies Board, 1994; Sub- 
committee on Global Change Research, 1995]. Examination of 
historical data for these purposes is difficult because of the 
paucity of comprehensive time series data of sufficient accuracy 
and duration. For meteorological and hydrographic data the 
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ocean weather stations (OWS) and the Comprehensive Ocean- 
Atmosphere Data Set (COADS) [Woodruffet al., 1987] provide 
high-quality meteorological observations, and at some OWS 
sites, hydrographic time series are available. However, long 
time series of biological quantities, e.g., profiles of chlorophyll 
a (chl a) and column-integrated primary productivity, are rel- 
atively scarce, and only recently have comprehensive time se- 
ries been initiated at Hawaii [Chriswell et al., 1990] and Ber- 
muda [Knap et al., 1991]. Alternatively, investigations of the 
impact of long-term changes in meteorological forcing on 
ocean physics and biology can be pursued using coupled mod- 
els of physical and biological processes. Examples of short- 
duration ecosystem modeling studies include Janowitz and Ka- 
mykowski [1991] and Matra and Ho [1993]. 

Inferences about interannual biological variability in the 
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North Pacific have been made by Emerson [1987] at OWS P 
(50øN, 145øW) and by Venrick et al. [1987] near 29øN, 154øW. 
Emerson estimated that new production between May and 
August during 1969-1978 varied annually from 100 to 300 mg 
C m -2 d -•. Venrick et al. reported a sudden increase in inte- 
grated chl a concentrations during the early 1970s in associa- 
tion with anomalies in sea level pressure and SST. However, 
Falkowski and Wilson [1992] have questioned this observation 
based on historical Secchi depth data which suggest that chl a 
concentrations have changed little over the past 70 years. If the 
long-term change in phytoplankton standing crop is significant, 
it is not known whether this change is a consequence of local 
or remote forcing and what variables controlling chl a concen- 
trations are being affected. 

Glover et al. [1994] demonstrated that the pigment transition 
zone extending across the Pacific basin at middle latitudes, 
which separates regions of relatively low and high pigment 
concentrations, coincides with the transition from relatively 
shallow to deep mixed layer depth (MLD) and low to high 
nitrate concentrations. Despite the significant annual fluctua- 
tion in MLD and temperature north of the transition zone, 
phytoplankton biomass remains relatively stable throughout 
the annual cycle [Clemons and Miller, 1984; Venrick, 1993] and 
is in dramatic contrast to the North Atlantic [Evans and 
Parslow, 1985] which experiences a pronounced spring bloom 
preceded by deep wintertime mixed layers (much deeper than 
in the North Pacific). Frost [1987, 1991, 1993] modeled the 
annual cycle of biological processes in the North Pacific and 
concluded that zooplankton grazing is the most probable cause 
of the stable phytoplankton concentrations but allowed that 
trace nutrients such as iron may play a role. Previous mixed 
layer and biological studies of the North Pacific (e.g., Subarctic 
Pacific Ecosystem Research (SUPER); see special issue of 
Progress in Oceanography, 32, 1993) demonstrate that physical 
and biological processes can be simulated and that there is 
feedback between them. However, none of these models is 
fully prognostic and therefore requires specification of the 
physical or biological quantities not modeled. For example, the 
most comprehensive ecological model of the subarctic Pacific 
to date is by Frost [1993]. However, Frost [1993] did not ex- 
plicitly model physical variables but, rather, relied on observa- 
tions of mixed layer depth, mixed layer temperature, and mean 
daily solar irradiance for a single year (1970). 

OWS P is ideal for studying the effects of meteorological 
forcing [Denman and Miyake, 1973; Large et al., 1994] because 
it is subject to a large seasonal temperature (heat flux) cycle 
and is horizontally uniform with minimal horizontal advection. 
The climatological Ekman upwelling is positive but small be- 
cause OWS P is located near the climatological transition be- 
tween positive and negative wind stress curl [Reinecker and 
Ehret, 1988]. Thus most of the vertical fluxes of heat and 
nutrients are driven by mechanical mixing and buoyancy ef- 
fects. One important conclusion of Martin [1985] was that 
knowledge of the optical properties which control the vertical 
distribution of light absorption is key to understanding the 
behavior of the mixed layer and in estimating the performance 
of mixed layer models. For OWS P the optical properties are 
controlled by biological processes and are classified by Mueller 
and Lang [1989]. 

The objectives of this study were to (1) examine the cou- 
plings between local physical and biological processes, (2) ex- 
amine seasonal and interannual variability in the physics and 
biology, and (3) evaluate the magnitude of annual primary 

production at OWS P. The approach was to develop a time- 
dependent coupled model which explicitly incorporates the 
interdependencies among the hydrographic, biological, and 
optical variables and utilizes the observed surface meteorolog- 
ical time series for calculating the surface forcing (mechanical 
and radiative). Model performance was evaluated using hydro- 
graphic time series and historical biological observations. 

2. Model Description 
The ocean model incorporates a one-dimensional dynamical 

mixed layer model [Garwood, 1977; Martin, 1985], a four- 
component nitrogen-based biological (phytoplankton-zoo- 
plankton-nitrate-ammonium) model, and a simple optical 
model. Surface solar irradiance is computed using the model of 
Frouin et al. [1989] corrected for cloud cover. The structure of 
the combined model is shown in Figure la. The mixed layer 
and biological components are coupled through the modula- 
tion of light and temperature due to absorption of solar radi- 
ation by phytoplankton and the temporal and vertical variation 
in eddy diffusivity as scaled to the surface wind stress and 
MLD, respectively. The absorbed heat contributes to the over- 
all energy balance which also includes the three surface heat 
fluxes (latent, sensible, and long wave radiation). The feedback 
to the biology is completed through the dependency of phyto- 
plankton growth on temperature and the specification of time- 
and depth-dependent eddy diffusivity. 

As discussed by Lewis et al. [1984], the space scales (meters 
to tens of meters) and timescales (hours to days) of vertical 
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Figure la. Flow diagram for the coupled physical-biological 
model. 
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Figure lb. Flow diagram for the biological model. 

phytoplankton variability are determined by the MLD, the 
diffuse attenuation coefficient, the eddy diffusivity, and the rate 
of photoadaptation. With these considerations in mind, the 
model was executed at 1-m vertical and 1-hour temporal res- 
olution. This resolution is sufficiently fine compared with the 
inherent space scales and timescales to allow the use of cou- 
pled physical and biological models rather than a model which 
integrates the physical and biological dynamics into a single 
formulation. This strategy allows the development effort to 
focus on the biological model where the most uncertainty re- 
sides and also provides the flexibility to link the biological 
model to any number of currently available mixed layer models 
[e.g., Chen et al., 1994] or to improved models in the future. 

