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Abstract

In this thesis [ investigate the drift and retention of cod eges and larvae on
the Newfoundland Shelf using two different, mathematical methods. The first is an
analytical model that solves the advection-diffusion equation for a patel of larvac in a
spatially homogencons, time-dependent eurrent for Uhe proportion of larvae retained
on the shell. We show that there is a weak correlation hetween retention of larvac

and recruitment of northern cod. Furthermore, we demonstrate the sens

retention to location of the larvac relative to the shelf break.

In the secord method we use a two-dimensional velocity field 1o study the
interannual variations of cod cgg and larval dispersion on the Mewfoundland and
Labrador shelf. This model uses a steady state mean flow derived from a diagnostic

calculation of objectively analysed density data for the Northeast, Newfonndland Shelf.

Time-d lent currents are gencrated using a slab model driven by observed winds,

following the approach of Pollard-Millard (1970). We study the advection of the eggs

and larvae using numerical Lagrangian drifters s throughont the Newfoundland

Shelf region. We identify favourable and unfavourable zones of re

cntion on the
Newfoundland shelf. We show that northerly, shell break spuwning locations are more

favourable than southerly shelf break spawning locations for north

cod (Cladus



Morhua in NAFQ divisions 2J3KL).
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Chapter 1

Introduction

1.1 Overview

Numerical modelli hy is a fund, I tool for understand-

in physical

ing the property di

butions and circulation of sea water. It can be helpful in the

interpretation of spatially and temporally limited observations of cireulation. How-
ever, a representative model of ocean currents must be based upon observations. Since
we cannot resolve physical processes continuously in time and space, we are restricted

to describing the processes that the model and observations can resolve. Such models

may be, initially at least, somewhat simplistic. However, they can span a range of
3 y y I )

time-dependent components of the real flow over a broad spatial scale. Applications



of ocean circulation models include enhanced search and rescue operations, determi-
nation of oil spill trajectories, improved designs of offshore structures and assessment,
of the environmental impact of chemical spills.

Ocean circulation models are also useful in fisheries ocoanography. One possible

application of such models is in the assessment of the success of spawning strategios

of fish. In the simplest models, eggs and larvac may be treated as py

ve drift

Egg and larval drift determines if larvae veach suitable nursery grounds, thereby

increasing their chance of s environment.

ival (Hjort 1914). While the physi
plays an important role, biological processes such as predation and first feoding canot
be neglected in providing an explanation of larval survival. Before including these
biological processes in a model, it is constructive to look first at how environmental

variability can influence a fish population.

In this thesis, we explore direct links between environmental variahility and the
spawmag success of a cod population. We look first at a simple analytical model of
advection of cod eggs and larvae. We then proceed to apply a cirenlation model of the

Northeast Newfoundland shelf to examine the success of different spawning strategics

for Northern Cod (Gadus morhua in NAFO division 2J3KL).



1.2 Circulation on the Newfoundland Shelf

The Newfoundland and Labrador Shelf is one of the broadest continental shelves on

Barth (Figure 1.1). It ranges from Iludson Strait to the tail of the Grand Banks

along the castern coasts of Labrador and Newfoundland, The ocean circulation in

this region was first described by Smith et al. (1937) through work carried out by
the International Ice Patrol (1IP). The source water of the Labrador Current is a
combination of the cold and fresh Baffin Land Current (< —1°C, 33.0 — 33.5 ppt)
with hudson Bay ontflow for the inner shelf region (< 1°C, 33.0 ppt), (Smith cf
1937) and a combination of the Baffin Land Current with the warmer, saltier (3—4°C,
4.8 ppt) West Greenland Current on the outer shelf region (Kollemeyer ot al 1967,
Smith et al. 1937). The covcribution of the West Greenland Current to the total
transport of the Labrador Current is approximately 10% (Sutcliffe ef al. 1983). The
Labrador Current flows southward from Hudson Strait along the Labrador Coast and
appears as wo branches at Hamilton Bank. (Smith ef .. 1937, Lazier and Wright
1993). The main branch of the Labrador Current flows over the upper shelf break
following the 500 m isobath (Figure 1.1) and contains 90% of the total transport of
5-6 Sv (Moynihan and Anderson 1971, Petric and Anderson 1983)(1 Sv = 10%m%™").

