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ABSTRACT

The marine ecosystem of the Gulf of Alaska (GOA) is one of the richest on the planet. The center of the

GOA is characterized by high-nutrient and low-chlorophyll-a concentration. Recent observational studies

suggest that advection of iron-rich coastal water is the primary mechanism controlling open ocean produc-

tivity. Specifically, there is evidence that mesoscale eddies along the coastal GOA entrain iron-rich coastal

waters into the ocean interior. This study investigates the cross-shelf transport statistics in the GOA using a

free-surface, hydrostatic, eddy-resolving primitive equation model over the period 1965–2004. The statistics

of coastal water transport are computed using a model passive tracer, which is continuously released at the

coast. The passive tracer can thus be considered a proxy for coastal biogeochemical quantities such as silicate,

nitrate, iron, or oxygen, which are critical for explaining the GOA ecosystem dynamics. On average along the

Alaska Current, it has been shown that at the surface while the advection of tracers by the average flow is

directed toward the coast consistent with the dominant downwelling regime of the GOA, it is the mean eddy

fluxes that contribute to offshore advection into the gyre interior. South of the Alaskan Peninsula, both the

advection of tracers by the average flow and the mean eddy fluxes contribute to the mean offshore advection.

On interannual and longer time scales, the offshore transport of the passive tracer in the Alaskan Stream

does not correlate with large-scale atmospheric forcing, nor with local winds. In contrast in the Alaska

Current region, stronger offshore transport of the passive tracer coincides with periods of stronger

downwelling (in particular during positive phases of the Pacific decadal oscillation), which trigger the de-

velopment of stronger eddies.

1. Introduction

The waters of the Gulf of Alaska (GOA) and the

Bering Sea provide more than half of the total annual

fish catch for the United States. The central Gulf of

Alaska reveals a high-nutrient/low-chlorophyll (HNLC)

region with iron limitation (Harrison et al. 1999; Boyd

et al. 2004). There is evidence that eddies, generated

at the coast, impact iron distribution and therefore play

a role in maintaining high-chlorophyll concentration.

The mesoscale eddies generated along the Alaska Cur-

rent (eastern basin) transport nutrients (Whitney and

Robert 2002; Ladd et al. 2005) and iron (Johnson et al.

2005) to the interior. More specifically, Batten and

Crawford (2005) observe higher concentrations of coastal

zooplankton within the core of the eddies, collected by a

continuous plankton recorder between 2000 and 2001.

Even though the correlation between eddy variability and

changes in the ecosystem has not yet been fully estab-

lished, the ecosystems have been noticed to respond to

large-scale atmospheric variability (Mantua et al. 1997;

Litzow et al. 2006).

The region is extremely productive at all trophic levels

despite observations showing downwelling conditions

along the coast (Stabeno et al. 2004), with stronger

downwelling condition during winter months. On de-

cadal time scales, the Pacific decadal oscillation (PDO)

is the leading mode of North Pacific variability. Changes

in the PDO are driven by changes in the Aleutian low

pressure system (Figs. 1a,b), which also modulate coast-

al downwelling conditions. Okkonen et al. (2001) and

Combes and Di Lorenzo (2007) show stronger meso-

scale eddy activity, during years in which wind forcing
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promotes strong downwelling. This suggests that inter-

annual and decadal modulations of the GOA open

ocean ecosystems may be explained by exploring the

statistics of eddy induced cross-shelf transport.

This study investigates the seasonal and interannual

variations in cross-shelf transport in the GOA, by looking

at the distribution and variability of a passive tracer in-

jected at the coast. The tracer allows us to track coastal

water masses and can be used as a proxy for coastal

quantities such as iron. The goal of this study is to char-

acterize the statistics of transport of the passive tracer and

to understand how changes in atmospheric winds modify

the distribution and transport of coastal water masses.

This paper is organized as follows: section 2 describes

the model experiment and provides a comparison be-

tween model and observational data. Section 3 de-

scribes the tracer experiment used in this study. Section

4 discusses the interannual and decadal variations in

cross-shelf flux in the eastern (Alaska Current region)

and western (Alaskan Stream region) GOA basin.

