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Abstract We developed a realistic 1/50� high-resolution

ocean model capable of resolving submesoscale variabil-

ity, and performed particle-tracking experiments based on

this ocean model to identify elements that significantly

affect the transport of the eggs and larvae of the Japanese

Pacific walleye pollock Theragra chalcogramma into

Funka Bay. The high-resolution model reproduced repre-

sentative features of the oceanographic conditions of the

main spawning area and season. A comparison of particle-

tracking experiments performed under the passive trans-

port condition based on high-resolution (1/50�) and low-

resolution (1/10�) ocean models showed that high-resolu-

tion modeling is essential in order to realistically simulate

the transport process. In this regard, however, the vertical

motion of particles cannot be explained by the passive

transport condition, as it leads to unrealistically deep

sinking of particles in the simulation. Turning our atten-

tion to feasible non-passive transport conditions, we then

incorporated the buoyancy motion of particles and con-

ducted additional experiments that mainly differed in the

particle density adopted. We clarified that buoyancy is an

important factor in the retention of particles near the sea

surface, and that the ratio of the particles that remain in

Funka Bay to the number of particles released is sensitive

to the vertical motions/positions of the particles, implying

that it is necessary to model this vertical motion more

accurately by incorporating more realistic biological pro-

cesses or a statistical distribution into the particle-tracking

model.
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Introduction

The Japanese Pacific walleye pollock Theragra chalco-

gramma is distributed across the northwestern Pacific

region off the coast of Hokkaido and Tohoku [1], and is

one of the most important target species for Japanese

commercial fisheries. In recent years, the stock of this

population has tended to be sustained by the occasional

occurrence of strong year-classes [2]; in other words, after

the occurrence of a strong year-class, most of the catch—as

well as the population—comes from this year-class, and

this situation lasts for several years. Oceanographic and

food conditions can determine year-class strength during
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the early life stages of the fish [3], but the process of and

mechanism for generating strong year-classes is not yet

understood in detail.

In the study reported in the present paper, we focused

on transport processes of walleye pollock during its early

life stages, such as its eggs and larvae, which are con-

sidered to be key influences on the stocks and recruitment

of this fish. For instance, it has been reported that the

transport process is a critical factor in the recruitment

dynamics of walleye pollock in Shelik of Strait, Gulf of

Alaska [4], the occurrence of strong or weak year-classes

(through the adult–child encounter frequency, i.e., canni-

balism) in the Bering Sea [5], and the genetic stock

structure in the region from the Bering Sea to the Gulf of

Alaska [6]. The transport process around the spawning

ground has also been suggested to be an important factor

for the specific case of Japanese Pacific walleye pollock,

as follows.

Japanese Pacific walleye pollock spawn mainly in Jan-

uary and February on the continental shelf around Funka

Bay (Fig. 1) [7, 8]. Some of the resulting eggs and larvae

are transported southward to the Tohoku region, and some

are transported into Funka Bay and remain within this bay

[9]. During May to June, the grown juveniles leave Funka

Bay and move eastward along the Hokkaido coast to the

nursery ground east of Cape Erimo [10]. Thus, it appears

that one of the conditions favoring recruitment is the

transport of eggs and larvae into the bay and their residence

there until spring [11].

During the main spawning season (January–February),

seasonal currents near the sea surface around Funka Bay

are characterized by two flows: the Coastal Oyashio (CO)

and the wind-driven current [12]. The CO is a boundary

current that is trapped against the Pacific shelf-slope region

and transports very cold and low-salinity water, referred to

as CO water, from the Okhotsk Sea to the vicinity of Funka

Bay [13]. During this season, the northwesterly wind is

dominant around Hokkaido, and this drives southeastward

flows at the sea surface near the coast. As a result, the CO

and wind-driven currents are superposed on the shelf-slope

region near Funka Bay.