The main branch is a narrow jet of water 50 km in width (Lazier and Wright 1993)



coinciding with a strong density front (Smith et al. 1937, Allen 1979,

zier and

Wright 1993) dividing the brackish, cold shelf waters from the warmer, saltier North

Atlantic waters,

Just north of the Crand Banks, the Labrador current spl 1

s into three py

flowing through the Avalon Channel with 0.6 Sv (Petric and Anderson 1983), the
Flemish Pass with 4.2 Sv (CGreenberg and Petrie 1988) and castwardly north of the
Flemish Cap (Mathews 1914) with 3.2 Sv (Greenberg and Petrie 1988).  Currents
on the Grand Banks are irregular and weak (de Young and Tang 1988). Drifter and
iceberg studies on the Grand Banks ( Petrie 1985, Petric and Isenor 1985) indicate
no clear mean circulation pattern on the Grand Banks, although they do point to
a generally southerly flow there, Some of the westward flow north of Flemish Cap
circulates anticyclonically around Flemish Cap and rejoins the main branch that came
through the Flemish Pass. At the southern end of the Cirand Banks, a fraction of the
main branch flow is entrained directly into the Gulf Stream and the North Atlantic
Current. The remaining 3 Sv ( McLellan 1957) flows westwards off the southern flank
of the Grand Banks (Chapman and Beardsley 1989).

There have been several circulation models to explain different. features of the
Labrador Current. Observations of significant bottom velocities for the main and
inshore branch prompted Greenberg and Petrie (1988) to apply a harotropie model

4
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Figure 1.1: Overview of the Newfoundland Shelf region. WB refers to Whale Bank.
CF refers to (tape Freels, and CS refers to Cape St. Francis.
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1o the Newfoundland shelf circulation. Bottom velocitics throngh Plemish Pass are
roughly 80% of the mean llow though the Pass. The harotrapic model qualitatively
describes the circulation on the Newfoundland Shelf with the inshore aud offshore
branch, as well as flow throngh the Avalon Channel and the Flonish Pass arouind the
Grand Bauks. Model (low on the Grand Banks is weak and westwards, Measurements
of modelled transport, and ohserved transport showed reasonable agreement. While
the barotropic madel approach explains some of the goneral eireulation features on the
Newfoundland Shelf, such as topographically steered flow, it incldes neither density
gradients nor seasonal density variatious. Satellite images showing undulations of
pack ice edges with horizontal length scale of 75 ki above the main hranel of the
Labrador Current on four conseentive winter days suggost, baroclinic instability at
the shelf break (LeBlond 1982). In the Avalon Channel, during periods of increased

stratification the flow is | Tinically unstable (Anderson [986).

The temperature and salinity jump betweon shell waters and North Atlantic
waters is about 3°C and | ppt. respactively. Shelf water salinity varies greatly due to
spring freshwater runoff as well as melting of sca ice. Harmonic analysis of data from

Station 27 in the Avalon Channel by Petric ef al. (1991) reveals

hat the amplitude

of the seasonal cycle at the surface is 7°C and 0.7 ppt for tempesature and salinity

respectively. The seasonal v

tions decrease greatly with dopth, so that, ab the

6



hottom of the Avalon Channel, temperature and salinity vary only slightly during
the year by 1°C and 0.1 ppt respectively. Noting the salinity minimum at Station