The model is driven by time-dependent surface illumination 
and atmospheric forcing fields which must be specified, along 
with the initial profiles of the primary hydrographic quantities 
(temperature and salinity) and the four principal biological 
variables (phytoplankton nitrogen, zooplankton nitrogen, am- 
monium, and nitrate). The model is allowed to run for 30 years 
(1951-1980) without reinitialization of any variables. Figure lb 
shows the linkages within the biological model. These connec- 
tions will be described in detail below. 

2.1. Solar Irradiance Model 

Frouin et al. [1989] estimate the downwelling clear sky solar 
irradiance E clea r for two spectral domains, 350-700 nm (pho- 
tosynthetically available radiation (PAR)) and 250-4000 nm. 
PAR rather than spectral irradiance is used to drive phyto- 
plankton growth. This is a reasonable approach in low biomass 
case 1 [Morel and Prieur, 1977] waters where only one phyto- 
plankton species of constant specific absorption is assumed. In 
fact, simulations using a fully spectral version of the coupled 
model produced nearly identical monthly climatological chlo- 
rophyll a and temperature profiles to the present model, but at 
significant computational expense. 

The near-infrared irradiance is calculated using the approx- 
imation 

Eclcar(700-4000) • Edcar(250-4000) - Edcar(350-700) 

(1) 

The error introduced by including the irradiance between 250 
and 350 nm is small. 

The model inputs include ozone concentration, aerosol type 

(marine or continental), and visibility. A constant ozone con- 
centration of 340 Dobson units is used, and the aerosol type is 
assumed to be marine. Visibility (V) is computed at each time 
step from the relative humidity (for the range of 65 to 99%) 
using the equation [Neuberger, 1951]: 

V = 231 - 2.3RH (2) 

where RH is the relative humidity (in percent). For RH < 
65%, V - 80 km. RH is determined using 

eap(T) 
RH = 100 (3) 

e•(T) 

where e• is the vapor pressure at the observed temperature 
and e dp is the vapor pressure at the observed dew point tem- 
perature [Smith, 1966]. Vapor pressure is related to tempera- 
ture by 

e (T) = a 0 exp (4) a2+T 

where a o = 6.1078, a• = 17.269, a 2 = 237.29 ø, and T is 
the temperature (degrees Celsius) of either air or water 
[Tetens, 1930]. 

Clear sky irradiance is modified to account for the observed 
cloud cover by applying a power law correction tuned to yield 
the observed climatological monthly mean surface irradiances 
[Dobson and Smith, 1988], 

Esurf: Eclear(1 - 0.53c 0-5) (5) 

where Esurf is the downwelling surface irradiance and c is 
fractional cloud cover. 

The irradiance that penetrates the ocean surface, E(0), is 
computed as 

E(0) = (1 - /x) Esurf (6) 

where/x is the surface reflectivity. The surface reflectivity con- 
sists of three components, 

I,l, "-- I,l,d q- I,l,f q- I,l, ss (7) 

where /•d is the direct specular reflectance, /•f is the reflec- 
tance from foam, and i•ss is the subsurface reflectance due to 
molecular and particulate backscatter. The direct reflectance is 
taken to be the Fresnel reflectance for a flat surface unless the 

solar zenith angle >40 ø and the wind speed W is greater than 
2 m s -•. If these two conditions are satisfied [Austin, 1974], 

/•d = 0.0253 exp [b(0o- 40)] (8) 

where 0o is the solar zenith angle and 

b = -0.000714W + 0.0618 (9) 

The foam reflectance is computed as the product of the effec- 
tive reflectance of foam (0.22 [Koepke, 1984]) and the wind- 
speed-dependent fraction of the surface covered by foam 
[Monahah and O'Muircheartaigh, 1980] or 

/•;• = 6.4 9 x 10-7W 3'52 (10) 

For chl a concentrations <2 mg m -3 in case 1 water, I•ss is 
approximately 0.04 [Morel, 1988]. 

After obtaining E (0), the downwelling irradiance at depth z 
(the vertical coordinate decreases in the downward direction) 
is estimated by 
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E(z) = E(z - zXz) exp [-K(z)zXz] (11) 

where K is the downwelling diffuse attenuation coefficient. In 
this analysis the K associated with each wavelength domain, 
PAR and the near-infrared, is determined independently. 
K(PAR) is computed as a function of the chl a concentration 
at each depth (Morel [1988]; see also Wroblewski and Richman 
[1987] and Frost [1993]): 

K(z, PAR) = Kw(PAR) + 0.0518 chl(z) ø'428 (12) 

where Kw (PAR) is the effective clear water diffuse attenuation 
coefficient (0.027 m -•) and chl(z) is the chl a concentration at 
depth z. It should be noted that the monthly mean profiles of 
PAR obtained from this formulation were not substantially 
different from those obtained when integrating the spectral 
version of the model from 400 to 700 nm. For the near- 

infrared, K(NIR) is the effective value of Kw (NIR) over the 
wavelength band of 700-4000 nm and is assumed to be a 
constant •2.5 m -1 [Baker and Smith, 1982]. The two wave- 
length bands are handled separately in the heat absorption 
calculation. The near-infrared radiation is essentially captured 
within the first meter of the water column. 

The rate of heating at a given depth due to the absorption of 
downwelling irradiance is given by 

dr(z) 
dt 

[E(z - Az, PAR) - E(z, PAR) + E(z - Az, NIR) - E(z, NIR)]Az 

where P w and c pw 

tively, of water. 

pwCpw 

are the density and heat capacity, respec- 

2.2. Mixed Layer Model 

The MLD is calculated using an updated version of the 
Gatwood [1977] one-dimensional (l-D) dynamical mixed layer 
model. This model predicts the rate of deepening or retreat of 
the mixed layer as a result of entrainment and detrainment 
processes at its lower boundary. Aside from the modifications 
required to implement the irradiance model described above, 
several minor modifications to the mixed layer model have 
been made including (1) the use of the wind drag coefficient 
formulation of Large and Pond [1982]; (2) the implementation 
of the long wave radiation formulation of Berliand and Berliand 
[1952]; (3) the application of simulated rather than observed 
sea surface temperatures (SSTs) for surface heat flux calcula- 
tions; (4) the estimation of the MLD using a Levitus [1982] 
temperature difference criterion, T(0) - T(z) = 0.1 ø, the 
value suggested by Martin [1985] for OWS P; (5) the incorpo- 
ration of an Ekman vertical velocity term in the MLD compu- 
tation; and (6) a minimum MLD of 30 m (required to obtain 
realistic summer temperature profiles). 

The input surface meteorological forcing includes both hor- 
izontal wind components, surface air temperature, dew point 
temperature, cloud cover, and visibility. On the basis of these 
inputs and the chl a profile from the previous time step, the 
model estimates the absorption of short wave radiation and 
latent, sensible, and long wave radiation surface heat fluxes to 
determine the mixed layer temperature. 

The wind stress is computed from the wind vector W using 
the standard bulk formula and the drag coefficient formulation 
of Large and Pond [1982]: 

where 

Tu, v = paCd['Vu,v ['V (14) 

C d : -•-+ 0.142 + 0.0764 10 -3 (15) 

and ru, v are zonal and meridional wind stresses, Wu, v are zonal 
and meridional wind components, I wI is the wind speed 
(meters per second), C d is the drag coefficient, and Pa is the 
density of air. 

