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Abstract

The North Pacific Transition Zone (NPTZ) is bounded by two oceanographic

fronts at approximately 30-32oN (Subtropical Front) and 42-45oN (Subarctic Front) in the

central Pacific. The Transition Zone Chlorophyll Front (TZCF) is a biological front

within the NPTZ that separates the low chlorophyll subtropical gyres and the high

chlorophyll subarctic gyres in the central Pacific Ocean. The interdecadal climate

variability affects marine ecosystems in both the subtropical and subarctic gyres,

consequently the position of the TZCF. A three-dimensional physical-biological model

has been used to study interdecadal variation of the TZCF using a retrospective analysis

of a 30-year (1960-1990) model simulation. The physical-biological model is forced with

the monthly mean heat flux and surface wind stress from the Comprehensive Ocean

Atmosphere Data Set (COADS).

The modeled TZCF, operationally defined as the isopleth of 0.2 mg/m3 surface

chlorophyll, is located between 26oN and 27oN in the central North Pacific during the

winter and between 34oN and 35oN during the summer, which agrees with the seasonal

migration patterns of the TZCF detected with the SeaWiFS surface chlorophyll. The

modeled winter mixed layer depth (MLD) shows the largest increase between 30oN and

40oN in the central North Pacific (150oE to 180o), with a value of 40-60% higher (deeper

mixed layer) during 1979-90 relative to 1964-75 values. In the subarctic gyre in both the

northeast (Ocean Station Papa) and northwest Pacific (Oyashio region), the modeled

winter MLD decreases by about 20% during the period of 1979-90 relative to 1964-75

levels. The winter Ekman pumping velocity difference between 1979-90 and 1964-75

shows the largest increase located between 30oN and 45oN in the central and eastern

North Pacific (180o to 150oW). In the subarctic northeast Pacific region including the
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Gulf of Alaska, The winter Ekman pumping velocity decreases during the period of

1979-90, but its value increases in the northwest Pacific (Oyashio region) after the 1976-

77 climatic shift. The modeled winter surface nitrate difference between 1979-90 and

1964-75 shows increase in the latitudinal band between 30oN and 45oN from the west to

the east (135oE-135oW), the modeled nitrate concentration is about 10 to 50% higher in

general during the period of 1979-90 relative to 1964-75 values depending upon

locations. The increase in the winter surface nitrate concentration during 1979-90 is

caused by a combination of the winter MLD increase and the winter Ekman pumping

enhancement after the 1976-77 climatic shift. The modeled nitrate concentration increase

after 1976-77 lead to the primary productivity increase in the central North Pacific (30oN-

40oN and 180o-140oW). Enhanced primary productivity after the 1976-77 climatic shift

contributes higher phytoplankton biomass and therefore elevates chlorophyll level in the

central North Pacific. Increase in the modeled chlorophyll expand the chlorophyll

transitional zone and push the TZCF equatorward. Historical fishery catch data near the

TZCF might yield some information to confirm the interdecadal migration patterns of the

TZCF in the central North Pacific.
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1.  Introduction

The North Pacific Transition Zone (NPTZ) is bounded by two oceanographic

fronts at approximately 30-32oN (Subtropical Front) and 42-45oN (Subarctic Front) in the

central Pacific (Roden, 1991).  The northern boundary of the subtropical gyre, the

Subtropical Front, is defined as the surface outcropping of the 17oC isotherm and 34.8

isohaline (Roden, 1991), and it can migrate a few degrees latitudinally on seasonal and

interannual time scale (Lynn, 1986). The best marker of the Subarctic Front is the 33

isohaline in the salinity front with lower salinity water located in the subarctic region

(Favorite et al., 1976). Using the data collected on board the commercial cargo carrier

M/V Skaugran between January 1995 and January 2001, Wong et al. (2002) documented

the seasonal and interannual changes in surface properties in the north of the Subarctic

Front and discussed in detail about differences and similarities between the eastern and

western subarctic regions.

The Transition Zone Chlorophyll Front (TZCF) is a biological front within the

NPTZ that separates the low chlorophyll subtropical gyres and the high chlorophyll

subarctic gyres in the Pacific Ocean. Operationally, the TZCF is defined as the location

of 0.2 mg/m3 surface chlorophyll (Polovina et al., 2001). The TZCF migrates seasonally

due to the extension or contraction of subtropical and subarctic gyres. Analyzing satellite

maps of surface chlorophyll in the North Pacific, Polovina et al. (2001) documented the

TZCF which is over 8000 km in longitude with a winter position around 30oN and

summer position around 40oN. The position and dynamics of the TZCF varied

substantially during the 1998 El Nino and the 1999 La Nina (Polovina et al., 2001).

With just a few years of high resolution basin-wide SeaWiFs surface chlorophyll

coverage, it is apparently that the TZCF is a dynamic feature that strongly influences
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pelagic marine resources. The location of the TZCF appears to be related with juvenile

albacore tuna migration patterns within the transition zone (Polovina et al., 2001) and it

has potential implications for albacore fishery. The TZCF has also been revealed as an

important foraging and migration pathway for loggerhead turtles (Caretta caretta) in the

central North Pacific by tracking turtles using satellite telemetry and comparing their

routes with the TZCF observed by satellite (Polovina et al., 2000).

The high quality remote sensing ocean color data, i.e., SeaWiFs and OCTS, are

available only for the past several years (1997 to present). There is a big gap between the

CZCS data set (1978-86) and the SeaWiFS, therefore, detecting the interdecadal

migration of the TZCF using the remote sensing data is not possible at present. Sparse

observations suggest that the position of the front varies on the interdecadal time scale

but the limited chlorophyll measurements cannot provide a complete description of how

the TZCF migrates in response to the Pacific Decadal Oscillation (PDO). Since the

interdecadal climate variability significantly affects marine ecosystems in both

subtropical and subarctic gyres (Karl et al., 2001; McGowen et al., 1998), it must

consequently affect the positions of the TZCF.

