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Simulation of the planktonic ecosystem response
to pre- and post-1976 forcing in an isopycnic
model of the North Pacific

S.P. Haigh, K.L. Denman, and W.W. Hsieh

Abstract: To investigate the hypothesis that the 1976 “regime shift” in North Pacific fish populations resulted from cli
matic change propagating up the fisheries food web, we have embedded a four-component planktonic ecosystem model
in an ocean general circulation model. The Miami isopycnic model (MICOM) has been implemented on a 2° grid over
the domain from 18°S to 61°N, with a Kraus—Turner-type mixed layer model overlaying 10 isopycnal layers. An initial
baseline run with forcing for the period 1952-1988 reasonably reproduces the spatial patterns and seasonal changes in
SeaWiFS images. Estimates of annual net and export production compare well with contemporary observatiens of pri
mary and export production at Ocean Station Papa in the subarctic North Pacific but are low by a factor of 8-10 at
station ALOHA near Hawaii. Two subsequent runs with forcing for the periods 1952-1975 and 1977-1988 show the
main gyres to strengthen after 1976 with large areas of increased mixed layer depth. In the light-limited subasctic, lim
ited areas of shallower spring mixed layer produced increased phytoplankton biomass, whereas in the nutrient-limited
subtropical gyre, increased nutrients (or migration of the subarctic front and the equatorial current system into the

gyre) after 1976 correlated with increased plankton biomass.

Résumé: Pour évaluer 'hypothese selon laquelle le « changement de régime » observé en 1976 chez les populations
de poissons du Pacifique Nord est d0 & une modification du climat qui s’est répercutée a travers la chaine alimentaire
jusqu’aux poissons, nous avons incorporé un modele écosystémique du plancton a quatre compartiments a un modele
général de circulation océanique. Le modéle isopycnique de Miami (MICOM) a été appliqué a une grille ayant une ré-
solution de 2° et couvrant un domaine de calcul allant de 18°S & 61°N, avec une modélisation de la couche de mé-
lange de type Kraus—Turner superposant 10 couches isopycniques. Un premier passage du modéle avec forgage pour la
période 1952-1988 a généré des patterns spatiaux et des changements saisonniers qui correspondent de facon satisfai-
sante aux images des capteurs SeaWiFS. Les estimations des productions annuelles nette et exportée se comparent
avantageusement aux observations récentes des productions primaire et exportée a la « Ocean Station Papa » dans le
Pacifigue Nord subarctique, mais elles sont trop basses par un facteur de 8-10 a la station ALOHA pres d’Hawaii.

Deux passages subséquents du modele avec forcage pour les périodes de 1952-1975 et de 1977-1988 montrent un ren
forcement des tourbillons océaniques apres 1976, ainsi que la présence de grandes surfaces ou la profondeur de la
couche de mélange s’est accrue. Dans la région subarctique ou la lumiére est le facteur limitant, les zones réduites de
couches de mélange peu profondes au printemps ont produit des biomasses accrues de phytoplancton; en revanche,
dans le tourbillon subtropical ou les nutriments sont le facteur limitant, une augmentation des nutriments (ou-la migra
tion dans le tourbillon subtropical du front subarctique et du systeme du courant équatorial) aprés 1976 est en corréla
tion avec une croissance de la biomasse du plancton.

[Traduit par la Rédaction]

Introduction settlement, and indirectly by altering the production ane dy
namics of the marine planktonic ecosystem that supplies the
There is currently broad interest in understanding how cli food energy required by fish. In this paper, we focus on the
mate change affects marine fish populations. A changing clisecond pathway: how the marine ecosystem responds to a
mate affects fish populations in two ways: directly through,change in climate.
for example, temperature changes on physiology and larval Around 1976, a major climate shift occurred in and over
survival or currents affecting migration pathways and larvalthe North Pacific Ocean: the Aleutian atmospheric low pres
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sure system strengthened and shifted its characteristie podVlodel description
tion, with correlated changes in sea surface temperature
(SST) and wind patterns (Hanawa et al. 1989; Trenberth an@GCM
Hurrell 1994; Nakamura et al. 1997). This “regime shift” We use the Miami isopycnic coordinate ocean model
lasted from about 1976 until 1988 and was characterized byMICOM) as described by Bleck et al. (1992). Rather than
an intensification and southward shift of the winter Aleutiangrid points at constant depths, an isopycnic or layered model
low pressure system. This shift transported warmer aihas a number of constant density layers whose position and
northward along the west coast of North America and ovethickness change at each horizontal gridpoint each time step.
Alaska, causing an increase in SST along the west coast ®iiICOM includes an explicit representation of the mixed
North America and Alaska. The intensification and seuth layer, making it suitable for ecosystem modelling. The model
ward shift of the winter Aleutian low pressure system corre employs the diapycnal mixing formulation of McDougall
lates with a decrease in SST over the central subarctic Nortand Dewar (1998), whereby vertical exchanges depend on
Pacific especially associated with the subarctic frontthe concept of two-way entrainment of fluid across each in
(Nakamura et al. 1997). There were also stronger zondkrface. Conventional diffusion coefficients cannot be used in
winds over the central North Pacific and a cyclonic rotationan isopycnic model because the net fluxes of heat, salt, and
of wind stress to a more poleward direction in the Gulf of fluid volume into each layer must be specified so as to main
Alaska. Miller and Schneider (2000) have recently analyzedain the constant density of the layer.
the 1976 climate shift in terms of multidecadal climate dy We have implemented MICOM for the North Pacific
namics in the North Pacific Ocean. Ocean with a model domain from 18°S to 61°N and bathy
A number of biological changes appear to have been-assénetry developed from the ETOPOS data set smoothed with a
ciated with the 1976 regime shift. In the eastern subarctid—2-1 filter in both horizontal directions. A no-slip condi
Pacific, changes in the ocean temperatures and currents cdion was used for the velocity fields at all lateral boundaries.
relate with changes in the migration patterns of fish (Mysakin addition, the southern boundary was represented by a
1986). Venrick et al. (1987) observed an increase in chlorosolid insulated vertical wall. The model has a coarse resolu-
phyll a concentrations in the central North Pacific since thetion Mercator grid of 2° x (2 cog)® with 11 layers in the
late 1970s and attributed this change to the increase in wintertical: a Kraus—Turner-type mixed layer and 10 isopycnal
ter winds and the decrease in surface temperature. Brodel@yers with potential density values of 24.16, 25.60, 26.15,
and Ware (1992) found a doubling of summer zooplanktor?6-38, 26.60, 26.96, 27.24, 27.45, 27.60, and 27.70, chosen
biomass in the subarctic Pacific between the periods 19520 have reasonable resolution of the upper few hundred
1962 and 1980-1989. However, analysis of long-term timenetres north of approximately 35°N. The temperature and
series by Sugimoto and Tadokoro (1997) did not yieldsalinity fields were initialized with the World Ocean Atlas
marked changes in zooplankton or phytoplankton time serie6l994) (WOA94) September data set. The circulation model
in the western subarctic that could be related to the changeas initialized on 1 September, when the mixed layer is at
in climate forcing that occurred around 1976. BeamishitS Shallowest in extratropical regions, because in MICOM,
(1993), Francis et al. (1998), and Beamish et al. (1999) docMixed layer deepening is better represented than mixed layer
umented changes in fish populations associated with largeshallowing.