Shimizu and Isoda [14] examined the individual effects

of the CO and wind-driven currents on the transport of

walleye pollock eggs using a particle-tracking (PT) model

based on an idealized two-dimensional barotropic ocean

model. Recently, Sakamoto et al. [15] pointed out that a

high-resolution three-dimensional ocean model with a grid

size of less than a few kilometers is required to appropri-

ately reproduce the CO. This suggests that such high-res-

olution three-dimensional modeling is also required to

investigate the transport process of the eggs and larvae of

Japanese Pacific walleye pollock.

The present study was conducted as preliminary work

in the development of an individual-based model (IBM)

of Japanese Pacific walleye pollock that can systemati-

cally integrate oceanographic and biological studies into

an interdisciplinary framework. The first aim of this study

was to develop a high-resolution three-dimensional ocean

model which can reproduce realistic oceanographic con-

ditions around Funka Bay under climatological forcings.

The second aim was to identify the elements that signif-

icantly affect the transport of walleye pollock eggs and

larvae into Funka Bay using PT experiments. The sig-

nificance of utilizing high-resolution ocean modeling in

the PT experiments was investigated by comparing the

results obtained with those produced by low-resolution

modeling under the passive transport condition. It was

found that the passive transport condition led to the

unrealistic sinking of particles in the simulation. There-

fore, turning our attention to feasible non-passive trans-

port conditions, we incorporated particle buoyancy effects

and studied the significance of the vertical motions/posi-

tions of the particles.
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domain. In the PT experiments, the particles were initially arranged

inside the dark gray area
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Materials and methods

High-resolution submesoscale ocean model

We developed a triply nested high-resolution model using

the Regional Ocean Modeling System (ROMS) [16, 17].

Three models with different resolutions (1/2�, 1/10�, and

1/50�) were connected by one-way nesting (Fig. 1) [18, 19].

All of the models were forced by climatological fluxes at the

sea surface and the lateral boundary. The design details for

the 1/2� and 1/10� models are described in Kuroda et al.

[20], and those for the 1/50� model are explained below.

The 1/50� model domain covered all of the coastal regions

around Hokkaido (Fig. 1). The vertical resolution was 21

levels. For tracer and momentum advection, third-order

upstream-biased and fourth-order centered schemes were

applied for the horizontal and vertical directions, respec-

tively. A bi-harmonic operator was adapted for horizontal

mixing along the S-surface (Smagorinsky constant = 0.08).

The 1/50� model was driven by fluxes at the sea surface

and at the lateral boundaries. Heat, salinity, and momentum

fluxes at the sea surface were computed using meteoro-

logical elements derived from normal-year forcing (CORE-

NYF), such as wind velocity, air temperature, sea surface

pressure, relative humidity, precipitation, and shortwave

and downward longwave radiation [21]. The freshwater

flux at the sea surface was weakly corrected based on the

monthly mean climatology (WOA2001) with a timescale

of 30 days. Meanwhile, the freshwater flux from the land

(such as that arising from river discharges) was neglected

because the primary target of our simulation was the main

spawning season—winter, which is associated with only

small river discharges.

A 20-year simulation was implemented using three

models. The 1/50� model was integrated for the final

5 years, from the 16th to the 20th year. The initial value

was obtained through bi-linear interpolation from the out-

put of the 1/10� model on 1 January in the 16th year. The

lateral boundary value was extracted from the 3.8-day

mean output of the 1/10� model. We analyzed the simu-

lation of the final 4-years. In the next section, the reference

time for model integration, the 16th to the 20th year, is

changed and referred to as the 1st to the 5th year.

Particle tracking model

Using the simulated oceanographic conditions, we con-

ducted particle-tracking experiments to understand the

transport process for the walleye pollock eggs and larvae

into Funka Bay. The PT model was based on LTRANS

(ver. 1) (Schlag et al., Larval TRANSport Lagrangian

Model User’s Guide, 2008), which is configured for ROMS

output, but the source codes were modified to suit our

model’s configuration and purpose.