The long wave infrared radiation Q b emitted from the sur- 
face is estimated using the formulation of Berliand and Berli- 
and [1952] 

Q• = errTa4(0.39- 0.58ea0'S)(1 -- aC 2) + 4eo'Ta3(SST- Ta) 

(16) 

where e is the emissivity of seawater (0.97), o- is Stefan- 
Boltzmann constant, T a is air temperature, e a is the vapor 
pressure of air, c is the fractional cloud cover (same as in (5)), 
and a is a latitude-dependent cloud type parameter which 
Berliand and Berliand [1952] estimated to be 0.72 for 50øN (see 
Budyko [1974] for a complete discussion of this equation). 

The calculations of sensible Qs and latent heat Q1 use the 
bulk formulas: 

Qs = C•CpapaIWl(mmT- Ya) (17) 

Ql = 6.21 x 10-4ctl•palWl(O.98ew- ea) (18) 

where c s and c I are the transfer coefficients for sensible and 
latent heat fluxes, respectively (0.00149 [Martin, 1985]); Cpa is 
the specific heat capacity of air (1.0 J g-• øC-•); l e is the latent 
heat of vaporization (2488 J g-•); and e, and e a are surface 
vapor pressures (millibars) for water and air, respectively. 

As mentioned above, the model allows for Ekman pumping 
at the base of the mixed layer. The Ekman upwelling we is 
computed from the horizontal wind field using McClain and 
Firestone [1993] 

curlz( r /f ) 
We(De) -- (19) 

Pw 

where f is the Coriolis parameter, curlz is a vector operator 
defined as (0/0 x - 0/0y), and D,, is the Ekman layer depth. 
Using Pond and Pickard [1978], the Ekman layer depth varies 
as a function of lWI and latitude 4) such that 

3091CdlWl 
DE = [sin (101)1"-' (20) 

Because w• is computed from monthly mean gridded wind 
fields, the values may be underestimated. Therefore the w• 
time series can be amplified by a multiplicative constant in the 
model. 

Ekman upwelling varies with depth according to 

w,,(z) = w•(D•) R(z) (21) 

where w•(D•) is the Ekman upwelling at depth D• and R is the 
ratio of the Ekman upwelling velocity at depth z to the velocity 
at the base of the Ekman layer D•. For simplicity, R is calcu- 
lated using a canonical profile derived from Ekman theory 
using the assumptions that rx = Orx/Oy = Orx/Oy : 0, 
resulting in 
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Table 1. Ecological Model Input Parameter Definitions and Values 

Reference 

Symbol This Study 1 2 3 Definition 

P 

z 

NO3 
NH4 

m 

G0 
k.qp 
rpo 
krp 
/kmax(<60 m) 
I/• max(-->60 m) 
KNO3 
KNH4 
pk 
S max 
chl a :N 

# 

Rm 
A 

rzo 

krz 

a z 

Initial Conditions 

0.2 ......... 

0.1 ...... *-- 

depth dependent ......... 
0.1 ......... 

Phytoplankton Parameters 
0 0 0.1 0.045 
0.851 0.851 ...... 

0.0633 ......... 

0.02 ......... 

0.0633 ......... 

25 ......... 

250 ......... 
1.0 ... 0.2 0.5 
0.1 0.1 --. 0.5 
3 ... 1.5 1.5 

1.0 ...... 1.0 
1.0 1.32 ...... 

Zooplankton Parameters 
0.04 ... 0.1 0.05 

-1.6 1-1.7 1.0 1.0 
0.8 .-. 0.75 -'- 
0.0 10.0 ... 0.0 
0.3 0.3 0.3 "- 
0.019 ......... 

0.15 ......... 

Nutrient Parameters 

0.5 0.4 ... 0.33 
0.5 0.4 ...... 

phytoplankton, mg-at N m -3 
zooplankton, mg-at N m -3 
nitrate, mg-at N m -3 
ammonium, mg-at N m -3 

death rate, d-i 
growth rate at 0øC, d-I 
temperature sensitivity of algal growth, øC-• 
respiration rate at 0øC, d -• 
temperature sensitivity of algal respiration, øC-• 
maximum photoacclimation parameter,/xEin m -2 s -• 
maximum photoacclimation parameter, /xEin m -2 s-i 
half saturation for nitrate uptake, mg-at N m -3 
half saturation for NH 4 uptake, mg-at N m -3 
ammonium inhibition of NO 3 uptake, dimensionless 
maximum sinking rate, m d-• 
chlorophyll a :nitrogen ratio, mg:mg atm 

death rate, d -• 
maximum grazing rate, d-1 
Ivlev constant, m 3 mg-at N -• 
minimum C threshold for grazing, mg C m -3 
unassimilated ingested ration, dimensionless 
respiration rate at 0øC, d -1 
temperature sensitivity of respiration, øC-• 

fraction of dead zooplankton converted to NH 4 
fraction of dead phytoplankton converted to NH 4 

References are 1, Frost [1993]; 2, Glover et al. [1994]' and 3, Fasham et al. [1990]. 

R(z)=0.96 1-cos •eeZ exp •ee Z (22) 0NO3 0NO3 0 ( 0NO3 / -- + w K• = - •'2GP (24d) 
Ot e OZ OZ OZ /] 

such that R (z) varies from 0 at the surface to 1 at z = De. 
At each time step the rate of change in the MLD as com- 

puted by the Gatwood [1977] model is augmented by the vertical 
Ekman velocity calculated at the base of the mixed layer, i.e., 

MLD = MLDc + weAt (23) 

where MLD G (negative value) is the mixed layer depth com- 
puted by the Garwood model. 

2.3. Biological Processes 

The following system of coupled differential equations sim- 
ulates the dynamics of phytoplankton nitrogen (P), micro- 
zooplankton nitrogen (Z), ammonium (NH4) , and nitrate 
(NO3) stocks within the upper ocean: 

OP OP OSP O ( OP) +We + K• = GP-mP-rpP-IZ o t o z o z Czz 
(24a) 

0z 0z 0( 0z) -- K• = (1 - T)IZ- gZ- rzZ Ot + We OZ OZ 
(24b) 

0NH4 0NH4 0 ( 0NH4/ -- K• = -•hGP + apmP Ot + We OZ OZ OZ J 

+ rpP + az#Z + rzZ (24c) 

Definitions and units are defined in the following sections and 
in Table 1. The coordinate system origin is at the surface and 
negative downward. To prevent numerical instability when 
solving (24a)-(24d), the Crank-Nicholson scheme [Press et al., 
1988] has been applied. This involves the simultaneous solu- 
tion of these linear equations for each time step and each 
depth using the method of Gaussian elimination for tridiago- 
nal systems. The Neumann boundary condition, OX/O z = 0, is 
applied at both the surface and lower (350 m) model domain 
boundaries for P and Z. Initial profiles of temperature and 
NO 3 were obtained from winter and annual climatologies, re- 
spectively. Depth-independent initial concentrations of P, Z, 
and NH 4 are given in Table 1. For NH 4 and NO 3 a fixed value 
equal to the initial condition was applied at the lower boundary 
and the Neumann condition was applied at the surface. 