scale changes in atmospheric pressure patterns, incIudingSUfface forcing of the model used the current Comprehen
those observed around 1976. sive Ocean—Atmosphere Data Set (COADS) (e.g., Woodruff

et al. 1987), which calculates separate monthly means for

To study how North Pacific planktonic ecosystems might . : ) !
respond to future changes in the climate, we use a couplet(ljgle wind stress (and its curl) and the wind speed, which was

ool . : used in the calculation of mixed layer depth. We restored
physical-biological model to simulate  the eCOsys'[emi/},{rface conditions to the observed SST and salinity with a

changes associated with the coupled atmosphere—oce ;
changes around 1976. We employ a three-dimensional oce fhe scale of 1 month for a mixed layer depth of 50 m. For

X . . ind speed, wind stress, and SST, three monthly climatologies
gg;]ekrgnig'rgg(')ast'c;?eénorggge(loiﬁclgr)nevr\]’l[g' d %T/eregbgg%ea?were created from for the periods 1952-1988, 1952-1975, and
P y P "977-1988 to obtain first a long-term mean annual cycle and

fr(_)m 18 S to the Bering Strait (61°N) on a ”Om'”a' 2 .g”d then pre- and post-1976 mean annual cycles. Wind stress was
with realistic bottom topography. The area of interest is thecalculated from the standard expression
midlatitude North Pacific. The tropics have been included to
make the southern boundary of the domain well removed [t.1,] = pCyV[uV]

from the area of interest. The model is run with monthly

wind forcing and SSTs. Monthly average salinities werewhere the drag coefficient, is calculated from the expres
used in an initial run for the period 1952-1988, but annuakions of Trenberth et al. (1989) and Large and Pond (1981),
average salinity fields were used in the simulations describeglis the density of airV is wind speed at a height of 10 m,
next. We report on the results of three simulation3: &  and [u,v] are the vector components df

“baseline” run with mean forcing for the period 1952-1989, We examined the World Ocean Database (1998) (WOD98,
(i) a “pre-1976” run with mean forcing for the period 1952— Levitus et al. 1998) and concluded that there are insufficient
1975, andifi) a “post-1976” run with mean forcing for the data to create different monthly sea surface salinity climato
period 1977-1989. We analyze these simulations in the corogies for thepre- and post-1976 periods. Instead, annual
text of available observations on planktonic ecosystems imean salinity fields were created from WOD98 for the three
the subarctic and subtropical gyres. periods listed above. Two model runs were carried out over
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the 1952-1988 period to examine the effect of using annudbr a 365-day year, equivalent to modifying the solar
mean (versus monthly mean) sea surface salinity to force theonstant by a factor of 73/72. In addition, the day angle was
model. The first run used the 1952-1988 monthlydefined as &(t — 1)/360, wherd = 1,...,360. Calculating the
climatologies for wind speed, wind stress, and SST and théotal amount of light in a year for this formulation gives an
monthly climatology for sea surface salinity from WOA94. error of less than 1 part in 2Gvhen compared with that of
The second run was identical to the first except that we-averigbal (1983) for the 365-day year.
aged sea surface salinity (from WOA94) over 12 months to Denman and Pefia (1999) used a linear zooplankton loss
give an annual average salinity field. Minor differences interm, which because of the nature of the coupled differential
spatial patterns of mixed layer depths were observed, but reequations results in essentially no seasonal cycle in the
sults of the ecosystem model showed little change. Subsehytoplankton field. This choice is apparently justified when
quently, we used the annual sea surface salinity fields in alinodelling the annual cycle at OSP where there is ne sea
simulations described here, and monthly SST fields threughsonal cycle in the observed chlorophyll concentrations.
out. However, satellite images do show that there are regions in
The climatologies for wind speed, SST, and salinity werethe North Pacific Ocean where well-defined seasonal cycles
smoothed using the same spatial filter as for the topographyn surface chlorophyll are present. In addition, recent uapub
The physical model was started from rest and spun up folished measurements (K.L. Denman and M.A. Pefiassqe
30.5 years using 1952-1988 climatologies, prior to embedcommunication) indicate that the chlorophyll to nitrogeio

ding the ecosystem model described next. in the phytoplankton at OSP may have an annual cycle-as in
ferred from laboratory and modelling studies by Goericke
Ecosystem model and Montoya (1998). Thus, although there is no annual cycle

Jn the observed phytoplankton chlorophyll at OSP, we might
expect to see a seasonal cycle in phytoplankton biorRass
measured as either nitrogen (the currency of our model) or
carbon. For these reasons, we chose to use a quadratic zoo
glankton loss term, which allows a seasonal cycle in the
phytoplankton biomass field (expressed as nitrogen) in the

The ecosystem model consists of four compartments, n
trient N, phytoplanktonP, zooplanktonZ, and detritusD,
where nitrogen is the “currency” used (i.e., all four variables
have units of millimoles nitrogen per cubic metre). For a
complete description and equations of the NPZD model, se
Denman and Pefia (1999). Here, we describe only differt'Y*"
ences from their model. vicinity of OSP and elsewhere.