Initially, particles were set to a depth of 10 m in the gray

region of Fig. 1b, which is associated with the main

spawning ground [22–24]. The initial position at a depth of

10 m was determined simply on the basis of the position of

the mode of the measured vertical egg distribution (see

Fig. 10) [25]. In fact, eggs are probably spawned at depths

of about 100 m [26] and then transported upward, but these

processes are omitted from the PT experiments for the sake

of simplification. The initial spatial interval between

adjacent particles was 0.005� (=0.42–0.56 km). About

20,000 particles were tracked for 2 months from 1 Febru-

ary to 31 March using the methods explained in the sub-

sequent paragraphs. The 2 months correspond to the egg

(*10–20 days [27]), pre-larval (*30–45 days [28]), and

post-larval (*30–35 days [28]) stages. It was assumed

throughout this study that the ability of the larvae to swim

can be neglected.

Passive and non-passive transport conditions were

employed for the PT experiments. The movements of

particles under the passive condition were obtained as

follows. The particle’s position (xn?1, yn?1, zn?1) at a time

step of n ? 1 is determined by its previous position at a

time step of n and the three-dimensional model velocity

(umodel, vmodel, wmodel):

xnþ1 ¼ xn þ umodeldt

ynþ1 ¼ yn þ vmodeldt

znþ1 ¼ zn þ wmodeldt

8
><

>:
; ð1Þ

where dt is the integration time step (=487 s). Turbulent

diffusion is neglected under the passive transport condi-

tion. Two kinds of PT experiments (case H0 and case L0)

were performed using the velocities from the 1/50� and

1/10� models (driven by the same sea surface forcings),

and these were compared with each other to clarify the

impacts of high-resolution modeling on the particle

transport process.

PT experiments were also carried out under the non-

passive transport condition. This was done because, under

the passive condition, some of the particles were trans-

ported downward more than 100 m to the deep subsurface,

and eggs and larvae have not been observed this deep. We

therefore incorporated a feasible non-passive condition by

including the effect of the density/buoyancy of particles on

the vertical motion; laboratory experiments suggest that

this effect is significant [27, 29]. In addition, the turbulent

diffusion was added to the vertical motion of particles

under the non-passive transport condition because a large

vertical diffusive coefficient is predicted within the winter

mixed layer in the 1/50� model.
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The governing equation (1) was modified by adding the

terminal buoyancy velocity (as derived from Stokes’ law)

and the corrected random walk [30] to the vertical motions

of the particles, as follows:

znþ1 ¼ zn þ ðwmodel þ wbuoyancyÞdt þ K 0Vdt

þ R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2r�1KVdt

p
; ð2Þ

where KV is the vertical eddy diffusive coefficient esti-

mated by the KPP scheme in the 1/50� model, R is a ran-

dom number with a mean of zero and a standard deviation

of r, and K0V is the vertical gradient of KV.

The upward terminal buoyancy velocity (wbuoyancy) was

determined via

wbuoyancy ¼
1

18
gd2

qwater � qparticle

qwater

t�1; ð3Þ

where g is the acceleration at the Earth’s surface due to

gravity (9.8 m/s2), d is the particle’s diameter (1.5 9 10-3

m), qparticle is the particle’s density, qwater is the density of

the water in the simulation, and t is the kinematic viscosity

(1.5 9 10-6 m2/s for water at 5 �C).

Five PT experiments were conducted with different

particle densities: 1023 kg/m3 (case H1), 1024 kg/m3 (case

H2), 1025 kg/m3 (case H3), 1026 kg/m3 (case H4), and

1026.5 kg/m3 (case H5). The particle densities in cases

H1–H3 were within the range of egg densities (1020–

1025 kg/m3) measured in laboratory experiments [27]. The

particle density in case H4 (H5) was slightly smaller

(greater) than the ambient water density in the winter mixed

layer around Funka Bay.