The time- and depth-dependent formulation for eddy diffu- 
sivity K•, at the surface follows Csanady [1982] and was also 
used by Janowitz and Kamykowski [1991], i.e., 

q- 

K•, is assumed constant throughout the mixed layer but is 
smoothly decreased to a fraction of K•,(0) within a transition 
layer just below the mixed layer. The transition layer depth (25 
m) and K•,(0) fraction (0.035) were determined by comparing 
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observed and simulated nitrate profiles and 0- to 50-m inte- 
grated nitrate values so as to yield the best results. Below the 
transition layer, K•, is linearly reduced to a value of 2 x 10 -6 
m 2 s- • at the lower model boundary. 

The rate of phytoplankton sinking (meters per day) acceler- 
ates as nutrients are depleted according to [Eslinger and Iver- 
son, 1996]: 

where 

S = Smax[1 -- tanh (Sk NO3)] (26) 

S•, = 2.16KN (27) 

and Sma x is the maximum sinking rate (meters per day) below 
the euphotic zone or when nutrients are exhausted. K•v is the 
nitrate concentration at which phytoplankton growth is half of 
its maximum rate and the constant 2.16 is in units of (mg-at 
m-3) -2, where rag-at is milligram-atoms. 

The rate of phytoplankton growth G is calculated as the 
product of the maximum temperature-dependent growth rate 
G m and a dimensionless resource limitation coefficient/3 such 
that 

G = •3G m (28) 

where G and G m have units of d-•. G m is a first-order expo- 
nential function of temperature [Eppley, 1972]: 

Gm = Go exp (kgpT) (29) 

where Go (d -•) is the specific growth rate at 0øC and kap 
(øC-•) is a rate constant which determines the sensitivity of 
G m to changes in T. Eppley determined Go and map to be 
0.8511 and 0.0633, respectively, based on the growth of a va- 
riety of phytoplankton species acclimated to temperatures 
above 2øC. 

/3 is the resource limitation term calculated as the smaller of 
the computed nutrient and light limitation terms (Nli m and 
Lnm , respectively), i.e., 

/3 = min (Nlim, Ehm ) (30) 

Nitrogen is assumed to be the nutrient most responsible for 
controlling algal growth so NO3 and NH 4 are the only nutrients 
included in the model. The nitrogen source least limiting to 
algal growth will be used to estimate/3. NH4n m is calculated 
using the equation of Monod [1942], 

NH4 

NH4nm = KNH4 + NH 4 (31) 
where KNH 4 is the NH 4 concentration where growth is half- 
maximal. NO31im is calculated in a similar manner, but with the 
addition of a term to correct for inhibition of NO 3 uptake due 
to the presence of NH 4 [Wroblewski, 1977], 

NO3 

NO3h m = KNO3 + NO 3 exp (-pk NH4) (32) 
where KNO 3 is the NO 3 concentration where growth is half- 
maximal and pk determines the sensitivity of NO 3 uptake to 
the presence of NH 4. Finally, 

Nnm = max (NH4hm, NO31im ). (33) 

Similarly, the dimensionless light limitation term Lli m Js 
given by Arrigo and Sullivan [1994]: 

Lnm= 1 - exp (-/•) (34) 

where E is the ambient irradiance (/zE m -2 s-•, with E being 
einsteins) and I k is the photoadaptation parameter (/xE m -2 
s-q). It has been shown that the photosynthetic characteristics 
of phytoplankton vary as a function of light history [Steeman- 
Nielsen et al., 1962; Kremer and Nixon, 1978; Lizotte and Arrigo, 
1994]. Therefore depth-dependent changes in Ik are computed 
as 

/kmax 

I•- 1 + 10 exp (-BE*) (35) 
where//,:max is the maximum photoadaptation parameter, E* is 
the 1-day moving average irradiance, and B is given by 

B = exp [1.089 - 2.12 log (I•max)] (36) 

With B defined in this way, I• approaches asymptotic mini- 
mum and maximum values at low and high irradiances, respec- 
tively, and is approximately equal to E* at intermediate light 
levels. 

Total N demand must be partitioned into NH 4 and NO 3 
uptake defined by the fractions rr• and rr2, respectively, where 

NH4hm 

7r! : NU4h m + NO3h m (37a) 
NO31im 

7r 2 = NH41im + NO3h m (37b) 
and rr• + rr 2 - 1. Calculation of rr I and ,rr 2 allows total gross 
production (GP) to be partitioned into new and regenerated 
production [Dugdale and Goering, 1967], i.e., 

new production = rr2 GP (38) 

regenerated production = rr• GP, (39) 

respectively. The f ratio is the proportion of nitrogen-based 
growth satisfied by NO 3 [Eppley and Peterson, 1979] and is 
equivalent to rr 2. 

Zooplankton growth, (1 - ,/)IZ, is determined by the 
assimilation efficiency, (1 - 3/), and the herbivore grazing term 
[Ivlev, 1955]: 

I: Rm[1 - exp (-AP)] (40) 

where R m is the maximum ingestion rate of zooplankton and A 
determines the sensitivity of grazing to phytoplankton stock. 
Equation (40) has been modified to account for food- 
acclimatized grazing [Mayzaud and Poulet, 1978; Franks et al., 
1986] defining R m such that 

Rm:RAP (41) 

where R is a grazing rate. The nomenclature has been modified 
to follow Franks et al. to eliminate confusion. In their formu- 

lation, (40) would be defined as I = R m P[1 - exp (-AP)]. 
The use of the coefficient R m is misleading, however, because 
this equation approaches no maximum grazing threshold but, 
instead, increases geometrically, then linearly, as a function of 
P. The equation by Ivlev [1955] has an asymptotic upper limit 
to I defined by R m. As defined in (40), R m is constantly 
changing in response to changes in P, hence its being regarded 
as the food-acclimatized R m. 
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The carbon concentration at each depth can be calculated 
using 

chl a C 

C=P N chla (42) 

where chl a/N is assumed to be constant (a value of 1 is used) 
and C/chl a is computed using the equation: 

chl a --= [-390 + 395 log (E*)]10 (-ø'645G) (43) 

where G has been averaged over 24 hours. Coefficients used in 
(43) were determined by applying a least squares regression to 
data from Kiefer and Cullen [ 1991]. 