The NPZD model described by Denman and Pefia (1999 We assumed that the biological parameters are constant in
was used to examine the possible effects of iron limitation afMe @nd space and used the parameter values given by Den-

Ocean Station Papa (OSP). As there is not sufficient knowlMan and Pefia (1999) with the following exceptions. For the
edge of the role of iron over the entire North Pacific OceanZ00Plankton grazing half-saturation constant, zooplankton
we did not include the effect of iron limitation here. i.e.. |0Sses to nutrients, and zooplankton losses to detritus, we

their iron limitation factorLg, was set equal to 1. Denman USed the values from Denman et al. (1998) for their model

and Pefia (1999) also used a light function derived fronf!n with a quadratic zooplankton mortality term. In addition,
Webb et al. (1974). For numerical efficiency and since we dgh€ maximum phytoplankton growth rate was reduced from
not resolve diurnal cycles in our coarse-resolution model, wef-0 t© 1.0-day!. As this model does not include iron limita
calculate a daily averaged phytoplankton growth rate usingon’ using a value of 2.0-daygave a depletion of surface

the formulation of Evans and Parslow (1985) for the daily utrients in the subarctic Northeast Pacific Ocean in the
growth rate of phytoplankton as a function of light. summer months, contrary to observations, which generally

To model light shading by phytoplanktdd and detritus show that the subarctic Northeast Pacific Ocean is a high-

D, Denman and Pefia (1999) modified the linear formulatior Ut €Nt Iovr\:-cihlolro?(?yll (HNIt‘hC) tregziorll.ol?jgdgcingththe
of the light attenuation coefficient used by Evans angmaximum phytoplankion growth rate to ~.0-dagives the

. esired behavior when iron limitation is absent in the model.
Parslow (1985) and Fasham (1995). Compared with the Ve'dAs in Denman and Pefia (1999) and Denman et al. (1998),

tical resolution of the one-dimensional model of Denman - ! '
and Pefa (1999) (60 layers over 120 m), our physical modetf1e maximum grazing rate ha_s been set to be representative
’ f microzooplankton and the tight grazing control they seem

has a coarse vertical resolution: 11 layers over the entir : ; ; : :
depth of the ocean, which is inadequate for resolving th c?e1><9e£;t7l)n a wide variety of oceanic regimes (e.g., Landry et
A .

shading effects of phytoplankton and detritus. Thus, we di

not include feedback from the biomass to light attenuation

and used the same linear formulation as Evans and Parslo&oupled model

(1985) and Fasham (1995). Embedding the NPZD model into MICOM was based on
MICOM has 12 months with equal length of 30 days, re the methods of Drange (1994), who embedded a carben cy

sulting in a 360-day year. Since formulation of the daily cle model into a North Atlantic implementation of MICOM.

irradiance field is based on a 365-day year (Igbal 1983)Although we used a different ecosystem model that does not

modifications were necessary so that the ecosystem modeiclude an inorganic carbon cycle module, the embedding

could be run for a 360-day year. We assumed that the 36@tructure is essentially the same.

day year has the same number of hours per year as the 365-As the OGCM has coarse vertical resolution, primary-pro

day year, resulting in (365 x 24)/360 = 73/3 h per day. Theduction below the mixed layer could be underestimated if

irradiance field was modified by assuming that the amount othe mixed layer depth is much shallower than the euphotic

light per day is (73/3)/24 = 73/72 times the amount per dayzone depth. Gross primary production over a time step is

© 2001 NRC Canada
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equal to the biomass of phytoplanktéhtimes the rate of 1952-1975, and 1977-1988 and have been smoothed. We
primary production times the time step. If the layer immedi performed three different model runs of 5 years: With

ately below the mixed layer is several hundred metres thick1952—-1988 climatologies (baseline ruri)) (vith 1952-1975
then the biomass will be mixed over those several hundredlimatologies (pre-1976 run), andi§ with 1977-1988 clima
metres each time step; if the layer below the mixed layer igologies (post-1976 run).

much thinner, then the biomass will be mixed over a much

smaller depth range and its average value will be higher. | . .

the latter case, the primary production will be greater wherc[,hesults and discussion

there is light (below the mixed layer but still within the  the first part of this section examines results for the an
euphotic zone) because the biomass concentr&tioill be 1,5 cycle of the biological fields of the baseline run. The
greater. In reality, the layers below the mixed layer are Nokecond part examines the impact of the 1976 regime shift on

subjected to high rates of vertical mixing, making this de ;4 4qical production b ina th Its f th _
pendency of primary production on the thickness of the 10 0gical procliction by comparing the results from the pre