It should be noted that the particle density and diameter

were not varied in the PT experiments. However, in reality,

these parameters can vary together with the growth [27,

29]. This idealization was used because there were sig-

nificant uncertainties in several biological parameters and

behaviors. For example, there have been no reports of the

changes in larval density over time, the changes in egg and

larval densities as functions of seawater pressure, or the

variation in larval shape over time, which is required to

derive an accurate buoyancy velocity for a nonspherical

larva (rather than Stokes’ law, which is limited to a

spherical body). In addition, Sakurai and Yamamoto (pers.

comm., 2013) recently proposed that the vertical distribu-

tion of the larvae depends on the temperature profile in the

water column, thus suggesting active vertical migration of

the larvae.

Hence, in this study, the particle density can be regarded

as a turning parameter to control the vertical positions of

particles. In our experiments, the particle diameter was fixed

to the egg diameter (1.5 9 10-3 m), which was equivalent to

the minimum size of a larva. That is, since the buoyancy

velocity is proportional to the square of the diameter (Eq. 3),

the buoyancy velocity given in our experiment corresponded

to the minimum value during the larval stage.

Results

Reproducibility of the high-resolution model

The simulated 4-year mean salinity and current at the sea

surface in February (i.e., during the main spawning season)

are plotted and shown schematically in Fig. 2. During this

month, low-salinity (high-salinity) water corresponds to

cold (warm) water. The very-low-salinity water, referred to

as the East Sakhalin Current water, is distributed in the
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Okhotsk Sea [31]. This water is transported southward

along the eastern coast of Sakhalin Island by the East

Sakhalin Current, which intensifies greatly in late autumn

and winter [32–36]. Meanwhile, the Soya Warm Current

that flows along the Hokkaido coast in the Okhotsk Sea, as

reported in observational studies, cannot be seen [37].

Some of the water in the East Sakhalin Current flows out

from the Okhotsk Sea into the North Pacific, as it is

modified into CO water because it mixes with ambient

water [15, 38, 39]. The CO water is transported along the

southern coast of Hokkaido toward Funka Bay by the CO

[12, 15, 40]. The CO is independent of the Oyashio flowing

southwestward on the offshore slope [41]. The CO comes

into contact with the Tsugaru Warm Current at the eastern

mouth of the Tsugaru Strait [42]; the outflow from this

exhibits the coastal mode during this month [43]. Conse-

quently, these consistencies suggest that our model suc-

cessfully reproduces the representative oceanographic

conditions around Hokkaido during the main spawning

season of the walleye pollock.

The simulated temperatures and salinities at 20 fixed

horizontal positions in Funka Bay are plotted in the TS

diagram in Fig. 3. Typical water-mass exchanges and

modifications that occur from autumn to spring, which are

representative features of Funka Bay during the spawning

season of the walleye pollock [44], were successfully

simulated for the first time using the three-dimensional

high-resolution model. In November, the Tsugaru Warm

Current water (‘‘Tw’’) occupies the whole bay. In January,

the Tw is modified into dense Funka Bay water in winter

(‘‘Fw’’) due to energetic sea surface cooling. The density of

the simulated Fw is in the range 26.6–26.9 rT, which is

consistent with that of the observed Fw [45]. Moreover,

most of the Fw disappears in March, since it is rapidly

replaced by the Coastal Oyashio water (‘‘CO’’) in

February.

To examine the intrusion pathway of the CO water

into Funka Bay, we predicted the average velocity map at

the sea surface for February (Fig. 4). The flow pattern is

Salinity (psu)

Te
m

pe
ra

tu
re

 (
de

gr
ee

 C
el

si
us

)

Tw

Fw

CO

31.0 31.5 32.0 32.5 33.0 33.5 34.0 34.5
0.0

4.0

8.0

12.0

16.0

20.0

24.0

Jan.
Mar.
May 
Jul.
Sep.
Nov.