Section 5 provides a summary of the results.

2. Data: Model and observation

The model experiment is performed using the Re-

gional Ocean Modeling System (ROMS; Haidvogel

et al. 2008; Shchepetkin and McWilliams 2005). ROMS

is a free-surface, hydrostatic, eddy-resolving primitive

equation ocean model that uses terrain-following co-

ordinates in the vertical. ROMS has already been used

FIG. 1. (a) Mean sea level pressure and (b) mean surface wind stress over the period 1965–2004. (c) Mean surface current strength (m s21),

with mean SSH (white contours), and (d) SSH std dev. (e) Model EKE and (f) AVISO EKE.
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successfully to study mesoscale processes in the North

Pacific (Marchesiello et al. 2003; Di Lorenzo et al.

2005b; Curchitser et al. 2005; Di Lorenzo et al. 2008).

The domain covers the coast from Vancouver Island

to the Alaskan Peninsula (Fig. 1c). The grid has an av-

erage spatial resolution of ;11 km and uses 42 levels in

the vertical, with higher resolution at the upper ocean

layer. This resolution is able to capture large eddies

in the western and eastern side of the basin, which have

an average diameter of 150–200 km (western basin:

Crawford et al. 2000; eastern basin: Crawford 2002).

The initial conditions and open boundaries are obtained

from an outer experiment, which is conducted with the

same grid resolution on a larger domain that covers

the entire northeast Pacific coast. This outer grid uses

boundary conditions from a hindcast simulation using

the Community Climate System Model (CCSM; Collins

et al. 2006) version of the Parallel Ocean Program

(POP; Smith and Gent 2002). The surface forcing

functions for the outer experiment (6-hourly forcing at

28 3 28 resolution) are obtained from the Common

Ocean-Ice Reference Experiments (CORE), developed

by Large and Yeager (2004) and the air–sea fluxes are

parameterized using bulk fluxes (Fairall et al. 2003).

Our regional nested model uses prescribed surface fluxes

obtained by taking the monthly average flux resulting

from the outer grid integration. We use the K-profile

parameterization (KPP) scheme for vertical mixing in

the surface boundary (Large et al. 1994) and implicit

horizontal mixing associated with the third-order up-

stream bias scheme (Shchepetkin and McWilliams 1998).

On average, the ocean circulation in the GOA is

characterized by a large-scale cyclonic Alaskan gyre,

with the broad Alaska Current on the eastern basin and

a stronger Alaskan Stream along the Aleutian Islands.

The model mean circulation, illustrated in Fig. 1c, is

consistent with this view and shows a surface current

velocity up to 0.4 m s21 in the western basin associated

with a strong cross-shelf sea surface height (SSH) gradi-

ent south of the Alaskan Peninsula (white lines in Fig. 1c).

Finally, a map of the SSH standard deviation (Fig. 1d)

indicates high variability all along the coast, where in-

tense eddy variability is observed (entire basin: Ladd

2007; western basin: Crawford et al. 2000; eastern basin:

Tabata 1982; Di Lorenzo et al. 2005a).

To add confidence in the degree of realism of the eddy

variability in the model simulation, we compare the

model eddy kinetic energy (EKE) to the one derived

from the Archiving, Validation, and Interpretation of

Satellite Oceanographic data (AVISO) satellite maps

(Figs. 1e,f). The satellite EKE is calculated from the sea

level anomaly [merged data from the Ocean Topogra-

phy Experiment (TOPEX)/Poseidon (T/P) or Jason-1 1

ERS-1/2 and Envisat satellites available at http://www.

jason.oceanobs.com], as defined by Ladd (2007) by

EKE 5 1/2[ÆU92
g æ 1 ÆV92

g æ], where U9g and V9g are the

geostrophic velocity anomalies. Consistent with Ladd

(2007), high values of EKE along the Alaska Current

(eastern basin) and the Alaskan Stream (western basin)

are evident both in the model and the satellite data.