. ) . . and post-1976 runs.
layer immediately below the mixed layer an artifact of the
vertical resolution of the model. To minimize this effect, we
split the physical layers at 100 m. This separated the mod
domain into a thin productive surface zone (above 100 m)Njtrogen budget

which is exposed to higher light levels and a deep zone Tne total budget of nitrogen from all four compartments
where light levels are very low and no production is al shoyld be conserved, since there are no imposed sources or
lowed. It should be noted that the 100-m level is an arbitrarygjnks: Fig. & indicates a small loss of nitrogen (less than
choice, as the actual euphotic zone depth based on the 18019%.year!) due to numerical errors. When embedding an
Ilght level is 73 m for the parameter values used. In the r€ecosystem model into a physical model, parameter values
vised model, if the mixed layer depth was greater thanyyst be carefully selected such that the nitrogen sinking out
100 m, the two sublayers were remixed after calculation oby the surface layer in the form of detritus balances the phys-
the biological source/sink terms. If the mixed layer depthicy| resupply of nutrients to the surface layer, averaged over
was less than 100 m, the split at the 100-m level was mainge annual cycle and over the model domain. We chose to
tained within the biological model and NPZD were diffused |gave parameter values for the physical model unchanged
across this level. As in Drange (1994), a definition based onynq adjusted those of the ecosystem model. The amount of
turbulence theory (Gaspar et al. 1990) was used for the difpjtrogen in the top 100 m is sensitive to the remineralization
fusion coefficientk, = k/N mv-s “ whereN is the buoyancy —jength scalewy/r, wherew is the detrital sinking rate ang
frequency and = 10" m*-s* (Gargett 1984). We imposed s the remineralization rate. After several “tuning” runs, val-
bounding limits of 10° < K, < 10! m?s™ and used the a5 ofw. = 3 m-day® andr, = 0.1-day* were chosen. After
mass-conserving implementation of diffusion in a nonuni-, yearssof acclimation, the total amount of nitrogen in the
form grid, both as described by Drange (1994). top 100 m approaches equilibrium, changing less than
MICOM’s advection scheme (Bleck et al. 1992) was ap-19.year® (Fig. 1b). Thus, all results shown are from the
plied to the advection of NPZD by the velocity field. third year of the coupled model run. The redistribution 6f ni
Advection and horizontal diffusion of the ecosystem compo trogen in the top 100 m due to horizontal transports fails to
nents as well as the effects of diapycnal mixing and mixecequilibrate after 5 years, and total nitrogen north of the
layer shoalmg/deepenlng on the concentration of.the eeosygquator is being lost at a rate of approximately 3%year
tem variables were calculated once a day. Biological sourcerhis redistribution also occurs, to a lesser extent, at depth
sink terms were computed five times a day with a forward(Fig. ic). We believe that this redistribution is due, at least
Euler time-stepping scheme. in part, to the boundary conditions. Specifically, by closing
The coupled model was initiated with the results from theoff the Bering Strait, the Sea of Okhotsk, the Sea of Japan,
30.5-year spinup for the physical fields. We used the annuahe Arafura Sea, the eastern connections with the Indian
nitrate field from WOA94 to initialize the nitrogen compart QOcean from the Philippines through to New Guinea, and the
ment. The other compartments (phytoplankton, zooplanktorsouthern boundary along 18°S (treated as a solid wall), it is
and detritus) were initialized with a small concentrationlikely that we have reduced supplies of nutrients to the sur
(0.1 mmol N-m?®) in the mixed layer and zero concentration face layer north of the equator.
below the mixed layer. The ecosystem model was started on
1 March when the mixed layer is deepest and biologicalSurface distributions
standing stocks in the North Pacific Ocean should be lowest. To determine how well the model performs, we compare
Experience from the one-dimensional ecosystem modedurface concentrations of the biological fields with available
(Denman and Pefia 1999) indicates that the spinup time igata. We start by examining the mixed layer concentration of
less than 6 months, although it appears to take the threey and comparing it with the annual concentration of nitrate
dimensional model 2 years to come to equilibrium (see Refrom WOA94 averaged over the model’s annually averaged
sults and discussion), probably because of the additioral efixed layer depth (Fig. 2). Although there are some differ
fects of horizontal fluxes. ences, the model reproduces the major features of the ob
As with the forcing fields for the physical model, there are served nitrate distribution, in particular the subarctic front
three climatologies for cloud cover modulating surface solamwith high concentrations ol in the subpolar gyre and low
irradiance that drives primary production. These fields areconcentrations oN in the subtropical gyre. Concentrations
derived from COADS data for the periods 1952-1988,0f modelledN in the subpolar gyre are slightly lower than

effaseline run
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observed, probably resulting from the net losd\bhorth of  of 1998 in particular, the warmest year recorded globally.
the equator. At the equator, there is a band of Highon Comparing SeaWiFS data from the period October—November
centrations from equatorial upwelling, in agreement with1997 with those of October—November 1998, values in the
WOA94. However, the band is narrower than observedfall of 1997 appear to be lower. In the subtropical gyre; sur
which we believe results from phytoplankton using up moreface concentrations of phytoplankton biomass are low in
N in the model than in observations, as discussed in detalboth model results and observations, due to low surface nu
below. Finally, there is a buildup of surfad¢in southeast trient concentrations. The model reproduces the band of high
corner of the model domain, which probably is caused bybiomass observed at the equator, although in the model, the
the imposed southern boundary that, at present, is a solidand has little seasonal variation whereas SeaWiFS data in
wall. In eastern boundary currents, there is usually a subdicate a significant seasonal cycle. Once again, we attribute
surface poleward transport of nutrient-rich water caused byhis difference to the observation that 1998 was a year in
an undercurrent associated with wind-driven coastal or shelfransition from El Nifio to La Nifia conditions. CZCS im
edge upwelling. In the model, the solid boundary at 18°Sages, based on data from November 1978 — June 1986, show
prevents this transport towards the south. Thus, in thdittle seasonal variation of chlorophyll at the equator. The
model, much of the enhanced that is produced by re band of P along the equator in the model results is also
mineralization of sinking detritus below the highly produc wider than in satellite images. It is believed that the surface
tive waters off Ecuador and Peru reappears at the surfaceuatorial region is an HNLC region deficient in iron (e.g.,
due to wind-driven coastal upwelling rather than beingLandry et al. 1997), such that any iron present is used up
transported southward (poleward) by the undercurrent. Nortihhear the equator. The surface water that diverges away from
of the equator, enhanceN transported northward in the the equator then has been stripped of iron, limitiRg
model by the (unobstructed) poleward undercurrent supportgrowth, although it may still contain sufficient nitrate for
elevated primary production and surfaé@long the coast of growth, resulting in a narrow band of phytoplankton chioro
North America between 25 and 40°N (see Figa.add 4). phyll and a wider band of nitrate along the equator. In the