Based upon the Hawaii Ocean Time-series (HOT) program and the limited

historical data, Karl et al. (2001) reported that primary productivity in the subtropical

gyre increased after 1976-77 regime shift. Analyzing and comparing apparent oxygen

utilization (AOU) from four meridional transects through the northeast subtropical

Pacific between 1980 and 1997, Emerson et al. (2001) found an increase in AOU by 20-

25% over the past two decades and suggested an increase in oxygen demand by the

biological pump and/or oxygen degassing by upper-ocean ventilation were accountable

for the observed AOU increase.
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Interdecadal physical variability in the subarctic Pacific has been observed in a

number of ocean and atmospheric variables (Trenberth and Hurrell, 1994).  The one of

well-documented climatic changes in the North Pacific occurred during the period of

1976-77, when the intensification of the Aleutian Low pressure system resulted in a

southward shift of the westerly winds, a stronger winter circulation at mid-latitudes, and

enhanced surface ocean sensible and latent heat fluxes (Graham, 1994; Miller et al.,

1994).  Variations of oceanic physical variables have a series of implications on marine

ecosystems (Mantua et al., 1997; Sugimoto and Tadoroko, 1997; McGowan et al., 1998).

Widespread ecological changes associated with the 1976-77 climatic shift were observed

throughout the North Pacific Ocean, ranging from plankton to the higher trophic levels

(Venrick et al., 1987; Polovina et al., 1994; Francis and Hare, 1994).  In the northwestern

subtropical gyre region, chlorophyll in the spring showed a steady increase from the mid

1970s to the mid 1980s (Limsakul et al., 2001).

The dynamic linkages between ocean physics and biology on interdecadal scale

are poorly understood because it is difficult to sample at the time and space scales

necessary to elucidate the connections between large-scale physical processes and the

smaller-scale biological responses (Miller and Schneider, 2000). In contrast, physical-

biogeochemical models that express the interrelationships mathematically between

physical forcing and the responses of ecosystem and biogeochemical processes can

provide the necessary time and space scale resolution. Recently several basin scale

ecosystem model studies, explicitly including the upper ocean biological processes, have

been carried out. Chai et al. (1996 and 1999) incorporated an ecosystem model into a

primitive equation circulation model to study nutrient cycles in the high nutrient and low

chlorophyll (HNLC) environment for the equatorial Pacific.  Kawamiya et al. (2000a and
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b) embedded a six-component ecosystem into an ocean general circulation model

(OGCM) of the North Pacific, and successfully reproduced spatial distribution and

seasonal variations of biological variables. Haigh et al. (2001) embedded a simple

biological model in an isopycnic general circulation model, and their physical-biological

model reasonably reproduced the spatial patterns and seasonal changes in SeaWiFS

images. Also, their modeled results showed deepening of the mixed layer depth in the

subtropical gyres and shallowing in several regions of the subpolar gyres, which

increased in the modeled nutrient concentration in the subtropical regions after 1976

correlated with increased plankton biomass.

Analyzing the estimated winter and spring mixed layer depth (MLD) from the

National Oceanographic Data Center (NODC) temperature data, Polovina et al. (1995)

found that winter and spring MLD in the subtropical and transition zone was 30-80%

greater during 1977-88 than during 1960-76, while in the subarctic zone the MLD was

20-30% shallower. They also employed a simple plankton model forced with observed

MLD and nutrients, and found that deepening in mixed layer might increase

phytoplankton production in nutrient-poor subtropical regions by supplying more

nutrients from depth, shallowing MLD in the subarctic would also increase production by

increasing light availability to phytoplankton cells within the mixed layer. In between the

subtropical and subarctic regions, both nutrient supply and light availability likely co-

limit phytoplankton production, but how these processes change on the interdecadal time

scale is not clear.

In order to improve our understanding of the dynamics that control the position of

the TZCF and its interdecadal variability, we present a 30-year (1960-1990) retrospective

analysis for the Pacific Ocean based upon the physical-biological model simulation. Our
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goal is to provide modeled evidence of interdecadal changes in the TZCF position and

identify the responsible factors.
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2.  Model Description

2.1.  Physical Circulation Model

The physical model is the oceanic component of the National Center for

Atmospheric Research (NCAR) Climate System Model (CSM) (Gent et al., 1998), which

is a modified version of the Geophysical Fluid Dynamic Laboratory (GFDL) Modular

Ocean Model (MOM 1.1, Pacanowski et al., 1993).  We have configured the model for

the Pacific Ocean and the model performance has been reported in Li et al. (2001).  The

nonlocal KPP mixing scheme developed by Large et al. (1994) is incorporated into the

model to better capture the small-scale physics within upper mixed layer and interior

internal waves and double diffusion activities in the deep ocean.  The Gent and

McWilliam (1990) eddy-induced isopycnal mixing parameterization is applied.  A third

order upwind differencing scheme (Holland et al., 1998) is used to compute all tracers

including temperature, salinity and biochemical components. The horizontal and vertical

background mixing coefficients tracers (temperature, salinity, and all biological

components) are chosen to be 2x106 cm2/sec and 0.1 cm2/sec, respectively.  The latter

turns out to be critical to maintain realistic vertical patterns of tracers within thermocline.

The vertical viscosity (for velocity calculation) is chosen to be 1.0 cm2/sec, an order

larger than background mixing, while the horizontal viscosity is 5x106 cm2/sec.

The Pacific Ocean model domain is between 45°S and 65°N, 100°E and 70°W,

with realistic geometry and topography.  The longitudinal resolution of the equatorial

Pacific is 2° everywhere, while the latitudinal is 0.5° within 10°S and 10°N, tapering off

to 2° at high latitude.  There are 40 vertical layers, with 23 levels located in the upper

400m.  The boundaries at 45oS and 65oN are closed walls and no flow is allowed through
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the boundary.  In the regions near the two closed walls, a sponge layer of 10o wide from

the walls is applied.  A decay term k(T*-T) is added to the tracer equations with T

representing temperature, salinity, nitrate and silicate. T* represents the observed

temperature, salinity, nitrate and silicate fields taken from NODC World Ocean Atlas

(Levitus et al., 1994).  The k value vary smoothly from 50 day-1 at the north or south

walls to zero at 10 degrees away from the walls.