27 in September in the Avalon Channel, Bailey (1961) reasoned that the bulk of low

salinity water originated from Sonthern Labrador, assuming an advection velocity

of 10 cins=". Doubling this velocity to 20 em s~ would mean that the fresh water

origiaated from as far north as Davis Strait (Petrie and Anderson 1983). Myers et al.
(1990) compared surface salinity at Station 27 with Hudson Bay runoff, Ungava Bay
runoll and ice-melt on the Newfoundland and Labrador Shelf. They conclude that ice-
melt on the Newfoundland and Labrador Shelf is the leading cause of the September
salinity minimum at Station 27. Iludson Bay and Ungava Bay runoff had little effect
on Station 27 salinity. Thus each spring a pulse of fresh water stemming from spring
runoll and ice melting is advected down the Labrador and Newfoundland Shelf. On
the shelf, the cold fresh water layer reaches down to around 200 m while underneath
lies warmer but saltier water that has been advected from offshore (Lazier and Wright
1993). During the summer, the surface heats up, leaving a cold arctic water layer
atl mid depths, the Cold Intermediate Layer (Petrie ef al. 1992). This layer of cold
water is thought to affect the migration and distribution of cod (Templeman 1966).

Variability of the Labrador Current is probably quite significant. The seasonal
variations of the flow are comparable to the mean flow (Lazier and Wright 1993).

7



The main branch of the Labrador Current shows a minimum in velocity in March
and April and a maximum in October (Lazier and Wright 1993). The variation in
total flow which reaches 5 Sv is caused by the Joint Effect of Baroclinicity and Reliel
(JEBAR) (Lazier and Wright 1993). This variation is probably driven by the strong
seasonal cyele in fresh water flux into the Labrador Current, since freshening of the
shelf waters draws in water from offshore. Although wind forcing may not. affect
the net transport of the Labrador current, it can certainly shift, the position of the
very narrow (50 km) main branch of the Labrador Current with respect to bottom
topography.

One way to account for density fronts in a cireulation model is by diagnosing

the cirenlation from a given density field (de Young el al. 1993a). They used an

objectively analysed set of seasonally hinned observations from all available data for
the Northwest Atlantic from 1910 to 1989 (de Young et al. 1994h). Care was taken
to ensure that the strong density gradients associated with the main branch of the
Labrador Current were not smeared by the objective analysis process. Diagnosing
this density field yields a steady state, 3-D current field that represents the scasonal
averaged flow over a period of 79 years. The resulting surface circulation fild is similar

to that of Greenborg and Petric (1988), thus suggesting that upstream houndary

conditions and topography steering dominate in determining the

ation patern

8



in this

gion.

To date, there have been no shelf cireulation models for the Newfoundland

Shelf that permit lution of | linic-instability-dri eddies.  This would be
necessary to resolve the time-dependent variations that have amplitudes of the order
of the mean flow of the Labrador Current main branch. For the present we must
be content with diagnostic or barotropic models. We have briefly summarised the

hydrographic environment of the Newfoundland and Labrador Shelf, as well as some

of the models describing the circulation for this shelf. Our main regional focus is
the Northeast Newfoundland Shelf, for which we shall examine the link between

cireulation and dispersion of cod eggs.

1.3 Biology of northern cod

Atlantic cod, Gadus Morhua, are adapted for bottom feeding, living in waters ranging
from the cool-lemperat~ to subartic waters and are found in depths ranging from the
surface to 450 m (Scott and Scott 1988). On the Northeast Newfoundland Shelf,
cod mainly spawn close to the bottom near the shelf break in water depths greater
than 250 m with ambient temperatures around 3°C (Templeman 1981). Spawning

times extend from April to July (Myers ct al. 1993). On average a female cod may



release & million cggs per batch several times per spawning season (Kjeshu 1988).
Survival rates for eggs and larvac are very low, with, perhaps, only one cgg in a
million surviving to the adult stage. Eggs are positively buoyant and start rising
slowly in the water column. Egg density varies with surrounding water density and
decreases with development (Anderson and de Young 1994). Tn 5 to 10 days, oggs rise
into the top 50 m layer of the ocean (Anderson and de Young 1994). The cgg stage
ends at hatching, which occurs after 40 days in 0°C water and after 20 days in 2°C
waler (Page and Frank 1989). At hatching, the yolk sack is the only souree of energy
f- - the larvac for the next 5 days, after which larvae must forage or starve. For cod
on the Northeast Newfoundland shell, there is a dearth of information on the vertical

tion and

distribution of cod cggs and larvac (Helbig of al. 1992). Civen the stratif
the vertical diffusivity of a water column, we can predict larvae and egg distribution

il we know the cgg or larval density (Anderson and de Young 1994, Kjeshu 1992)

as well as the swimming ability of the larvae (Sclafani el al. 3). From egg and
larval densities, we can infer that healthy eggs prior to hatching and larvae arc in

the surface layer for most waters on the shelf. Larval mobility is very fimited (< 0.2

cms™!) (Sclafani ef al. 1993).