We compare the seasonal cycle of surface phytoplanktomodel, we do not include iron limitation: the phytoplankton
biomassP with SeaWiFS imagery, where the SeaWiFS datacontinue to useN away from the equator, resulting in a
have been converted from chlorophyll to nitrogen using thevider band ofP and a narrower band dff than observed.
following relationship: 0.3 mmol N-md = 0.4 mg Chl-m® The seasonal cycle of modelled mixed layer micro-
based on C:Chl = 60 (g:g) and a Redfield ratio for C:N of zooplanktonZ follows closely that ofP. Modelled time se-
6.6 (mol:mol) (Fig. 3). It is worth noting that the surface ries at a given station show that there is a la@Zjrbut this
concentration oP produced by the model is the same as thelag is too short to show up in the seasonal averages. Because
mixed layer concentration d® Satellite color images, how- there exist insufficient observations to compare basin plots
ever, estimate chlorophyll concentrations that are heavilypf zooplankton concentrations, we do not show plots of sur-
weighted towards concentrations in the top few metres befaceZ. However, we have compared the seasonal cyclg of
cause of the approximately exponential decay of irradiancat OSP with S. Strom’s field data (Western Washington Uni-
with depth. This difference in averaging depth may accounwersity, Bellingham, Wash., personal communication; Strom
for some of the differences observed where the SeaWiF8t al. 1993). In the model resultg, is high in the summer
data appear to give much higher concentrationB tfan the  and low in the winter whereas the field data suggest the op
model, especially if the model produces (in low-wind cendi posite behavior. Our model does not include mesezoo
tions) a summer mixed layer that is too deep. Sugimoto anglankton, which graze on the microzooplankton and large
Tadokoro (1997) estimated the mean horizontal distributiordiatoms. In the winter at OSP, most copepods are dormant in
of chlorophyll concentration north of 35°N from transpar “diapause” well below the surface and do not graze on the
ency depth. The levels are higher than those from either thenicrozooplankton. Thus, in the subarctic gyre, copepods
model or the SeaWiFS imagery, and the horizontal patterngiay reduce the number of microzooplankton in the summer
are considerably more patchy than either, possibly becaudsit have little effect on winter population levels, which
in any given year, the transparency observations would haveould explain differences in observed and modelled micro
been sparse and concentrated along particular cruise trackaooplankton concentrations.

The location of the transition zone chlorophyll front (the
southern extent of the subarctic high biomass region) miPrimary production and vertical fluxes
grates seasonally both in model results and in satellite ebser The amount of energy available to higher trophic levels,
vations, although the modelled front may extend furtherfish and humans, and the amount of carbon dioxide fixed
south than the observed front. In the subarctic gyre, phytointo organic molecules are functions of primary production,
plankton biomass (expressed as nitrogen) undergoes-a sew#t just of population concentrations. The spatial distribution
sonal cycle in both model results and observations. Surfacef annual primary production (moles nitrogen per square
P maxima in the subarctic gyre occur during the summer inmetre per year) in the third year of the coupled simulation
the model results and in the fall (December 1997 — Novem(Fig. 4) basically reflects the summer pattern in phyto
ber 1998) in the SeaWiFS data. However, the 1990s havplankton biomas$ shown in Fig. 3. There are few well-
been the warmest on record and 1998 was an anomalosampled estimates of annual primary production in the North
year. During 1998, the equatorial Pacific evolved from a pe Pacific. The best sampled is that based on historical Secchi
riod of strong El Nifio conditions to La Nifia conditions by disk observations of water transparency where Falkowski
the end of the year. Thus, the average forcing fields based cand Wilson (1992) used empirical relationships to convert
1952-1988 data may not be representative of the 1990s arichnsparency depth to chlorophyll biomass to primary- pro
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Fig. 1. Budget of total nitrogenN + P + Z + D) in the @) entire basin, If) surface 100 m, andc) below 100 m. In Figs. i and &,
the solid line represents the budget over the entire basin and the dotted line represents the budget north of the equator.
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duction rate, each step being subject to large uncertainty22°45N, 158°W in the subtropical gyre. Before comparing
Nevertheless, from 10 733 observations over forty 10 x 10%®stimates, we should point out that there continues to be
boxes north of the equator, they estimated an averageontroversy about what‘C-uptake studies measure. Our
chlorophyll concentration of 0.33 + 0.31 mghand an aver  ecological model does not explicitly include respiration of
age annual primary production of 189 + 85 g Cyear™. phytoplankton, so the nutrient uptake term is a reasonable
For comparison with primary production estimates based omnalogue to the primary production estimated fréfic-
14C-uptake studies, the highest value on the color scale inptake experiments. Several contemporary estimates from
Fig. 4, 5 mol N-m?year?, corresponds to 396 g C-hyear’  OSP lie in the range 170-215 g C%year™. From Fig. 4,
(assuming a Redfield ratio C:N of 6.6 (mol:mol)). It would the model-based estimate of annual primary production at
appear that the average over Fig. 4 north of the equator woul@SP is about 2.65 mol N-Thyear?, or about 210 g C-
be below the estimate of Falkowski and Wilson (1992). m~2.year?, in the center of the observed range, not entirely
There have been two sites where long-term observationaurprising, since our ecosystem model and parameter values
programs have allowed more direct estimates of annual prioriginated from a one-dimensional model developed for
mary production, usually based on maH{-uptake experi OSP but without iron limitation (Denman and Pefia 1999).
ments: OSP at 50°N, 145°W in the subarctic gyre and th@'he model also estimates similar levels of annual primary
Hawaiian Ocean Timeseries (HOT) station ALOHA at production in the western subarctic gyre, in agreement with
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Fig. 2. Annually averaged mixed layer concentration of nutrishfmmol N-nT9). (a) Nitrate from WOA94; b) from model with
1952-1988 forcing: baseline run.
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Fig. 3. Seasonally averaged concentration of phytoplani®gimmol N-n13) for spring (March—May), summer (June—August), fall (September—November), and winter (Decemy

ber—February)d) in the mixed layer from the 1952—-1988 baseline run dn)dngar the surface from SeaWiFS imagery (from estimated chlorophybr the year December