2.2.  Biological Model

The biological model is developed originally for the equatorial Pacific Ocean to

study the nitrogen and silicon cycles in the equatorial Pacific (Chai et al., 2002; Dugdale

et al., 2002; Jiang et al., accepted).  The 1-D model has been tested against the JGOFS

data over the equatorial Pacific and is capable of reproducing the Low-Silicate, High-

Nitrate, Low-Chlorophyll (LSHNLC) conditions in the equatorial Pacific.  The biological

model (Figure 1) consists of ten compartments describing two size classes of

phytoplankton (P1, P2) and zooplankton (Z1, Z2), detrital nitrogen (DN) and detrital

silicon (DSi), silicate (Si(OH)4), and total CO2 and two forms of dissolved inorganic

nitrogen: nitrate (NO3) and ammonium (NH4), which are treated separately, thus enabling

division of primary production into new production and regenerated production.  P1

represents small, easily grazed phytoplankton whose specific growth varies, but whose

biomass is regulated by micrograzers (Z1) and whose daily net productivity is largely

remineralized (Landry et al., 1997).  P2 represents relatively large phytoplankton (> 10

µm) that makes up high biomass blooms and contributes disproportionately to sinking

flux as ungrazed production or large fecal pellets (Wefer, 1989; Bidigare and Ondrusek,
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1996).  The P2 class represents the diatom functional group, and has the potential to grow

fast under optimal nutrient conditions (Coale et al., 1996). Z1 represents small

micrograzers whose specific growth rate are similar to P1 phytoplankton whose grazing

rate is density dependent (Landry et al., 1997) and Z2 the larger mesozooplankton that

graze on P2 and detrital nitrogen (DN) and prey on Z1. The Z2 zooplankton have a

feeding threshold with conventional grazing dynamics as described in Frost and Franzen

(1992).

Below the euphotic zone, sinking particulate organic matter is converted to

inorganic nutrients by a regeneration process similar to the one used by Chai et al.

(1996), in which organic matter decays to ammonium, and then is nitrified to NO3.  The

flux of particulate material is specified using an empirical function from Martin et al.

(1987).  The silicate regeneration is modeled through a similar approach but with a

deeper regeneration depth profile, which reflects biogenic silica tends to have higher

preservation efficiency compared to other particulate organic matter (Ragueneau et al.,

2000).  The detailed equations and parameters used for the biological model were

presented in the paper by Chai et al. (2002).

2.3.   Initial Conditions and Surface Forcing

The physical model is initialized with NODC World Ocean Atlas climatological

January temperature and salinity (Levitus and Boyer, 1994; Levitus et al., 1994) with

zero velocities.  The nutrients (nitrate and silicate) are initialized with NODC World

Ocean Atlas climatological annual mean values (Levitus et al., 1993). For other

components in the biological model, they are assigned with 0.25 mmol m-3 at the surface,

decreasing exponentially with a scale length of 120 m, which is the depth of euphotic
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zone.  Chai (1995) showed that the initial conditions in the euphotic zone for the

biological model did not alter the final results because the biological model reached the

equilibrium faster than the physics did.

The surface forcing can be separated into momentum, heat, fresh-water fluxes,

and light for the photosynthesis.  The momentum fluxes are calculated with the zonal and

meridional wind speeds from the Comprehensive Ocean Atmosphere Data Set (COADS)

(da Silva et al., 1994). COADS is selected because it is the longest surface marine dataset

covering the entire Pacific Ocean.  The heat flux calculation includes short wave

radiation, outgoing long wave radiation, and both sensible heat and latent heat fluxes. The

surface salinity is restored to the NODC climatological monthly mean salinity (Levitus et

al., 1993).  More details about surface physical forcing treatment can be found in Li et al.

(2001).  The surface light intensity (Io) is converted from the monthly mean COADS

short wave radiation (Rs) using Io = 0.5*Rs.  Since the monthly averaged short wave

radiation is used, the day-night cycle of light is not resolved in the current model, rather

the daily averaged light is used for photosynthesis calculation.

The ecosystem governing equations are solved simultaneously with the physical

model.  The physical-biological model is integrated for 10 years from the initial

conditions.  During this 10-year period, the model achieves a quasi-equilibrium state of

annual cycle in the upper ocean.  Then monthly mean forcing from January 1955 to

December 1993 is used to force the coupled physical-biological model.  This paper

focuses on the model results from period between January 1960 and December 1990.
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3. Results and Discussion

3.1.  Modeled Seasonal Migration of the TZCF

Based upon the same circulation model configurations, the model performance of

the physical conditions and its variability have been reported by Li et al. (2001). By

compared two different vertical-mixing schemes, Pacanowski and Philander (PP) and K-

Profile Parameterization (KPP), Li et al. (2001) found that KPP is significantly better

than the PP scheme in simulating the thermal and current structures, including the annual

mean, annual cycle, and interannual-to-interdecadal variability. Li et al. (2001) also

documented comparisons in detail between the modeled physical properties with the

observations. In this paper, we focus on the modeled ecosystem response to physical

variability in the central North Pacific.

The Pacific Ocean, by far, is the largest ocean in the world.  The immense size of

the Pacific is reflected in strong spatial differences in mixed layer depth, thermocline

depth, upwelling velocity, and other physical features, which results in diverse regional

oceanic ecosystems (Longhurst, 1998).  The biological processes respond to variations in

physical forcing functions such as solar radiation and surface wind on a variety of

timescales, spring bloom of phytoplankton biomass is the dominant temporal feature in

the western subarctic gyres, and it is essential for biological models to capture spring

blooms both in spatial pattern and intensity (Frost and Kishi, 1999). The modeled spring

(April-May-June) surface chlorophyll, converted from the modeled phytoplankton

biomass, compares well with the historical in situ chlorophyll measurements in the

western and central subarctic regions (NODC World Ocean Atlas 1998, Conkright et al.,

1998), Figure 2.
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On the other hand, in the northeast subarctic region, the model tends to produce

surface chlorophyll level higher than the observational data. The Ocean Station Papa

(OSP) at 50oN and 145oW in the subarctic Northeast Pacific, surface chlorophyll only

increases slightly during late spring and early summer, from 0.2 to 0.4 mg/m3 (Harrison,

2002), whereas the modeled spring and early summer surface chlorophyll level is around

0.6 to 0.8 mg/m3, about a factor of 2 higher than the observations. This is mainly due to

inadequate treatments of iron limitation for the subarctic Northeast Pacific with the

present ecosystem model structure. The OSP has been characterized as a high nitrate and

low chlorophyll (HNLC) region where iron limits the growth of large diatoms in late

spring and summer (Martin and Fitzwater, 1988), iron and irradiance co-limit in the

winter (Maldonado et al., 1999). The current ecosystem model considered the role of iron

for the equatorial Pacific Ocean, also a HNLC region, with incorporating the effects of

iron limitation implicitly through the parameters that determine the growth rate of

diatoms (Chai et al., 2002). Several iron enrichment experiments were conducted by

changing the parameter a (the initial slope of the photosynthetic rate over irradiance at

low irradiance) and m2max (the potential maximum specific diatom growth rate) in the

regulation terms of silicate uptake by diatom (Chai et al., 2002). The values for these

parameters were selected based upon the observations for the equatorial Pacific Ocean

(Barber and Chavez, 1991; Barber et al., 1996), which may not be suitable for the OSP in

subarctic Northeast Pacific. Denman and Pena (1999) developed an ecosystem model for

the OSP and addressed the iron limitation implicitly with the similar approach used by

Chai et al. (1996 and 1999) for the equatorial Pacific. Due to the drastic differences

between the model structures, it is unlikely at present that we can incorporate iron

limitation properly for both the equatorial Pacific and the subarctic Northeast Pacific at
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the same time. In summary, our present ecosystem model has a weaker iron limitation for

the OSP, therefore, it produces stronger spring to summer chlorophyll transition, and the

phytoplankton seasonal cycle is determined mainly with the light limitation and the depth

of the mixed layer. In the future, ecosystem model development needs to consider the

iron limitation explicitly which can produce multiple HNLC regions simultaneously.