The respiration rates for phytoplankton % (d-•) and zoo- 
plankton r z (d-•) are defined as 

rp: rpo exp (krpT) = r/Go exp (krpT) (44) 

rz: rzo exp (krzT) (45) 

where rpo and rzo are the respiration rates at 0øC for phyto- 
plankton and zooplankton, respectively; krp and krz define the 
temperature sensitivity of rp and rz, respectively; and r/is the 
ratio of phytoplankton respiration to growth. The death rates 
of phytoplankton m (d -•) and zooplankton # (d -•) are con- 
stants. 

Daily production II is calculated according to 

f024 • 350 chl a C = dz dt (46) II GP N chl a 

and the bulk f ratio (the average f ratio in the upper 350 m of 
the water column) is defined as 

3sb rr2 GP dz 
fb: (47) 

35ø GP dz 
where 350 m is the limit of the model domain. 

3. Data Set Descriptions 
A variety of data sets from OWS P were used for surface 

forcing and for evaluation of model performance. Data types 

include surface meteorological time series, temperature profile 
time series, COADS monthly mean surface wind fields, clima- 
tological hydrographic and surface irradiance data, and biolog- 
ical and nutrient observations. 

3.1. OWS P Surface Observation Time Series 

These data include time series at 3-hour resolution of air 

temperature, dew point temperature, wind velocity, cloud 
cover, and SST for the period of January 1951 through De- 
cember 1980. With the exception of SST these data were used 
to force the mixed layer model and compute the surface irra- 
diance field as described above. The climatological cloud cover 
from the OWS P observations varies from about 6 oktas in 

autumn to 7.75 oktas in summer. The COADS monthly mean 
cloud cover climatology has a similar pattern, with slightly 
higher values in autumn. 

3.2. Temperature Profile Time Series 

For the period of January 1950 through December 1966 
(excluding 1951 and most of 1952, when no data were collect- 
ed), temperature profiles were routinely collected at OWS P. 
Generally, the sampling was at least once per day. The data 
were gridded at 5-m vertical resolution by investigators at the 
Naval Postgraduate School. 

3.3. COADS Surface Wind Fields 

The COADS monthly mean winds for 1951-1980 were used 
to compute the Ekman upwelling at OWS P (Figure 2). The 
Ekman vertical velocities are noticeably noisier in the earlier 
years. Data from the Experiment on Rapidly Intensifying Cy- 
clones over the Atlantic (ERICA) were used to evaluate the 
effects of time and space averaging [Tai and McClain, 1992, 
1993]. Monthly mean Ekman upwelling derived from objec- 
tively analyzed ERICA wind fields (6-hour intervals) were 2 to 
5 times greater than (1) the values obtained from monthly 
mean ERICA winds and (2) mean Ekman upwelling values 
obtained using Fleet Numerical Oceanographic Center winds, 
the two cases representing the effects of coarse temporal and 
spatial scales. Therefore simulations were also conducted with 
the Ekman values amplified by a factor Of 3. 

3.4. Climatological Hydrographic Data 

Temperature and salinity from the Levims [1982] seasonal 
climatologies were used to check the climatology derived from 
the temperature profile data and to initialize the model tem- 
perature and salinity profiles. The Levitus winter temperature 

0.50 

0.25 

0.00 

-0.25 
-0.50 

1951 1954 1957 1960 1963 1966 1969 1972 1975 1978 1981 

Figure 2. The 30-year time series of monthly climatological Ekman upwelling at ocean weather slation 
(OWS) P. Wind data used to calculate Ekman upwelling were obtained from the Comprehensive Ocean- 
Atmosphere Data Set (COADS) [Woodruff et al., 1987]. 
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Figure 3. Monthly mean solar radiation between 250 and 
4000 nm at OWS P. Data were obtained from Dobson and 

Smith [1988]. 

climatology was used to initialize the model because early 
observed profiles did not extend to 350 m, the vertical domain 
of the model. Below about 100 m the seasonal climatological 
temperatures are 4-4.5øC. The SST ranges from approxi- 
mately 5øC in winter to 12.5øC in summer. The seasonal tem- 
perature profile climatologies derived from the temperature 
time series are nearly identical to the Levitus profiles. The 
Levitus seasonal salinity profiles indicate little seasonal varia- 
tion. Above 100 m the range is less than 0.25%0, and below 100 
m the seasonal profiles are identical. Between 100 and 150 m 
the salinity sharply increases by more than 1%o for all seasons. 

3.5. Biological and Nutrient Observations 

A total of 148 chl a profiles in the vicinity of OWS P (___5 ø 
latitude and longitude) were obtained from the sea-viewing 
wide field-of-view sensor (SeaWiFS) historical pigment archive 

[Firestone and McClain, 1994]. The data were collected be- 
tween July 1959 and July 1973. Seasonal climatological profiles 
show surface values ranging from 0.27 mg m -3 in winter to 0.42 
mg m -3 in summer. The chl a profiles converge near 200 m, 
with a value less than 0.10 mg m -•. Integrated 0- to 50-m chl 
a values were also digitized from Frost [1991]. 

Initially, NO• profiles were obtained from National Ocean- 
ographic Data Center (NODC) [1993] station data and the Levi- 
tus et al. [1993] annual NO• climatology. Only seven profiles 
representing two seasons (spring and fall) were found. The 
mean profile matched the Levitus et al. climatological profile 
reasonably well and indicated a nearly linear increase in NO3 
from about 10 mg-at m -• at the surface to 40 mg-at m -3 at 350 
ms. In an effort to estimate the climatological profiles for each 
season, additional data were obtained from NODC for the 
region within 5 ø of OWS P. This data set included over 5000 
hydrocasts, with only 47 casts containing NO 3 profiles. These 
data were used for comparisons with the simulated NO 3 pro- 
files. Integrated 0- to 50-m NO• concentration data were dig- 
itized from Frost [1991]. 

4. Results 
4.1. Heat Fluxes 

The observed incident short wave radiation at OWS P 

ranged from about -25 W m -2 in winter to -250 W m -2 in 
summer during 1960-1961 [Ashburn, 1963]. The climatological 
monthly mean values, simulated and observed [Dobson and 
Smith, 1988], are shown in Figure 3 and are compared with the 
clear sky irradiances. The monthly mean long wave radiation 
varied from about 25 (July) to 50 (November) W m -2. The 
latent heat flux has the greatest seasonality, with a climatolog- 
ical minimum in July of about 15 W m -• and a maximum of 95 
W m -2 in October. Similarly, the range for the sensible flux 
was -5 W m -• in July to 25 W m -2 in November. Figure 4 
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Figure 4. The 30-year time series of net energy flux at OWS P. 
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Figure 5. The 30-year time series of predicted and observed sea surface temperature at OWS P. Observa- 
tional data were obtained from the data archive at the National Center for Atmospheric Research, Boulder, 
Colorado. 

shows the 30-year net flux time series which indicates a sea- 
sonal cycle of _+ 150 W m -2. 