1997 — November 1998. To be consistent with Fig, Winter (December 1997 — February 1998) was placed last, even though it leads the other seasons in time.
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observations compiled by Harrison et al. (1999, their tabled.28 mol N-m?year! = 22 g C-m?year’. The estimate
2) showing similar summertime levels of primary productionbased on oxygen budgets based on observations taken over
in both the western and the eastern subarctic. several years is about 140 mg C?day* = 50 g C-m?*year*

The estimate of annual primary production at ALOHA is (Emerson et al. 1991), about two times the model estimate.
about 0.11 mol N-rmf-year!, or abow 9 g C-m?year! From a mean estimate of annual primary production at OSP
(Fig. 4). From 70%C-uptake experiments over the period (based on'‘C-uptake experiments) of 200 g C#hyear!
from October 1988 to July 1997, Karl et al. (1998) estimated(Harrison et al. 1999) and drratio based on nitrogen-uptake
the mean primary production at ALOHA to be 472 mg C- studies of 0.21-0.29 (Varela and Harrison 1999), we can es
m2day! = 172 g C-m?year’. They argued that this esti timate export production (taking it equivalent to new pro
mate is too high by about 30% when compared with estimateguction) to be 42-58 g C-Thyear’, equivalent to the
based on different filters but that when dissolved organicestimate of Emerson et al. (1991). Bearing in mind that most
carbon production is included, the value may be two to thre®f the observational estimates of annual primary production
times higher. Even taking their lowest estimate, about 70%and export production have uncertainties of the order +50%,
of 172 g C-m?year?, to be about 120 g C-Thyear?, our  our model estimates at OSP are within the uncertainties but
model estimate for ALOHA is more than 10 times lower. It biased low. However, the model estimates at ALOHA are
has been argued that there might be an “island effect” elevabetween eight and 10 times lower than the best estimates
ing primary production at ALOHA, but few would argue that based on observations.
it would increase the rate by a factor of 10. If all grid points in the model were in a one-dimensional

In the context both of carbon cycling and planktonic-pro balance over the annual cycle, then the two panels of Fig. 5
duction available to higher trophic levels, the export preduc would be identical. They are not identical and differ appre
tion is a key quantity. This export production must beciably in the equatorial Pacific and in the region associated
supported by a net supply df into the sunlit euphotic layer: with the Kuroshio current. In these regions, horizontal
from below, from the atmosphere, or from riverine input. In advection of the biological quantities significantly affects the
Fig. 5a, we show the net upward flux &f across the 100-m local balance above 100 m. In addition, on time scales
level from all sources of mixing and advection in the model.shorter than a year, horizontal fluxes may dominate the local
There is a large input in the area of the Kuroshio andbalance in certain regions, especially when periods of up-
Oyashio currents and in the central subarctic. Analysis of thavard flux of nutrient and of downward export of organic
individual contributing terms (not shown) indicates that ver-material are widely separated during the year. Moreover, a
tical mixing dominates only in the Kuroshio—Oyashio re- one-dimensional balance everywhere would not mean that a
gion, probably from entrainment as the mixed layer deepensirculation model is unnecessary: first, the mixed layer depth
in the autumn and winter, reaching maximum depths greatgs not only a function of local atmospheric forcing but also
than 175 m compared with winter maxima around 100 m inof current patterns in and below the mixed layer; second,
the eastern subarctic. There are areas of net downward flukere are areas in the model with significant vertical fluxes
of N (inside the closed contours) in the western equatoriafcross the 100-m level from “horizontal” transports along
region and east of 160°W in the subequatorial regions. sloping isopycnals; and third, during summer, the values of

As there are no harvested trophic levels in our model, théemperature, salinity, and nutrient in the layer immediately
downward flux of organic nitrogen across the 100-m level isbelow the mixed layer but above the depth of maximum-win
exactly the export production. Most of the export productionter mixed layer penetration can all be modified through physi
is in the form of sinking particle®, but for completeness, cal transport and mixing, thereby altering the properties of the
we show in Fig. B the annual downward flux d® + Z + D. mixed layer upon reentrainment during autumn and winter.
In an equilibrium bounded ocean (without riverine or atmo
spheric nitrogen inputs), this downward flux (averaged overl976 regime shift
an annual cycle and the areal domain of the model) should To study the effect of the 1976 regime shift on biological
exactly balance the upward flux across 100 m of dissolvegroduction, we performed simulations with forcing represen
inorganic nitrogenN, shown in Fig. . (Recall from Fig. 1  tative of pre- and post-1976 conditions. Here, we identify
that they do balance within a fraction of a percent of the to and compare differences in the physical and biological fields
tal nitrogen in the model.) for the pre- and post-1976 simulations with the aim of deter