On the western GOA basin, eddy activity is constrained

to the shelf break. On the eastern GOA basin, we notice

the signature of three major eddy groups associated

with a region of high EKE, usually named according to

the location of their formation: Yakutat, Alaska; Sitka,

Alaska; and Haida, Canada (Tabata 1982; Crawford 2002).

The eddies observed in the western and eastern basins

show different dependencies with the atmospheric forc-

ing reflecting different generation mechanisms. While

eddies in the western basin are not directly affected by

the atmospheric forcing, the development of mesoscale

eddies on the eastern GOA basin is modulated by

changes in wind-induced downwelling (Combes and Di

Lorenzo 2007; Henson and Thomas 2008) and coastally

trapped waves of tropical origin (Melsom et al. 1999).

Eddies in the Alaskan Stream (western basin) are often

a year or more old when they arrive in this stream, so

their strength would also depend mainly on atmospheric

conditions when and where they formed.

3. Tracer experiment setup

The transport pathways and statistics associated with

the mesoscale circulation in the model are characterized

using a passive tracer advection–diffusion equation with

a decay term:

›P

›t
1 u � $P 5 AH=2

HP 1
›

›z
AV

›P

›z

� �
� P

t
1 Q(x, y, z),

where P is the passive tracer concentration, AH is the

horizontal diffusivity set to 5 m2 s21, AV is the vertical

diffusivity obtained by a KPP scheme (Large et al.

1994), Q is a time-independent source term, and t is the

decay time scale. The source term is such that the pas-

sive tracer is set to 1 over a region from the coast to 50

km offshore and from the surface to 50-m depth. The

decay term is introduced to track the transport patterns

of the passive tracer from its source within the time

scale set by t. This term is needed to avoid an infinite

growth of passive tracer concentrations in the model

domain interior. The time scale t is set to 4 yr, which

is the average time scale that eddies survive in the gyre

after their generation at the coast (Crawford 2002). It

also allows the modeled passive tracer to live far longer

than iron at the ocean surface. Iron seems mostly to be

1052 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y VOLUME 39



taken up by phytoplankton in the first spring of an

eddy’s life (Johnson et al. 2005).

4. Results

We begin by testing if the passive tracer approach

realistically tracks the transport of coastal waters asso-

ciated with eddies generated at the coast. We focus on

one model snapshot during August 1998 (Fig. 2a). The

eddy field in the eastern basin was dominated by eddies

formed during the El Niño of the preceding winter

(Melsom et al. 1999; Henson and Thomas 2008), in

particular the large anticyclonic Haida and Sitka eddies,

which are well reproduced by the model hindcast (white

lines in Fig. 2a). The core of the Haida and Sitka eddies

corresponds to local maxima in passive tracer concen-

trations. This confirms that the model adequately re-

produces the offshore transport of coastal water, here

represented by the passive tracer, within the core of the

large-scale eastern basin eddies.

The westward transport associated with the modeled

eastern eddies for August 1998 is evident in the vertical

section across the Haida eddy core (black transect in

Fig. 2a) of tracer concentration (Fig. 2c), temperature

(Fig. 2d), and salinity (Fig. 2e). In agreement with ob-

servational studies (Crawford 2002; Tabata 1982),

Haida eddies (Sitka not shown here) are characterized

by an anticyclonic rotation, represented in Fig. 2a by a

positive SSH anomaly. These eddies show a warmer and

less-saline core than the surrounding water (Figs. 2d,e),

with a local maximum in temperature around 100-m

depth. The vertical section of the passive tracer (Fig. 2c)