Due to lack of horizontal resolution (2o in longitude) near the coastal regions, the

model does not resolve chlorophyll conditions associated with the coastal upwelling, such

as along the coast of California. The domain of this physical-biological model was

designed to study oceanic biological processes on the basin-scale and, therefore, it is not

suitable for investigating coastal processes.

In the subtropical gyre (south of 28oN), both the modeled and in situ chlorophyll

tend to be much lower than the subarctic region, around 0.1 mg/m3 or less. A biological

front, normally located between 28oN and 40oN, that separates the low chlorophyll

subtropical gyres and the high chlorophyll subarctic gyres in the Pacific Ocean, is

refereed to as the Transition Zone Chlorophyll Front (TZCF) (Polovina et al., 2001).

Analyzing remote sensing images of surface chlorophyll, Polovina et al. (2001) found

that a chlorophyll concentration of 0.2 mg/m3 is a good indicator of the TZCF positions.

The isopleth of 0.2 mg/m3 chlorophyll migrates seasonally due to the extension or

contraction of subtropical and subarctic gyres. For example, during the winter season

(January to March), a 0.2 mg/m3 chlorophyll front is located between 26oN and 27oN in

the central Pacific, and it is located between 34oN and 35oN during the summer season, as

shown in Figure 3. During the winter and early spring, stronger vertical mixing enhances

supply of nutrients and photosynthetic available radiation (PAR) is relatively adequate in

the TZCF, especially in the southern section. These conditions are favorable for
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enhancing phytoplankton growth, which results in pushing the 0.2 mg/m3 chlorophyll

front equatorward to between 26oN and 27oN. On the other hand, increase in surface heat

flux into the ocean results in stronger stratification during the summer (July to

September), which reduces vertical nutrient flux. Therefore, the primary productivity is

reduced as spring progresses to summer, and the 0.2 mg/m3 chlorophyll front moves

poleward to between 34oN and 35oN.

Analyzing the OCTS and SeaWiFS data between January 1997 and December

1999, Polovina et al. (2001) have found there was considerable interannual variation in

the positions of the TZCF, with the largest seasonal shift of 1000 km during 1998, but a

much smaller seasonal migration of the TZCF during 1999 (their Figure 9).  The modeled

0.2 mg/m3 chlorophyll fronts (Figure 3) exhibit about 700-1000 km seasonal shift in the

western and central North Pacific. In the eastern part of the basin, the seasonal migration

of the TZCF is less pronounced which is similar to the pattern reported by Polovina et al.

(2001). Overall, the modeled seasonal migrations of the TZCF, about 700-1000 km in the

western and central Pacific, are comparable with the satellite observations. But, the

modeled TZCF positions tend to be located more in the southern latitudes compared to

the satellite observations during both seasons. This could be due to the general offset

between the modeled surface chlorophyll and the satellite observations. In the model, a

constant factor for the entire Pacific basin is used to convert the modeled surface

phytoplankton biomass (mmol N/m3) to chlorophyll (mg/m3). This conversion factor

could vary spatially as well as seasonally, but lack of the information prevents us to

assign this conversion factor as a variable for the present ecosystem model. It has to be

pointed out that the modeled TZCF represents long term climatological mean conditions,

whereas the satellite derived TZCF positions (Polovina et al., 2001) are only for the
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period of 1997-99. There have been some indications that a flip from warm to cool PDO

phases may have taken place in 1998 (Mantua and Hare, 2002), which could result in

shifting overall positions of the TZCF after 1998.

3.2.  Modeled Interdecadal Variability of the Mixed Layer Depth and Ekman Pumping

The variability of the TZCF on the interdecadal timescale likely can be viewed as

the manifestation of biological response of both subtropical and subarctic gyres to climate

variability. Using a coupled physical-biological model forced with the observed surface

wind stress and heat flux, the movement of the TZCF in response to the interdecadal

forcing has been resolved, but the modeled physical changes are described first.

The mixed layer depth (MLD) during winter regulates supply of nutrients into the

euphotic zone, and consequently a potential increase in the spring phytoplankton

transition in the western and central subarctic regions. The MLD is controlled mainly by

the strength and spatial pattern of the surface wind stress, therefore, changes in the wind

stress are reflected in the modeled MLD. In the model, the MLD is defined as the depth

where potential density (st) is 0.125 kg/m3 higher than its surface value at each grid

point. The winter time (January-March) MLD is averaged over two periods, 1979-90 and

1964-75, in order to detect the modeled interdecadal changes, Figures 4 (a) and 4 (b). The

model reproduces the winter MLD patterns similar to the observations (Monterey and

Levitus, 1997) and other circulation modeling results (Kawamiya et al., 2000a, their

Figure 5a). In general, the maximum MLD is located in the Kuroshio-Oyashio extension

region in the northwestern Pacific, with values exceeding 200 m. For the central and

northeastern Pacific, the winter MLD ranges between 50 to 100 m. Despite the coarse

resolution of the circulation model, 1o X 2 o in the mid and high latitude, the simulated
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MLD seems reasonable. One of the model improvements is incorporation of the nonlocal

KPP mixing scheme, which does a better job in capturing the small-scale physics within

the upper mixed layer and interior internal waves (Large et al., 1994; Li et al., 2001).

Because of the improvements of mixed layer dynamics, the coarse resolution circulation

model seems to be able to capture the upper thermal structure changes on interannual-to-

interdecadal time scale as well. For the Kuroshio Current Extension region (34o-42oN,

140oE-180o), Li et al. (2001) compared the modeled monthly temperature anomalies with

the observations by Deser et al. (1996), and found similar trend and magnitude of

changes of temperature in the top 400 m from 1970 to 1991 (their Figure 14).