There are no reliable measurement-based estimates of thaining likely causes, and we compare changes that occurred
annual upward flux of dissolved inorganic nitrogen. Instead;jn the model simulations with those determined from obser
we again compare the model estimates of the downward fluxations.
of organic nitrogen at a depth of 100 m with observation-
based estimates of export production at OSP and ALOHAPhysical fields
Because of the controversy surrounding estimates based onThe modelled winter vertically integrated transport stream
particles captured in sediment traps, we will compare withfunctions are shown in Fig. 6. The maximum winter inte
estimates based on chemical mass balances made by theted transport for the subtropical gyre is about 25% less
same investigators at both sites. At ALOHA, the model-esti than the winter Sverdrup transports estimated from wind
mate of export production (Fig.b) is less than 0.04 mol stress curl maps (from COADS) for the periods 1966-1975
N-nT2year! = 3 g C-m?year®. The estimate for several and 1977-1986 by Parrish et al. (2000). However, our model
years in the early 1990s is 2.0 + 0.9 mol C?%gear' =24 g estimates include more dynamical terms, in particular the
C-nT2.year! (Emerson et al. 1997), i.e., about eight timesvorticity sinks associated with the western boundary- cur
the model estimate. At OSP, the model estimate is aboutents. In Fig. 6, the cyclonic subarctic gyre is roughly twice

© 2001 NRC Canada



Haigh et al. 713

Fig. 4. Annual primary production (mol N-T&-year') over the top 100 m.
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as strong post-1976 relative to pre-1976. This strengtheninmixed layer depth was shallower post-1976 south of 45°N.
is due to the intensification of the Aleutian low pressure-sys In the surface forcing fields, the winter SST is warmer in
tem leading to an increase in the wind stress curl, which irthis area (Wu and Hsieh 1999) and the surface water is
turn strengthened the gyral circulation. We note, however, &resher (Fig. 8), both of which would contribute to a
decrease in the (cyclonic) vertically integrated transporsshallowing of the mixed layer depth. In the subarctic Pacific,
stream function in the eastern and northern parts of the GuFreeland et al. (1997) found that salinity must be included to
of Alaska. Examining the difference in wind stress betweerdetermine interannual changes in the maximum winter
post- and pre-1976, Wu and Hsieh (1999) observed- antimixed layer depth in the subarctic Northeast Pacific. They
cyclonic rotation in the Gulf of Alaska, implying a negative observed that the midwinter mixed layer depth at OSP
wind stress curl leading to a weakening of the gyral circulation(50°N, 145°W) became shallower during the period studied
Changes in the mixed layer depth are shown in Fig. 7here: 1952-1988. In Fig. 7, OSP, indicated by an asterisk,
Polovina et al. (1995) calculated winter and spring mixedlies in a (limited) area where the winter mixed layer depth is
layer depths from temperature profiles for the North Pacificshallower post-1976 compared with pre-1976, consistent
Ocean (10-60°N) for the periods 1960-1976 and 1977With the results of Freeland et al. (1997).
1088, and Deser et al. (1996) performed similar calculations
for winter mixed layer depths for the periods 1971-1976 andiological fields
1977-1988. For most of the SUth’OpiCﬁ' Pacific, they found a By examining Changes pre- and post_1976 in both the
deepening of winter and spring mixed layer depths postphysical fields and the biological fields in the simulations,
1976. Our model results also indicate deepening (Figs. 7we can infer the physical mechanisms responsible for the
and #) throughout the ocean interior (except in summer),changes in the biological fields. ChangesNrare shown in
which is to be expected both because the increased wintgtig. 9a. In the subtropical gyre, the 1976 regime shift pro
wind stress anticyclonic curl post-1976 would supportdquced stronger zonal winds causing a deepening of the
greater downwelling and because the increased winter winghixed layer (Fig. 7). A deepening of the mixed layeren
speeds (fig. 7 in Parrish et al. 2000) would promote deepefrains more nutrients into the surface layer, potentially Jead
mixed layer penetration. ing to an increase in the concentration of mixed lajern
Along the eastern margin, our model predicts that thethe central subarctic Pacific, there is a strengthening of the

© 2001 NRC Canada



714 Can. J. Fish. Aquat. Sci. Vol. 58, 2001

Fig. 5. Annual net nitrogen flux (mol N-m-year?) across the 100-m level in th@)(advective plus diffusive upward flux df and
(b) downward flux of P + Z + D (mostly sinking particleD).
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Fig. 6. Winter vertically integrated transport stream function (Sverdrups¥rom the 1952—-1975 baseline rurp) (from the 1977-1988
run, and ¢€) for post-1976 minus pre-1976. Negative contours denote counterclockwise flow.
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subarctic gyre causing stronger Ekman upwelling, which inthe previous paragraph, is an area high in macronutrients:
creases the concentration of mixed layWdr but not P changes in the macronutrient supply have little direct effect
(Fig. 9) because theréy seldom limits primary production. on primary production. Instead, there exists a correlation
In the subarctic Northeast Pacific, however, there was #&®etween changes in mixed layer depth and changes in phyto
weakening of the Alaskan gyre, with weakened Ekman upplankton biomas#®. If the mixed layer is shallower, phyto
welling and hence decreasimgin the mixed layer. plankton are exposed on average to more light, and hence,
Because the subtropical gyre is broadly nutrient limited,there is more production, as indicated by increased phyto
any changes in the macronutrient supply (i), should plankton biomass. Similarly, if the mixed layer depth is
have a direct effect on the primary production and concendeeper, then phytoplankton are exposed to less light, leading
trations of P (Fig. 9). Thus, regions with an increase M  to a reduction in biomass. Polovina et al. (1995) found a
show an increase iR, and regions with reduced show a  similar relationship between changes in the mixed layer
decrease irP. In particular, there is a band of increasid depth and changes in biomass in the subarctic Pacific.
during winter and spring in the central North Pacific (about Figure & shows changes (post-1976 minus pre-1976) in
35°N) reflected in a pronounced band of increagenh all zooplankton biomasZ, whereZ has been integrated down
seasons, suggestive of a southern shift of both the subarctio 100 m to compare with observations, usually obtained
front (6° according to Parrish et al. 2000) and the transitiorfrom vertical net hauls. The spatial patterns in the seasonal
zone chlorophyll front. The subarctic gyre, as mentioned inaverages of phytoplankton biomasgsintegrated down to
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Fig. 7. Difference in post-1976 and pre-1976 seasonally averaged mixed layer depth. Dotted areas indicate a deeper mixed layer depth