4.2. Temperature and Mixed Layer Depth 

The predicted and observed 30-year time series of SST are 
shown in Figure 5. The climatological differences (simulated 
minus observed) range from -0.4øC in summer to 0.7øC in fall. 
The seasonal biases in SST as derived from the profile data 
(Figure 6) show the greatest positive difference in winter rather 
than autumn. Archer et al. [1993] and Large et al. [1994] have 
observed similar differences between modeled and observed 

temperatures at OWS P during the winter and suggest hori- 
zontal advection as the cause. Nonetheless, the simulated pro- 
files are within 1 standard deviation of the mean in all seasons 

and at all depths. 
Both the predicted and observed (1953-1966 only) MLDs 

exhibited a great deal of interannual variability during the 
winter (Figure 7), ranging from 110 to >200 m. Unrestricted, 
the simulated MLDs were too shallow in the summer, making 
it necessary to impose a minimum value (30 m). The observed 
summertime minimum MLD ranged from 25 to 30 m. Also, the 
model MLDs tended to shallow about a month too soon in 

spring and deepen a month too late in fall. The wintertime 
model MLDs were very close to the observed values. 

4.3. Eddy Dilfusion Coefficient 

Figure 8 shows the climatological monthly profiles of K•. As 
expected, the values are highest in winter when the wind stress 
and MLD are greatest. Wintertime stresses were typically 0.5 
to 1.0 nt m -2 (where nt is newtons), but values as high as 4 nt 
m -2 were recorded. July had the lowest values at all depths. 

4.4. Phytoplankton 

Average concentrations of chl a in the upper 50 m of the 
water column remained relatively constant throughout the year 
(Figure 9), varying from an autumn peak of approximately 0.34 
mg m -3 to a late spring minimum of 0.20 mg m -3. A secondary 
early spring peak ranging from 0.26 to 0.30 mg m -2 was often 
present following a winter decline in phytoplankton biomass. 
Interannual variation of this pattern was very small. 

Vertical distributions of chl a predicted by the model re- 
mained relatively constant throughout the year (Figure 10). In 
the upper 50 m of the water column, concentrations of chl a 
were generally uniform, except in midsummer when surface 
waters were more strongly stratified, ranging seasonally from 
0.2 (spring) to 0.3 mg m -3 (autumn). Between the depths of 50 
and 200 m, chl a exhibited a gradual decline to approximately 
0.05 mg m -3, regardless of season. 

4.5. Microzooplankton 

Like chl a, the annual cycle of microzooplankton biomass 
exhibited very little interannual variation (Figure 9). Average 
concentrations in the upper 50 m were greatest in midsummer 
(0.60 mg-at N m -3) and lowest in midwinter (0.20 mg atm N 
m-3), tracking the temporal pattern in primary production. 
The rate of microzooplankton grazing was in phase with phy- 
toplankton growth rate and primary production, being greatest 
in the late summer and least in late winter. 

4.6. Gross Primary Production and New Production 

Predicted gross and new primary production in the upper 50 
m (Figure 11) exhibited a regular temporal pattern that was 
related to the annual cycle of solar radiation (Figure 3). Gross 
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Figure 6. Comparison of predicted and observed climatological 
seasonal temperature profiles at OWS P. Observational data were 
obtained from D. Adamec, NASA Goddard Space Flight Center. 

production typically ranged from 0.05 g C m -2 d -• during the 
winter months to 1.0 g C m -2 d- • in summer. Similarly, rates 
of new production ranged seasonally from 0.03 to 0.40 g C m -2 
d -•. Gross primary production was highest near the ocean 
surface, reaching > 1.5 mg C m -3 d -] in August and Septem- 
ber, and decreased exponentially with depth, similar to the 
pattern exhibited by in-water radiation. The annual rate of new 
production, which is equivalent to the production exported 
from the euphotic zone, and gross production (Figure 12) 
ranged from 78 to 83 g C m -2 yr -] and from 182 to 196 g C 
m -2 yr-• respectively. 

4.7. Nitrate and Ammonium Concentrations 

Average NO3 concentration in the upper 50 m of the water 
column showed marked seasonal and interannual variability 
(Figure 13). Over an annual cycle, NO 3 concentrations gener- 
ally ranged from 6 mg-at m -3 in mid-September to 15 mg-at 
m -3 in mid-March. However, the magnitude of the spring NO 3 
maximum varied interannually between 10 and 23 mg-at m -3. 
Similarly, the autumn minimum ranged from 1 to 12 mg-at 
m -3. As expected, the autumn decline in surface NO 3 coin- 
cided with the peak in phytoplankton abundance. The lowest 
NO 3 values occurred in 1962 when the winter mixed layer was 
very shallow and the Ekman upwelling was not decidedly up- 
welling or downwelling. Generally, the magnitude of the an- 
nual NO3 cycle varied as a function of Ekman upwelling. Sim- 
ulations where w e was increased by a factor of 3 exhibited 
marked changes in NO 3 in the upper 50 m of the water column. 
For example, near-complete NO3 exhaustion was observed 
during late summer 1956-1958 when the surface winds were 
predominantly downwelling favorable. Surprisingly, even in the 
standard simulation, large fluctuations and even near depletion 
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of NO 3 (e.g., 1962) produced only small variations in annual 
primary production (Figure 12). 

Like NO3, the average NH 4 concentration in the upper 50 m 
of the water column showed both marked seasonal and inter- 

annual variability (Figure 13), although the annual pattern was 
180 ø out of phase with respect to nitrate. Concentrations typ- 
ically reached their minimum of 0.15 mg-at m -3 in March, 
although this minimum value ranged from 0.125 to 0.250 mg-at 
m -3. This is somewhat higher than the near depletion of NH 4 
observed in the summer months during the SUPER cruises 
(1993). Peak NH 4 concentrations were predicted in December 
and varied annually from 0.30 to 0.40 mg-at m -3, consistent 
with observations from Frost [1993]. 

Despite the high ambient NH 4 concentrations, the predicted 
bulk f ratio ranged seasonally from 0.3 to 0.6, demonstrating 
that a substantial proportion of N demand was satisfied by 
NO 3. As expected, the autumn minimum coincided with both 

the high rates of primary productivity, which resulted in re- 
duced NO 3 abundance, and the maximum rate of secondary 
productivity, which led to the release of large amounts of NH 4. 
The high f ratios in late winter and early spring reflect the high 
concentrations of NO 3 brought to the surface during winter 
mixing and the low production of NH 4 by the microzooplank- 
ton population. 

5. Discussion 

5.1. Phytoplankton Standing Crop 

Model predictions of vertical chl a distribution are in good 
agreement with in situ profiles, despite the fact that the ob- 
served chl a data are highly variable with respect to depth 
(Figure 10). Vertical gradients in chl a were maintained in the 
model by the relatively high phytoplankton growth rates in the 
upper water column. From February to September the rate of 
phytoplankton growth exceeded losses from sinking and zoo- 
plankton grazing, and surface concentrations remained rela- 
tively constant. At depths > 100 m both predicted and observed 
chl a concentrations were greatest (up to 0.2 mg m -3) between 
December and March. This timing reflects a balance between 
modest phytoplankton growth rates at a time of relatively short 
photoperiod and light intensity, low grazing pressure, and high 
vertical mixing. By midsummer, mixing was low, zooplankton 
stocks had built up, grazing exceeded phytoplankton growth at 
depth, and chl a was reduced to less than 50% of the spring 
peak. 