shows that the excess of heat and freshwater in the eddy

core is advected from the coastal region. This also

suggests that other important biochemical quantities

can be advected from the coast into the gyre interior,

both at the surface and in the subsurface. In the model

experiments, the passive tracer is initially set to 1 within

a volume that extends 50 km from the coast and 50 m

below the surface. Therefore, the presence of a coastal

passive tracer (Fig. 2c) below 50 m confirms the results

by Combes and Di Lorenzo (2007), who suggest that

eastern eddies develop and propagate offshore follow-

ing a downwelling event at the coast. Finally, Fig. 2b

quantifies the excess of heat inside this particular Haida

eddy. Identical to Crawford (2005), the excess of heat in

the first 500 m is calculated as the excess of heat within a

volume associated with a Gaussian function (red fitted

curve in Fig. 2b). Consistent with the results of Crawford

(2005), the excess of heat is estimated at around 100 3

1018 J between the surface and 500-m depth.

Confident that the model realism is adequate to in-

vestigate the cross-shelf transport statistics, we consider

the transport of the passive tracer across a transect that

follows the coast along the edge of the region of high-

SSH standard deviation (black line in Fig. 1d). The

cross-shelf exchange across this transect is defined as the

advection of the surface passive tracer (P) by the com-

ponent of the surface velocity normal to the transect

(U), where a positive value of the passive tracer flux UP

FIG. 2. (a) Tracer concentration and SSH (white contours, contour interval is 5 cm from 0 to 20 cm) for August 1998. (b) The excess of

heat across the eddy (the red curve is the fitted Gaussian of the model temperature). Vertical section of (c) tracer, (d) temperature, and

(e) salinity.
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is directed toward the gyre interior. The temporal evo-

lution of the total surface flux across this transect, as

visualized by a Hovmöller diagram from 1965 to 2004

(Fig. 3a), shows significant interannual variability and

little spatial coherence along the transect. We now de-

compose the total flux into

UP 5 U �P 1 U9 �P 1 UP9 1 U9P9, (1)

where the anomalies (U9, P9) are defined by removing

the monthly cycle (later called ‘‘seasonal cycle’’) ( �U, �P).

The time average of the flux terms UP 5 U �P 1 U9P9

(Fig. 3b) show that the mean total advection at the

surface is mainly explained by its seasonal mean (U �P).

Along the eastern basin, the negative value of U �P along

the transect corresponds to an onshore advection and is

consistent with previous papers showing predominant

downwelling conditions at the coast. Figure 3b also shows

that the mean offshore advection is associated with the

mean eddy flux (U9P9). In the western basin, both the

advection of tracers by the average flow and the mean

eddy fluxes contribute to the mean offshore advection.

The seasonality of U �P and U9P9 is illustrated in Fig. 3c at

five locations along the transect. The budget of tracer

advection integrated over the top 100 m (not shown here)

has also been performed and shows similar results.

The spatial patterns of the surface passive tracer

seasonal variability can be summarized by the March

and September means (Figs. 4a,b). A strong seasonal

variability of the surface passive tracer is evident both

in the southern edge of the Alaskan Stream and off

Vancouver Island, consistent with the advection of

tracer across the transect (Fig. 3). South of the Alaskan

Peninsula, the surface passive tracer is advected south-

ward with a maximum advection in September. Off

Vancouver Island the passive tracer is advected off-

shore toward the interior of the GOA basin in Sep-

tember (Fig. 4b), whereas in March (Fig. 4a), the surface

passive tracer is confined along the coast. The seasonal

patterns of the passive tracer closely track the ones ob-

served in satellite chlorophyll-a (measured by SeaWiFS

satellite; Figs. 4c,d), supporting the hypothesis that off-

shore transport is the primary mechanism controlling the

seasonal chlorophyll maxima in the offshore waters of

the GOA (Crawford et al. 2005). It is important to note

that Fig. 4 shows a comparison between a surface pas-

sive tracer with an active tracer (chlorophyll-a), which

can explain the difference observed off Vancouver

Island.