Metamorphosis of cod larvae into juvenile fish is a gradual process that may b

demarcated by the descent of larvae out of the surface layer (Pepin and Myers 1991).
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This descent ocenrs 5 to 9 months afler spawning (Brown et al, 1989). Juveniles differ
from adults by readily withstanding sub zero degrees water due to higher production

of anti-frecze proteins (Goddard et al. 1993). This enables them to overwinter in the

ore water of Newfoundland bays. Juveniles do not associate with adult cod

cold i

due to predation risk, but by age three they join the adult cod population and become

harvestable by the fishery. The newly recruited cod do not reach full maturity till
age 7 (Harris el al. 1991), when they become reasonably proficient spawners. Cod
in nature may reach the age of 25 or older in the absence of a fishery. Northern Cod
have: heen observed to migrate and spawn in large groups (Rose 1993).

A group of cod that spawn together is referred o as a populalion. A stock
may be composed of one or more populations. The physical requirements for the
spawning ground of a population is that there be a current system that transports
cggs and larvae Lo snitable nursery grounds (lles and Sinclair 1982). The size of the
population depends upon the size of the spawning grounds as well as the charac-

teristics of the current. On the Newfoundland Shelf, favourable spawning locations

are regions from which released eggs and larvae are retained shoreward from the 500
m isobath. Variability in the size of the retention zone due to variable wind driven
currents, buoyancy driven currents and time of spawning may reflect variability in
the recruitment to that population. Suitable spawning environments are spatial and

1



temporal windows of opportunity, in which the survival success of the year

determined (Bakun e al. 1982).

1.4 Modelling Larval Dispersion

Many studies regarding the links between retention of larvac and the environment,
have been carricd out for several species of fish ontside of the Labrador and New-
foundland shelf region. Location aud timing of spawning with respect to hydrody-
namic features is important in ensuring transport from the spawning grounds (o the

nursery gronnds where larvae and juveniles may grow (jort 1914, Hes and Sinclair

1988, de Young and Rose 1993).

Wind driven currents may he important to larval transport. Nelson e al. (1976)

demonstrated the relationship between Ekman on-shell transport, of Cape

(US) and the mumber of year old menhaden (Bresoorlia tyrannus). Years of high

on-shelf transport correspond o years of good recruitmer L sty on Japanese

sardine larval transport with respect to the Kuroshio Current, Kasai el al, (1992)
showed that offshore Ekman transport and spawning distance from the Kuroshio axis
were important factors in enabling larvae Lo reach their nursery grounds.

For North Sea herring (Clupea harengus L), Bartsch b al. (1989) wsed a3

12



dimensional baroclinic cireulation model to illustrate the eastward advection of her-

ring larvac. Their nonlinear model was forced hy seasonal mean densities, three hour

winds, three hour pressure fields as well as the My tide. Tracers with a given diurnal
vertical migration were inserted into the model flow field to simulate herring larvae.

The anthors were able to simulate the drift of larvae from northeast Scotland and the

st to the Danish coast and into the German Bight. They found that

Yorkshire co
for model tracers to enter the German Bight, as observed, required adjustment of
vertical migration, indicating that for herring larvae in the North Sea, the amplitude

of their dinrnal vertical migration as well as their mean depth are important factors

for succossful drift Lo their nursery grounds.
For fish with reproductive strategies such as cod where millions of eggs are re-

leased from a female during the spawning season, imity Lo suitable
of prey at time of first feeding is important. Fortier cl al. (1992) show that capelin
(Mallottus villosus) and sand lance (Ammodyles sp.) larvae in the northwestern Gulf
of St. Lawrence depend on high concentrations of prey occurring in the Gaspé coastal
current jot and subsequent transport into the Anticosti Gyre which is their nursery
ground.