The predicted annual pattern of phytoplankton biomass 
agrees well with in situ chl a data collected at OWS P which 
show that phytoplankton standing crop exhibits only a modest 
annual cycle (Figure 14a). Observations also indicate that sub- 
stantial high-frequency variation in chl a exists at OWS P 
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Figure 9. The 30-year time series of simulated mean surface (0-50 m) chlorophyll a and zooplankton 
nitrogen. 
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[Welschmeyer et al., 1991], and our model results support that 
conclusion. Previous models [Frost, 1993] suggest that this vari- 
ability is due to changes in MLD. However, when MLD was 
held constant during the summer months in our simulations, 
the high-frequency variations in chl a persisted, suggesting that 
variability in daily insolation is responsible. 

Some recent evidence indicates that phytoplankton pigment 
concentrations in the subtropical Pacific Ocean have increased 
over the last few decades [Venrick et al., 1987], although this is 
still a matter of debate [Falkowski and Wilson, 1992]. However, 
model results show no evidence of a long-term increase in 
phytoplankton standing crop at OWS P like that observed 
farther south in the central North Pacific gyre by Venrick et al. 
[1987]. Because the model was forced with high-frequency 
observational data for the years 1951-1980, certain interannual 
differences in the forcing data would have resulted in changes 
in phytoplankton standing crop. Our analysis of 30 years of 
meteorological data and its predicted effect on biological pro- 
cesses at OWS P reveal no decadal trends in surface heat 

fluxes, cloud cover, winds, SST, phytoplankton, zooplankton, 
or nutrient fields. Interannual variability is most evident in the 
MLD, but changes in this variable do not have a significant 
effect on annual primary productivity. If pigments have in- 
creased over the last few decades, the increase cannot be due 
to local forcing, but must be a result of a large-scale shift in 
water mass boundaries or a change in the influx of trace nu- 
trients such as iron from atmospheric dust. Model results for 
the case where Ekman was amplified by a factor of 3 did show 
that NO3 can be nearly depleted during periods of either shal- 
low winter MLDs or periods of persistent downwelling. There- 
fore local atmospheric forcing of mixing and Ekman upwelling 
cannot increase productivity, but only decrease it. Also, the 
monthly climatological cloud cover fraction is fairly constant 
throughout the year at about 0.8 and would need to decrease 
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mary production. 

substantially to have any impact on surface irradiance, e.g., a 
decrease in cloud cover from 0.8 to 0.6 results in only a 6% 
increase in Esurf (equation (5)). The absence of predicted in- 
terannual variation in chl a at OWS P suggests that variation in 
local forcing was too small to affect phytoplankton biomass in 
the manner observed by l/enrick et al. [1987]. 

5.2. Primary Production at OWS P 

Historically, OWS P has been considered to be a region of 
low primary productivity, with annual rates estimated to be in 
the range of 30 to 60 g C m -2 yr -• [McAllister, 1972; Frost, 
1987] (Table 2). These estimates were supported by the low 
phytoplankton standing crops and the high nutrient concentra- 
tions characteristic of the sub-Arctic Pacific. However, more 
recent in situ measurements of primary production made using 
clean •4C techniques suggest that primary production may ac- 

tually be two- or threefold higher (140-170 g C m-2yr -1) than 
previously thought [Wong et al., 1995; Welschmeyer et al., 1993]. 

The annual production rate predicted by the model (approx- 
imately 190 _+ 8 g C m -2 yr -1) supports the notion that OWS 
P is a region of high productivity. Predicted average daily rates 
of production over the entire year were approximately 521 mg 
C m -2 d -l, in good agreement with recent estimates (Figure 
14b). In addition, the predicted productivity between May and 
August (600-800 mg C m -2 d -•) is consistent with the average 
of 631 mg C m -2 d -1 reported by Welschmeyer et al. [1991] and 
the range of 250-750 mg C m -2 d -1 (calculated from new 
production estimates of 100-300 mg C m -2 d-1 divided by the 
f ratio of 0.4) given by Emerson [1987]. Moreover, Martin et al. 
[1989] and Welschmeyer et al. [1991] measured maximum sum- 
mer rates of production in excess of 1000 and 1300 mg C m -2 
d -l, respectively, 3 times greater than the highest rates re- 
ported previously. Typical summer peaks predicted by the 
model ranged between 900 and 1000 mg C m -2 d-• 

However, while the model estimate of integrated annual 
production agrees well with recent studies [Berger et al., 1989; 
Welschmeyer et al., 1991; Falkowski and Wilson, 1992; Wong et 
al., 1995], the annual cycle of production differs from that 
presented by Wong et al. [1995] in important ways. The most 
obvious difference is that the model predicts higher rates of 
production in summer and lower rates in winter. The data 
presented by Wong et al. [1995] show summer rates of produc- 
tion (466 mg C m -2 d -•) that are only 64% higher than winter 
rates (283 mg C m -2 d-i). In contrast, average summer rates 
of production predicted by the model (600-800 mg C m -2 
d-l) are more than fourfold higher than minimum winter rates 
(150 mg C m -2 d-i). 

The only available data for winter production at OWS P 
using clean incubation techniques are given by Wong et al. 
[1995]. Their estimates of production were based on rates 
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Figure 13. The 30-year time series of simulated mean surface (0-50 m) nitrate and ammonium concentra- 
tions. 
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400 

measured between dawn and noon which were extrapolated 
over the entire day. Because they assumed respiration was less 
than 15% of daily gross production, nighttime respiration was 
ignored, regardless of season. However, because the dark cycle 
is much longer during the winter (16 hours on December 21) 
than it is in summer (8 hours on June 21), nighttime respiration 
would be expected to be relatively greater in winter, resulting 
in reduced net production. Although it could be argued that 
cold winter temperatures may compensate for the longer night 
and keep respiration low in winter, this is doubtful, given the 
fact that low winter temperatures did not unduly suppress rates 
of gross primary production. It is well known that phytoplank- 
ton have a variety of mechanisms which allow them to partially 
maintain their photosynthetic rates at reduced temperatures 
[Li, 1980; Li and Morris, 1982; Li et al., 1984], and it is also 
known that rates of respiration are higher when photosynthetic 
rates increase. Therefore because respiration was neglected 
during their study, it is likely that Wong et al. [1995] have 
overestimated rates of primary production in the winter. 