To explore the interannual variability of the cross-

shelf transport, we examine the time series of tracer and

tracer flux concentration anomalies, where the anoma-

lies are defined by removing the seasonal cycle

[(UP)anomaly 5 U9 �P 1 UP9 1 (U9P9)anomaly]. The inter-

annual variability of the flux term (UP anomaly; Fig. 5)

shows that the dominant term is anomalous advection

acting on the mean tracer concentration (U9P9; blue

line) with an important contribution also from the eddy

FIG. 3. (a) Hovmöller diagram of the tracer advection (UP) (m s21). (b) The time average of UP, UP, and U9P9 along the transect. (c) The

seasonal variability of UP and U9P9 at locations 50, 100, 150, 200, and 250 on the transect (black line in Fig. 1d).
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flux anomaly (U9P9 anomaly; black line). This result is

consistent along all the locations on the transect, both

in the eastern (Fig. 5a) and western basins (Fig. 5b).

Okkonen et al. (2001) show that eddy variability does

not correlate with large-scale atmospheric forcing in the

western basin while in the eastern basin eddy variability

is modulated by changes in the surface winds. In partic-

ular, Okkonen et al. (2001) and Combes and Di Lorenzo

FIG. 4. Surface passive tracer for (a) March and (b) September. Observed surface chlorophyll concentrations (mg m23) for (c) March and

(d) September.

FIG. 5. Components of UP anomaly (UPa; red line) along the (a) Alaska Current and (b) Alaskan Stream.
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(2007) show strong mesoscale eddy activity in the eastern

basin during years in which wind forcing promotes strong

downwelling. When discussing eddy transport, it is better

to use the depth-integrated passive tracer rather than a

tracer concentration at the surface or at a certain depth.

From now on, ‘‘tracer’’ will refer to the depth-integrated

tracer over the entire water column.

We first explore regions of high-SSH standard devi-

ation in the western basin. Figure 6a shows the time

series of tracer anomaly for the location represented by

a black star in Fig. 6b lag 0 (55.118N, 153.288W) from

1965 to 2004 and exhibits a strong interannual varia-

bility. Figure 6b (lag 0) shows a composite analysis of

the SSH during times when the depth-integrated tracer

concentration anomalies at (55.118N, 153.288W) are

greater than 90 (red line in Fig. 6a). The sequence of

maps of SSH at different lags with respect to the time

when the tracer anomaly is high shows the formation

and propagation of an anticyclonic eddylike feature,

implying that the high anomalous coastal passive tracer

found along the western basin is mainly associated with

eddy variability. These types of features are found all

along the western basin and advect coastal water, both

in their center and periphery, along the Alaskan Stream.

Previous studies have suggested that variability in

oceanic circulation and eddies generated on the eastern

GOA is modulated by changes in the wind stress (Melsom

et al. 1999; Combes and Di Lorenzo 2007). On a decadal

time scale, along the Alaska Current, changes in wind

stress are associated with changes in the PDO index.

The PDO index is negative from 1950 to 1976 and prin-

cipally positive from 1977 to 2000. The positive phase of

the PDO is associated with an enhancement of the

Aleutian low pressure system over the North Pacific.

To establish the link between the different phases of

the PDO and offshore transport, the changes in tracer

concentration are computed as the difference between

the passive tracer distribution in the period 1977–82 and

in the period 1971–76. The eastern GOA shows a sig-

nificant change in tracer distribution following the

1976–77 climate shift (Fig. 7a). Figure 7a shows an in-

crease of passive tracer advection to the interior of the

gyre when the Aleutian low pressure is strengthening.

The advection is more pronounced west of the Sitka

region and west of Queen Charlotte Island, where the

Sitka and Haida eddies are generated. Changes in at-

mospheric forcing also produce a change of the surface

coastal current. An intensification of the surface current

is found in the eastern basin, associated with the 1976–77

climate shift, leading to a stronger passive tracer advec-

tion. In contrast to the western basin, interannual varia-

bility in the tracer concentration (shown previously) does

FIG. 6. (a) Tracer concentration anomaly at (55.118N, 153.288W) [black star in (b)]. (b) SSH composite maps for tracer anomaly . 90 [red

line in (a)].
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not seem to respond to changes of surface forcing as-

sociated with the climate shift.

To further clarify the relationship between tracer

distribution and PDO, we quantify the PDO effect by

correlating the tracer concentration with the PDO index

(Fig. 7b). Figure 7b shows the spatial distribution of

tracer 2 months after the PDO affects the ocean surface.