To simulate cod and haddock larval drift on Georges Bank, Werner ct. al. (1993)

1 1 Yot di

| noulinear ti P ic circulation model (Lynch

apply a3

13



cal. 1991) forced hy inflow boundary conditions and the My tide. They test the
importance of hydrodynamic features and larval behaviour to the retention of cggs
spawned on the Northeast Peak of Georges Bank. Igas released in the top 10 m
of the water column are swept off the Bank by the wind driven component. of flow.

Eggs released below 30 m have a greater chance of being retained on the Bank. Eggs

released at 50 m are retained. Their model emphasises the importance of vertical

distribution in the water column on larval drift.

There have heen two previous attempts at exploring the mechanistic links he-
tween the environment and the recruitment of cod in the Newfoundland Shelf re-

gion. Myers and Drinkwater (1988) applied a simple I-dimensional Lags angian drift

model using the cross shell Ekman component of velocity. They attempted to find

a correlation between the number of larvae within a 50 km distance from shore and
recruitment. Their results showed no relationship, however their method ignored

along-shore currents and spatial inhomogencity of the mean flow field. Helbig et al,

(1992) used the barotropic velocity field of Greenberg and Petrie (1988) with an ad-

ditional wind driven component of flow to examine Lracks of passive drifter seeded on

the Newloundland shelf. They demonstrated that the advection of eggs and larv:

from the Northeast Newfoundland Shelf to the: bays of Northeast Newfoundland re-
quired appropriate wind forcing, They also demonstrated that under mean harotropic

14



flow cod egas on the Newfoundland Shelf drift around the Grand Banks rather than
onto the Grand Banks. This reinforced the hypothesis that cod on the Northeast
Newloundland Shelf may be treated as a separate population from cod on the Grand

Banks (de Young and Rose 1993).

1.5 Objectives of this study

Tn this thesis we are interested in determining how physical factors influence year to

year variability in survival of the cod eggs and larvae.

Chapter 2 presents a semi-analytical model of retention of larvac on the North-

cast Newfoundland Shelf (de Young and Davidson 1994). Using an idealised, time-

1 dent 1 ircul field, we investigate int I variability of

retention of cod eggs and larvae on the shell. We discuss the sensitivity of the model

to cod spawning locations. As well, we summarise cod recruitment data for the
Northeast Newfoundland Shelf.
In chapter 3 we present the numerical model used to solve the advection-

diffusion equation for a two-dimensional, time-dependent flow field. The flow field

consists of a time-dependent, Pollard-Millard slab model with wind-driven currents,

superimposed on a steady state circulation field taken from the diagnostic model of



de Young ct al. (1993a) as applied to the Newfoundland Shell. We make wse of a
Lagrangian tracking model to examine interannual variability in larval drift pahs.
To analyse dispersion of a patch of drifters we nse a geometri-al method Lo extimate

the area and shape of a set of passive drifters. This geometrical scheme is presented

in Appendix C. In Chapter 3 we also disenss year-lo-year variations in retention of
eggs and larvae in different shelf region, drift trajectories, displacement of larvae and
we identify ideal spawning locations hased on passive drifl,

In chapter 4 we conclude with a discussion of the relative merits of spawning

locations in view of our model results. We discuss the limitations of our model and

future research possibilities on the drift of cod eges and larvac.