Fig. 3 Scatter diagram of bi-monthly temperatures and salinities at

depths of 0, 20, 40, 60, and 80 m at 20 fixed positions in Funka Bay.

CO, Tw, and Fw are typical water systems in Funka Bay [44]

0.00

0.05

0.10

0.15

141 14230’ 30’

42

30’

Fig. 4 Four-year mean current at the sea surface around Funka Bay.

Background shading indicates current speed

80

60

40

20

0

80

60

40

20

0

10 Km

 Northwestward (inflow) velocity component

 Salinity

4

2
0

-10

-10

-14

33.5

33.1

33.2

33.3

>4

D
ep

th
 (

m
)

D
ep

th
 (

m
)

spatial scale

Southwest Northeast

Southwest Northeast

[unit : cm/s]

[unit : psu]

33.6

33.4

(a)

(b)

Fig. 5 a Four-year mean northwestward velocity components in

February along the transect indicated by the thick line in Fig. 4.

b Same as a, but for the salinity

Fish Sci (2014) 80:127–138 131

123



140 141 142 143 144

41

42

43 02/10 00:00:00

0

40

80

120

160

200

240

280

(m)

140 141 142 143 144

41

42

43 02/20 00:00:00

0

40

80

120

160

200

240

280

(m)

140 141 142 143 144

41

42

43 03/02 00:00:00

0

40

80

120

160

200

240

280

(m)

140 141 142 143 144

41

42

43 03/17 00:00:00

0

40

80

120

160

200

240

280

(m)

Case L0
 10-day Integration

20-day Integration

30-day Integration

45-day Integration

140 141 142 143 144

41

42

02/10 00:00:00

0

40

80

120

160

200

240

280

(m)

Case H0

10-day Integration

140 141 142 143 144

41

42

02/20 00:00:00

0

40

80

120

160

200

240

280

(m)

20-day Integration

140 141 142 143 144

41

42

03/02 00:00:00

0

40

80

120

160

200

240

280

(m)

140 141 142 143 144

41

42

03/17 00:00:00

0

40

80

120

160

200

240

280

(m)

45-day Integration

30-day Integration

(a) (e)

(b) (f)

(c)

(d)

(g)

(h)

132 Fish Sci (2014) 80:127–138

123



characterized mainly by anticlockwise circulation (10–

20 cm/s) on the slope and southeastward flows (5–15 cm/s)

along the coast parallel to the northwest–southeast direction

(i.e., the dominant wind-stress direction), as reported in

previous studies [12]. A new finding from the present

simulation is that there is a branch of the CO that is sepa-

rated from the northern part of the anticlockwise circula-

tion. Part of the northern branch also seems to flow into the

central part of the bay mouth and then join the southeast-

ward wind-driven current near the coast.

Vertical sections of the average northwestward veloci-

ties and salinities in February at the mouth of Funka Bay

(thick line in Fig. 4) indicate an inflow-outflow structure

(Fig. 5). The low-salinity water corresponding to the CO

water flows into the bay through the northern and central

parts of the bay mouth at speeds of 0–5 cm/s, whereas the

high-salinity water corresponding to the Fw water flows out

through the southern part at speeds of 0 to -15 cm/s. The

outflow intensifies near the bottom. This inflow-outflow

structure is also expected to contribute to the transport of

the eggs and larvae into/out of the bay, which is examined

in the next section.

Particle tracking experiments

The tracked particles were initially set at a depth of 10 m in

the gray region near Funka Bay (Fig. 1). Results of the PT

experiment based on the 5-year simulation are shown here

as representative results. First, the spatiotemporal distri-

bution of particles transported under the passive transport

condition (Eq. 1) are compared between the 1/50� (case

H0) and the 1/10� (case L0) models (Fig. 6). The vertical

positions of the particles are indicated by the particular

color used. Even though the same sea surface forcings were

applied, there are clearly many differences between the

results of the two models. We now focus on three particular

differences between them.