However, it is unlikely that nighttime respiration alone can 
explain the differences between the modeled rates of winter 
production and those reported by Wong et al. [1995]. The 
strong annual signal predicted by the model was induced pri- 
marily by seasonal changes in photoperiod and light intensity 
and less so by rates of respiration. Because primary production 
is the product of the phytoplankton standing crop and its 
growth rate, it is curious that observed patterns of photosyn- 
thesis [Wong et al., 1995] are not more tightly coupled to the 
annual light cycle, particularly because nutrients do not limit 
the photosynthetic rate, and the phytoplankton standing crop 
changes little with season. If winter production rates really are 
as high as those reported by Wong et al. [1995], they must 
reflect either the ability of the phytoplankton population to 
photoacclimate to reduced light intensities during the summer- 
winter transition or a shift in spedes composition from a high 
light-acclimated assemblage in the summer to a low light as- 
semblage in the winter. This latter explanation is supported by 
Venrick [1993], who has found distinct surface and deep water 
phytoplankton assemblages in the central North Pacific Ocean 
near 29øN, 154øW. 

A seasonal change in the taxonomic composition of the 
surface phytoplankton assemblage was incorporated into the 
model by varying the value of/kmax as a function of MLD. In 

winter, when MLDs exceeded 60 m, /kmax was set to 25 
m -2 s -•. When the MLD shoaled in spring and summer to 
<60 m,/kmax was increased to 250/xE m -2 s -1. An alternative 
approach would be to modulate/kmax as a sine function with 
season. The former method was chosen, however, because it 
more adequately simulated the mixing of deep water phyto- 
plankton populations to the surface in winter as proposed by 
Venrick [1993]. Results of this simulation were very similar to 
those obtained in the standard simulation. However, when the 
MLD exceeded 60 m, the reduced /kmax resulted in higher 
primary productivity rates in the winter and slightly greater 
phytoplankton and zooplankton standing crops. When the 
MLD was <60 m, the higher values for /kmax resulted in a 
slight reduction in phytoplankton biomass and a 25% drop in 
zooplankton abundance in the summer. These results suggest 
that the seasonally stable phytoplankton standing crop at OWS 
P could result from species succession, whereby deep water 
species dominate in the winter when mixed layers are deep and 
shallow water assemblages dominate in the summer when the 
water column is more stratified. 

The high rates of production and high f ratios suggest that 
the region around OWS P may be a more important compo- 

Table 2. Estimates of Annual Primary Production at 
Ocean Weather Station P 

Production, 
gCm -2 

yr -• Comment Reference 

34 

60 
>113 

140 
54-180 
162 

170 

189 

190 

193 

60-200 

modeled Frost [1987] 
measured McAllister [1972] 
measured* Welschmeyer et el. [1991] 
measured Wong et el. [ 1995] 
climatology Koblents-Mishke et al. [1970] 
modeled Frost [1993] 
measured Welschmeyer et el. [1993] 
estimated from Falkowski and Wilson [1992] 

Secchi data? 
modeled this study 
empirical Eppley et el. [1985] 

model 

climatology Berger et al. [1989] 

*Measured May-October only. 
?North Pacific Ocean. 
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nent of the carbon cycle than previously thought. These rates 
are comparable to rates of new production reported for up- 
welling regions in the eastern Pacific Ocean [Martin et al., 1989] 
and the equatorial Pacific Ocean [Chavez and Barber, 1987], 
which have higher rates of GP but lower f ratios. Export pro- 
duction from OWS P is also more than twofold higher than the 
coastal northeast Pacific Ocean and four- to fivefold greater 
than the central Pacific Ocean [Martin et al., 1989]. However, 
because phytoplankton and zooplankton biomass at OWS P is 
dominated by small size classes which presumably sink very 
slowly, it is unclear what fraction of the exported production 
reaches the deep ocean. The primary biogenic loss from the 
upper 350 m in the model is from fecal pellet production which 
is assumed to be permanent. The extent to which this is true 
will determine how important OWS P is as a sink for atmo- 
spheric CO2. 

5.3. Microzooplankton 

The predicted rapid response by zooplankton to changes in 
food abundance is consistent with a population dominated by 
heterotrophic microzooplankton, which have high mass- 
specific metabolic rates and high intrinsic growth rates when 
compared to heterotrophic metazoans such as copepods, krill, 
and gelatinous zooplankton [Frost, 1987]. Zooplankton with 
distinct reproductive cycles such as planktonic crustaceans do 
not respond numerically to sudden increases in food supply. 
There is little evidence that individual microzooplankton can 
vary their digestive enzyme concentrations in response to in- 
creased food supply (food acclimation) as has been observed 
for copepods [Mayzaud and Poulet, 1978]. However, because 
phytoplankton standing crop remains relatively constant 
throughout our simulations, little food acclimation by the mi- 
crozooplankton is necessary. 

5.4. Nutrients 

The long term stability of NO 3 in the upper 50 m, particu- 
larly in winter, is an important feature of the model and shows 
excellent agreement with observations (Figure 15) including 
vertical profiles (Figure 16). The nitrate balance can be ob- 
tained by combining terms in (24a)-(24d) (note that m -- 0 in 
Table 1) and integrating over the depth of the model domain 
for 30 years, yielding 

20 

18 

16 o o 
o o 

14 [o oo_ øa<•--,.• o o o 
•. oOO t•-'W ø ,.t• ,.,.2 • o o o o o o 

o'X2o • •2 •'•ø•'•ø •Oo o• •øoO 
[o oo • 10 

•o o Oo 

z 6 o• • • o 
4 • 

2 o 

0 , i , i r I , I , I , I • I , 
0 50 100 150 200 250 300 850 400 

Day 

Figure 15. Comparison of predicted and obse•ed annual 
cycles of mean surface (0-50 m) nitrate. Obse•ational data 
were obtained from Frost []99]]. 
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Figure 16. Comparison of observed and simulated climato- 
logical nitrate profiles. The observed climatology was derived 
by averaging the seasonal climatologies so as to remove sam- 
pling bias. Observational data were obtained from the National 
Oceanographic Data Center. 

I f030y .... [ 3S0 ON l 30 years • dz dt • 30 years 

I030y .... I0350 [ 0NO 3 19( 19NO3• ß + Kv --We 19Z •-• dz / 

- g(1- az) Z - rlZ l dz dt • (0.93 + 5.97 
- 2.15 - 4.58) x 10 -4 mg-at N m -2 s -] (48) 

The terms not shown on the right-side of the equation have 
magnitudes <0.2 x 10 -4 mg-at N m -2 s -]. It has been sug- 
gested that the residual NO3 at the end of the summer provides 
a buffer against winters with few storm events and little mixing 
[Miller et al., 1991]. If this residual NO3 were to be used up and 
winter mixing did not restore concentrations to their usual high 
levels, there might be insufficient nitrate to drive the system the 
following spring. As noted by Frost [1991], however, only a few 
brief but intense mixing events may be needed to restore NO 3 
concentrations to their winter levels. The model results dem- 

onstrate that during the 30 years of our simulation, winter 
mixing, which is driven by wind speed in the model, was con- 
sistently sufficient to fully restore NO 3 in the upper 50 m of the 
water column. These results suggest that the probability of 
winter storms being too weak to drive deep mixing is small. 
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