A major climatic regime shift occurred in the mid-1970s. The Aleutian Low

pressure system intensified and subtropical westerly winds strengthened (Trenberth and

Hurrell, 1994), which cause the winter and spring MLD to increase by 30-80% in the

subtropical gyre and the transition zone (Polovina et al., 1995). The modeled winter MLD

difference between 1979-90 and 1964-75 shows the largest increase which is located

between 30oN and 40oN in the central Pacific (150oE to 180o), with a value of 40-60%

higher (deeper mixed layer) during 1979-90 relative to 1964-75 values, Figure 4 (c). In

the subarctic gyre (north of 40oN) in both northeastern Pacific (Ocean Station Papa) and

Oyashio region (northwestern Pacific), the modeled MLD decreases by about 20% during

the period of 1979-90 relative to 1964-75 levels. Several studies based upon the historical

hydrographic data have detected a gradual decrease of the winter MLD during the past

several decades both in the eastern (Freeland et al., 1997) and western (Ding and Saino,

1999) subarctic North Pacific. The modeled winter MLD changes in the northeastern

(Ocean Station Papa) and northwestern (Oyashio region) Pacific, agree with the observed

declining trend of the winter MLD.
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The modeled winter MLD difference closely resembles the spatial patterns and

the magnitude of change of findings based upon the NODC temperature profile data by

Polovina et al. (1995), their Figure 3. The model is designed to capture the basin-scale

and long term variability, and the coastal dynamics might not be well resolved. For

example in the Gulf of Alaska, where the modeled MLD difference between 1979-90 and

1964-75 is relatively small, the NODC data indicates about 20-30% shallower in the

winter and spring MLD during the period of 1977-88 (Polovina et al., 1995). Unlike the

treatment of the surface heat flux calculation, the present model is always forced with the

monthly averaged climatological salinity values, hence there is no interdecadal signal in

the modeled surface salinity field. Haigh et al. (2001) analyzed the NODC salinity data

for two different periods, 1952-75 and 1977-88, and found that an overall fresher of the

surface water in the subarctic region and the Gulf of Alaska after 1976-77, which could

contribute even more shallowing of the MLD in these regions. The role of surface salinity

changes on interdecadal time scale should be considered in the future circulation model

simulations.

In spite of the coarse resolution of the present circulation model and lack of

surface salinity variability on the interdecadal timescale, overall, the model produces

winter MLD changes before and after the 1976-77 climatic shift that are very similar to

the NODC observational data (Polovina et al., 1995; Deser et al., 1996) as well as other

circulation model results (Miller and Schneider, 2000; Xie et al., 2000).

Although the circulation model with the KPP scheme has made significant

improvement in simulating the interdecadal variability in the mixed layer dynamics as

well as the upper ocean thermal structures, there is sill room for improvement. Overall

circulation model can be improved by increasing horizontal resolution in order to resolve
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some local dynamics, such as the Kuroshio-Oyashio transition zone. The present coarse

resolution circulation model is insufficient to reproduce the Kuroshio detachment

adequately (Kobayashi, 1999), and this issue could be important for the formation of

water masses spreading into the entire subtropical gyre. So, resolving the Kuroshio-

Oyashio transition zone dynamics is relevant not only to the mixed layer dynamics in the

local region alone, but also to other regions as well. Another improvement of future

circulation modeling is the sensitivity of the KPP scheme to salinity and freshwater flux

and its potential impact on simulating the interdecadal thermal variability, which requires

a better evaporation and precipitation fields at ocean surface.

The wind stress curl (the spatial pattern in the surface wind stress) determines the

Ekman pumping velocity which forces the thermocline directly. The Ekman pumping

velocity (upward positive) is defined as:

We = curl(t/f)/r = [curl(t) + txb/f]/(fr) (1)

Here t is the wind stress, tx its zonal component, r water density, and b is the latitudinal

derivative of the Coriolis parameter. Variability in the Ekman pumping velocity, a

reflection of both the wind stress curl and the zonal wind stress, not only impacts on the

thermocline variation but also influences the depth of the nutricline, furthermore,

phytoplankton productivity. Examining decadal variability of the Ekman pumping

velocity elucidates the winter nutrient concentration changes in the upper ocean which

determines intensity of the spring phytoplankton bloom. The annual mean Ekman

velocity follows the winter time (January-March) Ekman velocity very closely, but its

intensity is reduced compared to the winter time value. Therefore, the winter time Ekman

pumping velocity is presented for the discussion.
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The winter (January-March) Ekman pumping velocity is averaged over two

periods, 1979-90 and 1964-75, Figures 5 (a) and 5 (b). The positive Ekman pumping

dominates the subarctic gyre with two maxima centered in both western and eastern

regions. In the transition zone, between 30oN and 45oN, the winter Ekman pumping

velocity overall is positive except in a smaller region in the eastern part of the basin away

from the coast. The upward Ekman pumping in the transition zone brings nutrients to the

euphotic zone that sustains phytoplankton production in the transition zone and pushes

the surface chlorophyll front equatorward during the winter (Figure 3). In the subtropical

gyres, south of 30oN, the Ekman pumping velocity is negative (downward). The overall

downward motion in the thermocline depth causes a lack of nutrient supply and limits

phytoplankton production in the subtropical gyres (Figure 2). There is a zonal difference

in the Ekman pumping velocity in the subtropical gyres with more intensified downward

motion in the west and less so in the east. The winter Ekman pumping velocity field in

the subtropical gyres is consistent with the calculation based upon the historical

hydrographical data by Suga et al. (2000, their Figure 16).

The difference in the winter Ekman pumping velocity between 1979-90 and 1964-

75 shows the largest increase located between 30oN and 45oN in the central and eastern

Pacific (180o to 150oW), Figure 5 (c). The maximum increase of the winter Ekman

pumping velocity centered along 35oN is more than doubled during 1979-90 relative to

the 1964-75 values. Comparing to the largest difference of the modeled winter MLD

(150oE to 180o, Figure 4c), the maximum increase of the winter Ekman pumping velocity

locates further to the east (170oE to 150oW), and both are found in the latitudinal band

between 30oN and 45oN, i.e., the transition zone. In the subarctic northeastern region

including the Gulf of Alaska, the winter Ekman pumping velocity decreases by about
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25% during the period of 1979-90 relative to 1964-75 levels. In the region south of 30oN,

the downward Ekman pumping strengthens during the period of 1979-90, which produces

the negative anomalies in the most areas of that region (Figure 5c). The spatial pattern of

the winter Ekman pumping velocity difference is complex in the North Pacific, and it is

caused by the surface wind stress changes during different decades. Analyzing the NCEP

reanalysis wind stress from 1958 to 1997, Xie et al. (2000) found the similar spatial

pattern and its interdecadal variations for the Ekman pumping velocity, their Figures 11

and 12. This provides the evidence that the COADS wind stress and wind stress curl are

not unique or biased in terms of the interdecadal variability.