The first difference is that there is a much higher hori-

zontal dispersion of particles for the 1/50� model (Fig. 6).

Daily mean values of relative vorticity at the sea surface on 1

February are shown for the two models in Fig. 7. The mag-

nitude of the relative vorticity is larger and the positive–

negative contrast in relative vorticity is greater for the 1/50�
model. This indicates that small-scale submesoscale varia-

tions with typical spatial scales of 10–20 km are enhanced in

the 1/50� model, which induces greater particle dispersion.

The second difference is in the behavior of particles that

are transported into/out of Funka Bay. This behavior is

monitored via the residual ratio, which is estimated by

dividing the number of particles present within the bay by

the total number of particles released (Fig. 8). The residual

ratio is fairly similar in the two models at the end of the PT

experiments, but the transport process for the particles

clearly differs between the models: particles are quite easily

transported into/out of Funka Bay in the 1/50� model, in

contrast to what is seen in the 1/10� model. Although the

transport pathway of each particle cannot be discerned from

Fig. 6a–d, it was found (although it is not shown here) that

b Fig. 6 Distribution of particles under the passive transport condition

after (a, e) 10 days, (b, f) 20 days, (c, g) 30 days, and (d, h) 45 days of

integration. Left and right panels denote PT experiments based on the

1/50� and 1/10� models (cases H0 and L0), respectively. Particle

color indicates the vertical position
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most of the particles in the 1/50� model are transported into

the bay from the northern part of the mouth of the bay in an

anticlockwise manner along the coast, and out of the

southern part of the mouth of the bay, as inferred from the

mean velocities in February (Figs. 4, 5).

The third difference is in the vertical positions of the

particles. Drastic vertical movements can be seen in the

1/50� model (Fig. 6a–d). Some of the particles sink to

depths of [200 m. This can be attributed to submesoscale

variations enhancing the downward velocities in the 1/50�
model (not shown). However, eggs and larvae of the Jap-

anese Pacific walleye pollock have not actually been

observed at such a deep subsurface [25, 46].

Focusing on the vertical positions of the particles in

Funka Bay, we found that particles tend to sink gradually

over time to the subsurface (Fig. 9a). When the PT period

is separated into days 0–20 and days 20–60, which corre-

spond roughly to the egg and larval stages, respectively, the

vertical positions of the particles tend to be nearly homo-

geneous for the latter (Fig. 9c). In contrast, previous

studies [25, 46] have reported that most of the eggs and

larvae near Funka Bay are distributed at depths of \40 m

(Fig. 10). This indicates that the vertical movements of the

particles cannot be accurately explained by the passive

transport condition; that is, there must be a non-passive

effect that keeps the eggs and larvae near the sea surface.

Additional PT experiments were performed under the

non-passive transport condition governed by Eqs. 2, 3,

including buoyancy velocity and turbulent diffusion. The

vertical distributions of the particles in Funka Bay seen in

cases H1–H5 (Fig. 11) clearly diifer from that seen in case

H0 (Fig. 9). The particle positions in cases H1–H4 are

limited to depths of 0–40 m. Similar behavior is observed

even when the vertical turbulence is removed from Eq. 2

(not shown). This indicates that buoyancy is needed to keep

the eggs and larvae near the sea surface. The particle

densities for cases H1–H4 are always less than the density

of the water in the winter mixed layer around Funka Bay

(1026–1026.5 kg/m3).