The map shows principally two regions of high corre-

lation between the tracer and PDO. These regions are

located on the path of the Haida and Sitka eddies, which

advect the passive tracer trapped in their core. This is

also evident in time series of SSH, tracer concentration

along the path of the Haida and Sitka eddies, and the

PDO index (Figs. 7c,d). These results corroborate the

hypothesis that the PDO explains much of the decadal

variability of the tracer concentration in the eastern basin,

and suggest an increase in the mean offshore transport

from the eastern coast after the 1976–77 climate shift. The

weaker correlation between tracer concentration and

PDO time series, observed in Figs. 7c and 7d after 1998,

may be due to the dominance in recent decades of the

second mode of variability, known as the Victoria

(Bond et al. 2003) or the North Pacific gyre oscillation

(NPGO) mode (Di Lorenzo et al. 2008).

5. Conclusions

The passive tracer simulation, analyzed in this study,

provides a method to explore the evolution and distri-

bution of coastal water masses into the gyre interior.

The general features of the model circulation of the

GOA show consistent results with observational data; in

particular, both model and satellite data reveal high-

EKE regions in the western basin, the northern Gulf of

Alaska, and the eastern basin where the anticyclonic

Haida and Sitka eddies develop. Throughout the coastal

Gulf of Alaska, the presence of passive tracer within the

core of the anticyclonic eddies confirms that eddies

advect coastal waters into the gyre interior. This result

implies that, in addition to warm and freshwater, eddies

also transport oxygen-poor water and important bio-

chemical quantities such as chlorophyll-a (Crawford

et al. 2005), nutrients, and micronutrients (e.g., iron),

essential for productivity. Along the eastern side of the

GOA basin north of Vancouver Island, the passive

tracer analysis shows on average that while the advec-

tion of tracers by the average flow at the surface is di-

rected toward the coast, consistent with the dominant

downwelling regime of the GOA, it is the mean eddy

fluxes that contribute to offshore advection into the gyre

interior. In the western basin, both the advection of

tracers by the average flow and the mean eddy fluxes

contribute to the mean offshore advection. The passive

tracer distribution in the GOA also exhibits a strong

seasonal variability both in the eastern and western basin.

On the seasonal time scales, passive tracer is clearly

advected toward the interior of the gyre in September.

FIG. 7. (a) Tracer distribution associated with the 1976–77 climate shift. (b) The correlation between the PDO index and tracer con-

centration (lag 2 months). Comparison between the tracer (blue), SSH (green), and PDO index (red) at (c) Sitka and (d) Haı̈da.
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Significant tracer is transported westward, off Vancouver

Island (eastern basin), and southward, south of the

Alaskan Peninsula (western basin).

On interannual time scales, the cross-shelf transport

in the western region (along the Alaskan Stream) is

mainly associated with intrinsic eddy variability. In con-

trast, along the eastern boundary in the Alaska Current

region, stronger offshore transport of the passive tracer

coincides with periods of stronger downwelling condi-

tions, which trigger the development of stronger eddies.

For instance, after the 1976–77 climate shift when the

Aleutian low pressure intensifies and stronger coastal

downwelling conditions become predominant through-

out the GOA, stronger advection of coastal passive tracer

is found in the eastern basin (Fig. 6a), in particular in the

path of coastal eastern eddies, such as the Haida and

Sitka eddies.

Our results indicate that coastal water, and therefore

biochemical quantities, are advected both vertically

(upwelling and downwelling) and horizontally (advec-

tion by surface current or eddies) in the Gulf of Alaska.

The cross-shelf and vertical transports are essential for

the productivity in the basin. The relation between eddy

transport and biota has already been observed in the

western basin (Okkonen et al. 2003) and eastern basin

(Mackas and Galbraith 2002). Therefore the increase in

cross-shelf transport after the 1976–77 climate shift may

provide an additional mechanism to explain shifts in

species distribution and fish abundance (Mantua et al.

1997; Litzow et al. 2006).
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