Both NCEP reanalysis and COADS wind stress result in very similar Ekman

pumping velocity and associated interdecadal variations, but causes for the wind stress

changes on interdecadal timescale are still unclear. Miller et al. (in press) discussed and

summarized several mechanisms responsible for interdecadal climate variations over the

Pacific Ocean including the potential influence of the oceanic biological processes that

might have a significant feedback to the physical climate system. In this paper, we focus

on the direct biological response to the interdecadal physical forcing, the potential

feedback from the oceanic ecosystem to the physical processes is not included in this

modeling study.

3.3.  Modeled Interdecadal Variability of the Nutrient and Primary Productivity

The positive upward Ekman pumping and deeper MLD during the winter in the

western and central subarctic gyres and the transition zone elevate surface nutrient

concentration, which set up necessary conditions for enhanced phytoplankton

productivity in the spring. The winter (January-March) modeled surface nitrate
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concentration is averaged over two periods, 1979-90 and 1964-75, Figures 6 (a) and 6

(b). The highest winter surface nitrate concentration is in the northwestern Pacific

between 45oN-55oN and 150oE-180o, with the surface values exceed 20 mmol/m3. In the

northeastern Pacific, for example near the Ocean Station Papa (OSP) (50oN and 145oW),

the modeled winter nitrate concentration is about 15 mmol/m3 which agrees with the OSP

winter nitrate value of 15.8 mmol/m3 (Harrison, 2002, his Table 1). In addition to the

strong north-south gradient, the east-west contrast of the modeled surface nitrate in the

subarctic gyre (north of 40oN) is also pronounced. Overall, the model produces the winter

surface nitrate distribution and concentration comparable to the NODC WOA98

(Conkright, et al., 1998), and especially agrees with the surface nitrate observations

collected through the Canada-Japan ship-of-opportunity program between January 1996

and January 2001 (Wong et al., 2002, their Figure 3d). The modeled surface nitrate

concentration also compares well with other physical-biological modeling studies for the

North Pacific (Kawamiya et al., 2000a, their Figure 7; and Haigh et al, 2001, their Figure

2).

The modest interdecadal physical variability affects the nutrient supply to the

euphotic zone which, in turn, affects phytoplankton productivity and, eventually, higher

trophic levels (Venrick et al., 1987; McGowen et al., 1998). The modeled winter surface

nitrate difference between 1979-90 and 1964-75 shows increase in the latitudinal band of

30oN and 45oN from the west to the east (135oE-135oW), with two maxima (about 4

mmol/m3) located in the north of Japan (45oN and 140oE) and central northeastern Pacific

(40oN and 150oW). The modeled nitrate concentration is about 10 to 50% higher in

general during the period of 1979-90 relative to 1964-75 values depending upon

locations. The increase is found mainly along the 10 mmol/m3 isopleth of nitrate
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concentration during the 1964-75 period, which indicates the 10 mmol/m3 isopleth of the

modeled nitrate moves equatorward during 1979-90. From the perspective of nitrate

increase after 1976-77, the subarctic gyre expanded which resulted in an increase of

surface nitrate concentration in the transitional zone (30oN to 45oN) during 1979-90. The

winter surface nitrate concentration difference (Figure 6c) is caused by a combination of

the winter MLD difference (Figure 4c) and winter Ekman pumping velocity difference

(Figure 5c), and seems to follow the latter more closely.

The spatial distribution of the modeled surface nitrate concentration difference is

consistent with several direct and indirect observations. For example, in the central North

Pacific, Venrick et al. (1987) found that the averaged euphotic zone (0-200 m)

chlorophyll concentration in the oligotrophic region during summer (May-October) had

nearly doubled from 1968 to 1985. Their data collected from the Climax region (26.5-

31.0oN and 150.5-158.0oW) also indicated decrease in sea surface temperature, which

suggests increase in surface nutrients. The area of the largest increase in the modeled

winter surface nitrate is between 30oN and 45oN, and it varies longitudinally. The very

southern edge of the modeled surface nitrate changes overlaps with the northern edge of

the Climax region (31oN). Since the modeled surface nitrate focuses on the winter season

(January-March), and insufficient sampled Climax data was mainly for the summer

season (May-October), it is difficult to make direct and detailed comparison between the

modeled results and the Climax observations. Combining the data collected from the

ongoing Hawaii Ocean Time series (HOT) program and the Climax data for the North

Pacific Subtropical Gyre, Karl et al. (2002) have also documented that mean euphotic

zone chlorophyll concentration from the period October 1988 to December 1997 is also

significantly greater than the averaged pre-1976 Climax program chlorophyll
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concentration (their Figure 9.12). Unfortunately, our model simulation ends on

December, 1993, due to the lack of processed COADS surface observations after 1993.

The direct comparison with the HOT observations could not be done with our current

model simulations. It seems that the largest decadal variations occurred in the north of

HOT and Climax regions according to the modeled results, but there were no any other

direct and consistent observational data in these areas to confirm such findings at present.

Analyzing and comparing oxygen utilization (AOU) from four meridional

transects along 152oW (or 155oW) between 45oN and Hawaii during the past two

decades, Emerson et al. (2001) found an increase of AOU by 20-25% and it could result

from an increase in biological productivity. Ono et al. (2001) analyzed the hydrographic

observations (only winter data was selected) from 1968 to 1998 in the Oyashio region

(39oN to 43oN, 143oE to 149oE) and found that there was a linear increasing trend in both

phosphate and AOU in subsurface (deeper than 100m), for which agrees with our

modeled nitrate difference (not shown for the subsurface difference). Moreover, Ono et

al. (2001) suggested the linear increasing trend in subsurface phosphate and AOU may

not be caused by the bidecadal oscillation (20 years) but correspondent to the longer-term

process such as pentadecdal (50 years, e.g., Minobe, 1999) or anthropogenic effects. On

the other hand, Ding and Saino (1999) found that the winter MLD in the same location

(the Oyashio region) decreased since 1968, which our modeled winter MLD shows the

similar trend (Figure 4c). Ding and Saino (1999) also found that nutrient concentration in

the mixed layer decreased whereas our modeled result shows an increase in the surface

nitrate in that region (Figure 6c). The modeled surface nitrate increases due to the

positive anomaly of the winter Ekman pumping velocity between 1979-90 and 1964-75,

(see Figure 5c). Even though the winter MLD shallowed in the Oyashio region after
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1976-77, the enhanced winter Ekman pumping in this region pushes the subsurface

nitricline upward which results in the increase in the subsurface nitrate, and potentially

surface nitrate as well. More detailed model and data comparison is needed for the

regions where historical hydrographic data exist, especially for any long term changes in

the vertical structure.