Slight differences can be seen in the vertical positions of

particles between cases H1–H3 and case H4, but not case

H5 (Fig. 11). For instance, the vertical distribution in case

H4 tends to exhibit a weak local maximum in the subsur-

face after 20 days (Fig. 11i), which roughly corresponds to

the larval stage. A similar subsurface maximum is found

for the observed distribution of larvae in Funka Bay

(Fig. 10e), although the observed maximum appears at a

depth of 20 m, which is deeper than that for case H4 by

10 m. It is worth recalling that the particle density in case

H4 is not in the range of egg densities that were measured

in a laboratory experiment (1020–1025 kg/m3) [27], and

 100.0

 80.0

 60.0

 40.0

 20.0

0.0

2/1 2/15 3/1 3/15 3/30

D
ep

th
 (

m
)

Percentage

Integration time (date)

D
ep

th
 (

m
)

0 50 100
 100.0

 80.0

 60.0

 40.0

 20.0

0.0

0 50 100
 100.0

 80.0

 60.0

 40.0

 20.0

0.0

Percentage

(a)

(b) (c) 0- to 20-day integration  20- to 60-day integration

Fig. 9 Vertical positions of the particles in Funka Bay. a Vertical

trajectories of all of the particles in Funka Bay are illustrated by thin

black lines. Mean and standard deviation are denoted by a red closed

circle and a vertical bar, respectively. The frequency distributions of

the particles in Funka Bay during b days 0–20 and c days 20–60

correspond roughly to the egg and larval stages, respectively

100

50

0
0 50 100

100

50

0
0 50 100

100

50

0
0 50 100

100

50

0
0 50 100

100

50

0
0 50 100

100

50

0
0 50 100

(n/m  )3 (n/m  )3

Inside of the bay (Sta.30) Entrance of the bay (Sta.17)

E
gg

 s
ta

ge
 4

E
gg

 s
ta

ge
 5

La
rv

a

de
pt

h 
(m

)
de

pt
h 

(m
)

de
pt

h 
(m

)

(n/m  )3 (n/m  )3

(n/m  )3 (n/m  )3

(a) (b)

(c) (d)

(e) (f)

Fig. 10 Vertical distributions of stage 4 eggs (upper: a, b), stage 5

eggs (middle: c, d), and larvae (lower: e, f) of walleye pollock in

Funka Bay on March 15–16, 1982. Collections were performed with

MTD nets at 6 layers (10, 20, 30, 40, 60, and 80 m) [25]. The vertical

distributions inside (left: a, c, e) and at the entrance to (right: b, d,

f) the bay are shown

134 Fish Sci (2014) 80:127–138

123



the particle diameter is fixed. These imply that, among all

of the cases, case H4 yields a vertical distribution of par-

ticles that is the closest to the profile observed in all of the

PT experiments, although the equations governing vertical

motion are not completely accurate. Aspects of the present

study that should be modified in future work are discussed

in the next section.

Moreover, it should be emphasized that, regardless of the

slight difference in vertical positions between cases H1–H3

and case H4 (Fig. 11), there is a great difference between

them in terms of the residual ratio of particles (Fig. 12). The

residual ratio of particles is the highest for case H4, indicating

that the residual ratio within Funka Bay is rather sensitive to

the vertical motions/positions of the eggs and larvae.

Discussion

We now discuss the possible reasons that case H4 has the

highest residual ratio. Case H4 had the highest residual

ratio even when the initial time of the PT experiment was

changed from 1 January to 1 March in years 2–5 (not

shown) instead of 1 February in year 5 (Figs. 11, 12). The

fact that case H4 had the highest residual ratio, even for

different PT periods, can be interpreted as follows.

The number of particles transported into/out of the bay

was counted at 12-h intervals in cases H4 and H1 (here, we

have selected H1 as an example from among cases H1–

H3). The number of all inflowing/outflowing particles and

the number of particles that remained in the bay until the

end of the PT experiment (‘‘remaining particles’’) were

counted separately. The variation in the number of

inflowing particles over time before the 20-day integration

appears to be similar in both cases (Fig. 13); a large

number of particles are transported into the bay. The inflow

of particles decreases drastically after 20 days in case H1

(Fig. 13a), whereas the inflow of particles continues after

20 days in case H4 (Fig. 13b). The particles that flow in

after 20 days (thick line in Fig. 13b) tend to be consistent

with the remaining particles (the thin line in Fig. 13b). This

implies that particles distributed outside of the bay at

20 days contribute significantly to the highest residual ratio

exhibited by case H4.