post-1976. Contours are of zero change. Shading indicates a greater than 20 m difference. OSP is indicated by an asterisk.
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100 m (rather than the mixed layer average shown irmass (Fig. ) as a result of the 1976 regime shift, but the in-
Fig. %) are similar. Generally, both the andZ concentra  crease (less that 25%) is much smaller. It is difficult to judge
tions increased post-1976 in the subtropical gyre in bandeow meaningful is this comparison, as Brodeur and Ware’'s
just to the south of the subarctic front and also along th€1992) data do not include the years 1963-1975, which were
outer margins of the equatorial upwelling tongue, suggestingncluded in the creation of our pre-1976 climatologies. In addi
expansion of these regions into the subtropical gyre. tion, we have tuned the zooplankton in our model to represent
Venrick et al. (1987) examined chlorophgltrends from  Microzooplankton, which were mostly missed with the mesh
1968 to 1985 in the central North Pacific (26.5-31°N,Sizes of the nets used to obtain the samples reported on by
150.5-158°W), compiled for the surface 200 m from May toBrodeur and Ware (1992).
October. For the period between 1968-1973 and 1980-1985,
the integrated chlorophyk concentrations through the 5-m Conclusions

stratum containing the maximum concentrations (generally The modelled geographic distributions and magnitudes of
found between 95 and 120 m) increased from 3.32 tqannual primary production in the baseline run (1952-1988)
6.50 mg-m?, a 96% increase. In the surface 5 m, howeveryere within the probable uncertainties of estimates based on
concentrations increased from 1.52 to 1.79 mg;mnly an  observations but biased low compared with estimates based
18% increase. Averaged over this region for the spring an@n long-term time series at OSP and station ALOHA. How
summer months (March—August), our model predicts a 53%ver, the model estimate of export production at OSP was
increase inP post-1976 over the top 100 m, consistent with about a factor of 2 too low and at ALOHA was about a-fac
the results of Venrick et al. (1987). tor of 8 less than the most recent published estimates (Karl
Brodeur and Ware (1992) examined the summer (15 June et al. 1998), suggesting that in the nutrient-limited subtropi
31 July) mezozooplankton biomass from net hauls from 150 neal gyre, the flux of nutrient into the euphotic layer by the
to the surface in the Gulf of Alaska (east of 160°W and northOGCM may be too low. Either the vertical fluxes of nuitri
of 48°N) for the periods 1956-1962 and 1980-1989. Theyents in the OGCM are too low or nutrient inputs by
found up to a twofold increase in zooplankton biomass in thenitrogen-fixing algae (Karl et al. 1997) or from atmospheric
1980s compared with the late 1950s and early 1960s. Outeposition (e.g., Duce et al. 1991) may be important.
model does predict an increase in summer zooplankton bio The forcing fields were then divided into two periods, 1952—
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Fig. 8. Climatologies of annually averaged sea surface salinity based on data from WGA38injatology for 1952-1975;h) clima-
tology for 1977-1988;d) difference between post-1976 and pre-1976 climatologies. In Eiga ®lus sign indicates an increase in sea
surface salinity and a minus sign indicates a decrease in sea surface salinity.
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1975 and 1977-1988, to explore the differences in ecosysteaomprehensive coupled models required to investigate
responses prior to and after the 1976 climate shift. The simupelagic ecosystem responses to climate variation. A key re
lated wind-driven gyres intensified post-1976 such that thequirement of any OGCM used to drive an open-ocean eco
higher production in the subarctic and equatorial zones expandaystem model is that it adequately represents the vertical
into the low-production subtropical gyre. In the nutrient-poorfluxes of dissolved nutrient into the euphotic zone. We tuned
subtropical gyre, post-1976 increases in phytoplankton biomagbie ecosystem model export production to balance the up
reflected increases in surface layer nutrients. In the HNLG subward flux of nutrient generated by the physical model, but
arctic gyre, phytoplankton biomass increased in regions wherather studies suggest that at least a factor of 10 improvement
the springtime mixed layer depth had shallowed after 1976n horizontal resolution (in bottx andy directions) is re
such that phytoplankton populations were maintained in highequired if vertical motions associated with mesoscale eddies
average light conditions. Changes post-1976 were broadly corare to be accurately represented.
sistent with observations, but existing observations of changes an improved ecosystem model to represent either organic
in nutrients and plankton are inadequate for critical evaluatiogarbon cycling or food web dynamics would need to include
of the model simulations of the regime shift. partitioning of primary production into at least two phyto
This coupled model is but an initial step towards the moreplankton groups, microzooplankton, mesozooplankton, and

© 2001 NRC Canada



epeued DHN TO0C @

Fig. 9. Seasonal differences between modelled post-1976 and pre-1976 fields. Contours are of zero ahafiged (layer nutrientN concentrations (mmol N-T); (b) mixed
layer phytoplanktorP concentrations (mmol N-TA); (c) microzooplanktorZ concentrations (mmol N-TH) averaged over the top 100 m.
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both dissolved (suspended) and particulate (sinking) organic net biological Q production. Global Biogeochem. Cycles;
matter. Even at OSP and ALOHA, both sites of extensive 49-69.

ecosystem and carbon cycling studies in the last decad&merson, S., Quay, P., Karl, D., Winn, C., Tupas, L., and Landry,
more targeted observations are required for the development M. 1997. Experimental determination of the organic carbon flux

and critical evaluation of these improved models. from open-ocean surface waters. Nature (Lor88g 951-954.
Evans, G.T., and Parslow, J.S. 1985. A model of annual plankton

cycles. Biol. Oceanogi3: 327-347.
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