In the northeastern Pacific, for example the Ocean Station Papa (OSP, 50oN and

145oW), Freeland et al. (1997) found that the observed winter nitrate concentration within

the upper 100 m decreased since 1970 with a declining trend of about 16.3

mmol/m3/century, their Figure 7. The modeled winter surface nitrate concentration at the

OSP changed about 2 mmol/m3 between 1979-90 and 1964-75 (Figure 6c), which agrees

well with the observed declining rate. The shallowing in the winter MLD at the OSP, due

to the combination of warming and freshening at sea surface, caused overall reduction in

nitrate concentration in the upper ocean (Freeland et al., 1997). In the model, the winter

surface nitrate decreasing trend at the OSP is caused by the combination of the winter

MLD decrease (Figure 4c) and negative anomaly of the winter Ekman pumping (Figure

5c) which reduces the upward Ekman motion after 1976-77. Further examining of the

changes in the vertical nutrient profiles at the OSP may yield more information about the

interdecadal variability of upward nutrient flux, therefore productivity and biomass

changes at the OSP.

The spatial pattern of the modeled winter nitrate difference between 1979-90 and

1964-75 is complex; it is mainly associated with the large scale wind pattern changes

both in wind stress intensity and wind stress curl. The change in the surface nitrate

concentration certainly has an impact on phytoplankton productivity and surface

chlorophyll distribution. Since the interdecadal variation of the TZCF is one of the
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focuses of this paper, we concentrate analysis on the modeled productivity changes in the

NPTZ.

In the central North Pacific, 30oN-40oN and 180o-140oW, the modeled vertically

integrated (0-100 m) primary production anomaly was obtained by removing the seasonal

cycle and then a 7-year running mean was applied to the anomaly field in order to remove

the interannual variability, Figure 7a. Overall, the modeled primary production anomaly

tracks the Pacific Decadal Oscillation (PDO) index very closely, with lower productivity

during the negative PDO phase before 1976-77 and higher production values after. In the

above defined region, the area averaged mean seasonal cycle of the integrated (0-100m)

primary production ranges from 10.1 mmol C/m2/day in the winter to 40.5 mmol

C/m2/day in the spring, with the annual mean value of 29.8 mmol C/m2/day. The

amplitude of modeled primary production anomaly is 6.3 mmol C/m2/day with the

highest value of 3.6 mmol C/m2/day during early 1980s and the lowest value of -2.7

mmol C/m2/day during mid 1960s. Before and after 1976-77 climate shift, the modeled

primary productivity increased by about 21% relative to the annual mean values

(6.3/29.8=0.21).

The modeled primary productivity increase is caused by the enhanced surface

nitrate in the central North Pacific (Figure 6c). The sharp increase in the modeled primary

productivity occurs around 1976-77 when the PDO index switches from negative to

positive, which causes an increase of the winter MLD and strengthened Ekman pumping.

This indicates that the lower trophic primary producers in the marine ecosystem respond

to the physical climate changes quickly, and the productivity tends to stay in one mode

for a couple of decades or so before switching to the opposite phase. Such sudden

switches in primary productivity seem to play an important role in determining which
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small pelagic fish dominate, as in the anchovy and sardine alternation at similar periods

of around 20 years (Chavez et al., 2003).

Enhanced primary productivity after the 1976-77 climatic shift contributes higher

phytoplankton biomass and therefore elevates chlorophyll level in the central North

Pacific. Increase in the modeled chlorophyll expands high chlorophyll area in the NPTZ

and pushes the TZCF equatorward. In order to detect the TZCF position changes, the

anomaly field of the 0.2 mg/m3 surface chlorophyll monthly position (it includes all

seasons, not just winter time) was obtained by removing its seasonal cycle and a long

term running mean filter was applied, Figure 7b. As a reference for the interdecadal

changes, the anomaly field of the Ekman pumping velocity averaged over the region

(30oN-40oN and 180o-140oW) was also plotted in Figure 7b. Prior to the 1976-77, the 0.2

mg/m3 surface chlorophyll front is located 1o northward (positive anomaly) from the long

term mean positions (0o line). After the 1976-77, the 0.2 mg/m3 surface chlorophyll front

moves southward about 1.5o (negative anomaly) during 1980s . The amplitude of north-

south migration of the 0.2 mg/m3 surface chlorophyll front is about 2.5o (about 250 km)

between 1964-75 and 1979-90. After the 1976-77 climatic shift, the higher chlorophyll

area in the NPTZ expanded and the TZCF migrated equatorward from the long term

mean position.

The location of the TZCF appears to be related with juvenile albacore tuna

migration patterns within the transition zone and it has potential implications for albacore

fishery. Polovina et al. (2001) found that the 3-5-year-old albacore being caught by the

troll fishing fleet are exploiting the TZCF as migration route and as forage habitat during

their trans-Pacific migration. Furthermore, they have found that both albacore fishing

effort and the highest albacore catch-per-unit of effort (CPUE) are concentrated along the
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TZCF (their Figure 5, Polovina et al., 2001). The interdecadal movement of the TZCF is

important especially its relationship to the fishery, but it is very difficult to be confirmed

directly with surface chlorophyll measurements. The high quality remote sensing ocean

color data, i.e., SeaWiFs and OCTS, are available only for the past several years (1997 to

present). There is a big gap between the CZCS data set (1978-86) and the SeaWiFS,

therefore, detecting the interdecadal migration of the TZCF using the remote sensing data

is not possible at present. Historical fishery catch data near the TZCF might yield some

information on how the TZCF migrated during the past several decades, which may

provide a test for the physical-biological modeled results regarding the interdecadal

movement of the TZCF. Such a study is needed in order to improve physical-biological

model performance and reliability, furthermore, to accurately assess climatic and human

influences on the marine ecosystem.
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Conclusions

A three-dimensional physical-biological model has been used to study

interdecadal variation of the transition zone chlorophyll front (TZCF) in the central North

Pacific Ocean. The physical model is a modified version of Modular Ocean Model

(MOM 1.1, Pacanowski et al., 1993), and configured for the Pacific Ocean by Li et al.