The horizontal distributions of the remaining particles at

0 (red circles) and 20 (blue circles) days are shown in

Fig. 14. There is a high concentration of particles near the

coast east of Funka Bay at day 20 in case H4 (blue circles

in Fig. 14b), and this is the primary source of the remaining

particles (Fig. 13). In the typical transport process into the

bay after 20 days (not shown), particles distributed outside

of the bay are transported in an anticlockwise manner along

the coast and into the bay from the northern part of the bay
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mouth (Fig. 5), accompanied by the nearshore part of the

CO (Figs. 3, 4). In contrast, this high-concentration area

barely forms in case H1 (blue circles in Fig. 14a); instead,

most of the particles are widely dispersed, so stagnation

does not occur near the coast. As a result, the vertical

positions/motions of particles that avoid the top of the sea

surface in case H4 (Fig. 11i) lead to the stagnation of

particles near the coast east of the bay. The dynamics with

respect to the stagnation in the subsurface is an important

issue, though it is beyond the scope of this article.

The important point here is that the above transport

process for particles into Funka Bay is inconsistent with

the transport process derived from PT experiments based

on the barotropic model [14], in which the eggs are

transported into the bay by the wind-driven vortex pair

while the CO prevents the eggs from flowing into the bay.

Originally, the barotropic model computed two-dimen-

sional velocities averaged from the sea surface to the

bottom, meaning that the PT experiment based on the

barotropic model is valid for areas where vertically

homogeneous flows are dominant. However, it is difficult

to justify an assumption that the current structure around

Funka Bay is a homogeneous flow (Fig. 5). Moreover, it

is not possible to deal with the inhomogeneous vertical

distribution of particles (Figs. 10, 11) in the PT experi-

ment based on the barotropic model.

It should be re-emphasized that, for the first time, the

results of the present study highlight the important effect of

the vertical motions/positions of the particles on the

residual ratio of the eggs and larvae within Funka Bay,

which is expected to be linked to recruitment. However, the

settings of the PT experiment in this study must be modi-

fied in the following manner to elucidate the year-to-year

variations in the transport process of the eggs and larvae.

(1) The high-resolution ocean model should be updated to

reproduce the year-to-year oceanographic conditions

around Funka Bay. (2) The initial positions of the particles,

which potentially change from year to year, should be

determined on the basis of observations or statistical esti-

mation [24]. (3) The vertical motions of the particles

should be formulated more appropriately. Two formulation

methods could probably be applied in future work. One is

to introduce complicated biological processes into the

vertical motions of the particles; the other is to statistically

simplify the vertical distributions of the particles. To

implement the former method, it is necessary to obtain

biological parameters such as temporal changes in the

density, size, and shape of the eggs and larvae as well as
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the vertical swimming ability and temperature selectivity

of the larvae in laboratory experiments (Sakurai and Ya-

mamoto, pers. comm., 2013). To apply the latter method,

additional oceanographic and biological field data are

required so that a robust statistical formulation can be

constructed. In particular, much more data on the vertical

distribution of the larvae must be collected, because current

data on this distribution are limited and were recorded

more than 30 years ago (e.g., Fig. 10).

Finally, we again mention that our ultimate goal is to

develop an IBM of Japanese Pacific walleye pollock by

systematically integrating oceanographic and biological

studies. This can then be applied in stock assessment and

recruitment prediction. Stock assessment [2] is primarily

based on a statistical VPA method, which has given us

valuable information. However, the VPA-based method

potentially includes uncertainties and assumptions, just like

the IBM-based method. Hence, it may be preferable to

combine results from the VPA- and IBM-based methods in

a complementary manner to gain a deeper understanding of

the year-to-year dynamics of the stock/recruitment and to

enhance assessment accuracy.
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