(2001).  The biological model is developed originally for the equatorial Pacific Ocean to

study the nitrogen and silicon cycles by Chai et al. (2002) and Dugdale et al. (2002). The

physical-biological model is forced with the monthly mean heat flux and surface wind

stress from the Comprehensive Ocean Atmosphere Data Set (COADS) (da Silva et al.,

1994). The physical-biological model results from the 30-year (1960-1990) retrospective

analysis are as following:

1) The modeled spring surface chlorophyll reproduces the in situ chlorophyll

observations in the western and central subartic regions, including the position of the

TZCF, defined as the isopleth of 0.2 mg/m3 surface chlorophyll. The modeled TZCF is

located  between 26oN and 27oN in the central North Pacific during winter and between

34oN and 35oN during the summer, which tends to agree with the satellite observed

seasonal migration patterns of the TZCF (Polovina et al., 2001).

2) The interdecadal variability of modeled winter MLD shows the largest increase

which is located between 30oN and 40oN in the central North Pacific (150oE to 180o),

with a value of 40-60% higher (deeper mixed layer) during 1979-90 relative to 1964-75

values. In the subarctic gyre in both northeast (Ocean Station Papa) and northwest Pacific

(Oyashio region), the modeled winter MLD decreases by about 20% during the period of

1979-90 relative to 1964-75 levels. Overall, the model produces the winter MLD changes
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before and after the 1976-77 climatic shift, which are very similar to the historical

observational data (Polovina et al., 1995; and Deser et al., 1996).

3) The interdecadal variability of the winter Ekman pumping velocity difference

between 1979-90 and 1964-75 shows the largest increase which is located between 30oN

and 45oN in the central and eastern North Pacific (180o to 150oW). In the subarctic

northeast Pacific region including the Gulf of Alaska, the winter Ekman pumping

velocity decreases during the period of 1979-90, but its value increases in the northwest

Pacific (Oyashio region) after 1976-77 climatic shift. The Ekman pumping velocity

difference before and after 1976-77 derived from the COADS surface wind stress agree

with the results based upon the NCEP reanalysis by Xie et al. (2000).

4) The physical-biological model produces the winter surface nitrate concentration

comparable to the observed values (Conkright, et al., 1998; Wong et al., 2002). The

modeled winter surface nitrate difference between 1979-90 and 1964-75 shows an

increase in the latitudinal band between 30oN and 45oN from the west to the east (135oE-

135oW), the modeled nitrate concentration is about 10 to 50% higher in 1979-90 relative

to 1964-75. The increase of the winter surface nitrate concentration during 1979-90 is

caused by a combination of the winter MLD increase and the winter Ekman pumping

enhancement after the 1976-77 climatic shift.

5) The modeled nitrate concentration increase after the 1976-77 climate shift results

in increasing primary productivity in the central North Pacific (30oN-40oN and 180o-

140oW). Enhanced primary productivity after the 1976-77 climatic shift contributes

higher phytoplankton biomass and therefore elevates chlorophyll level in the central

North Pacific. Increased chlorophyll expands the high chlorophyll area and pushes the
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TZCF equatorward. The amplitude of north-south migration of the 0.2 mg/m3 surface

chlorophyll front is about 250 km between 1964-75 and 1979-90.
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Figure 1: The inter-compartmental flow chart of the ecosystem and linkage to carbon and
physical processes in the euphotic zone. The flow of nitrogen is indicated by solid line;
the flow of silicon is indicated by dashed line; and the carbon flow is indicated by line-
dashed line.
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Figure 2: Comparisons of the modeled surface chlorophyll and WOA98 data in spring
(April-May-June) (unit: mg/m3). The modeled surface chlorophyll concentration was
derived from the modeled top layer (5 m) phytoplankton biomass concentration (mmol
N/m3), that was converted to mg/m3 using a nominal gram chlorophyll to mole nitrogen
ratio of 1.58, which corresponds to a chlorophyll to carbon mass ratio of 1:50 and a C:N
mole ratio of 6.625.
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Figure 3: The locations of the transition zone chlorophyll front (chlorophyll = 0.2 mg/m3)
during the climatological winter (January-February-March) and summer (July-August-
September).
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Figure 4: The modeled winter (January-February-March) mixed layer depth (meters)
during the period of 1970-90 (a) and 1964-75 (b). The difference (a-b) between 1979-90
and 1964-75 (c). In (c), position values mean deeper MLD, for example, 20 equals 20
meters deeper in the MLD.
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Figure 5: The winter (January-February-March) Ekman pumping velocity (1 X 10-6

m/sec) during the period of 1979-90 (a) and 1964-75 (b), the positive is upward motion.
The difference (a-b) between 1979-90 and 1964-75 (c). In (c), positive values mean
stronger Ekman pumping velocity.
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Figure 6: The modeled winter (January-February-March) surface nitrate concentration
(mmol/m3) during the period of 1979-90 (a) and 1964-75 (b). The difference (a-b)
between 1979-90 and 1964-75 (c). In (c), positive values mean increase in the surface
nitrate concentration.
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Figure 7: (a) PDO index and primary production (PP) anomaly in the central North
Pacific (30oN-40oN and 180o-140oW). The PDO Index is defined as the leading principal
component of North Pacific monthly sea surface temperature variability (poleward of
20oN for the 1900-93 period), see http://tao.atmos.washington.edu/pdo/ for more details
(Mantua and Hare, 2002), courtesy of Dr. Nathan Mantua at University of Washington.
The monthly averaged PP anomaly was derived by removing the seasonal cycle (it
includes all seasons, not just winter time). Both PDO and PP anomaly were smoothed
with 7 year and 2 year running mean filters. (b) The anomaly of Ekman pumping velocity
in the central North Pacific and TZCF (chlorophyll = 0.2 mg/m3) anomaly (latitudinal, in
degree) averaged between 180o-140oW. Again, both anomalies were derived by removing
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seasonal cycles and then smoothed with the same running filters as in (a). It includes all
the seasons, not just the winter time. The positive anomaly means the TZCF moves
northward, and negative anomaly means the equatorward movement.