Chapter 2

Analytical Retention Model

2.1 Introduction

In this chapter we present an analytical solution to a model of retention of cod lar-
vae on the Newfoundland and Labrador shelf. The egg and larval stage is crucial
to the survival of a fish population (Hjort 1914, lles and Sinclair 1982). Advection
may play a eritical role in their survival. We shall explore the fundamental charac-
teristics thatgovern the relention of cod larvae on the Newfoundland and Labrador
Shell. We extend a model of Kasai et al. (1992), originally developed to explain
the importance of spawning locations of Japanese Sardines (Sardinops melanosticus)

for retention of larvae shoreward from the Kuroshio Current. They solve a one-

17



dimensional, advection-diffusion equation with constant velocity for a given initial
Gaussian distribution of passive drifters. They define a ‘Retention Rate’ R as the
proportion of eggs and larvae shoreward from the Kuroshio Current at a given time £,
Here, we shall extend this model by making it two-dimensional and including a time-
dependent wind driven velocity component. We shall rename the ‘Retention Rate’ of
Kasai cf al. (1992) as ‘Retention Ratio’ since it expresses a ratio of larvae relained
in a specific area over all larvae. We explore the influence of spawning ground loca-
tion, diffusivity, size of egg patch, the mean Labrador Current. and the wind-driven
current on the retention of cod larvae on the Newfoundland Shell through the use of
an analytical model.

Since the Newfoundland and Labrador Shell topography is complex and mean
flow in the region is topographically steered, we must use an idealised topography.
The shelf i« simplified to a rectangular shape with a length of 1000 kim and a width

of 240 km (see Figure 2.1). The mean flow of the Labrador current is simplified to a

flow in the along-shelf dircction, with a fixed velocity of 0.2 ms="', We
shall consider the flow to be an average of the horizontal currents over the top 50 m.

The retention ratio R is the proportion of larvae on onr rectangular shelf at
a given time. The shell has three open boundaries and one land boundary, We

shall consider the drift of a patch of passi

o eggs and larvae starting in the

18



Atongahelf

Crossshelr

Figure 2.1: The model domain and axis orientation showing the shelf (shaded re-
gion) and the direction of the mean flow (0.20 ma™"), representing the southeastward
flowing Labrador Current.

Northeast corner of the shelf and examine the retention ratio. For sardine larvae
in the Kuroshio current system, Kasai ct al. (1992) considered the region inshore
from the Kuroshio current axis as being the favourable environment for successful
development of cggs and larvae. O the Newfoundland and Labrador Shelf, the
main branch of the Labrador current separates the favourable shelfl waters from the
less favourable deep ocean waters, Since the main branch coincides with the shelf
break, we use the shelf break as the demarcation zone for retention. Although we

have greatly simplified the hy, we have maintained the basic features of the




system; i.e., a long shelf that is hundreds of kilometres broad.
We shall assume that the eggs are in the surface Ekman layer (Ilelbig ef al.

1992). Hence we shall use an average wind-driven Ekman velocity, averaged over the

top 50 m of the water column (Gill 1982). Anderson and de Young (1994) showed
that eggs take up to 5-10 days to reach the surface layer, where they remain nntil after
hatching. The time from spawning to hatch is about 20-30 days at these Lemperatiares.

Young {urvae can be treated as passive drifters until they are 60 days old.

2.2 Model Development

The time rate of change of larval concentration in a given volume is cqual to the
advection and diffusion of larvae out of this volume. The two-dimensional advection-

diffusion equation is,

ac e P .
TR + ) ’ (2.1)

where C(z, ,1) is concentration,  is time, u(t) and v(t) are the = and g components

of velocity and &y, is the horizontal diffusivity. The advection-diffusion cqua

on can

be solved by analogy to the simple one-dimensional diffusion equation



§ (2.2)

which has the solution,

(2.3)

"Tu solve the two-dimensional, advection-dilfusion equation we use the following trans-

formation of cooriinates,

$ o= .1'—/‘ W)t (24)

i= - o @5)
i=1. “(2.6)

By the chain rule of differentiation, we find

(2.7)

(2.8)

(29)
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In the modified coordinates, the adve

tion-dilfusion equation is expressed as a simplo

diffusion equation: B

LA 2.10)
=m\TE ) S

The solution approach that we follow is similar to that taken by Kasai el al.
(1992), except that we make fewer simplifying assumptions. We assume, as do they,

that the initial distribution of the spawning eggs is given by a Ganssian distribution.

This produces solutions for the retention ratio in terms of error functions. We do not
assume that the velocities u and v are constant in time. Both velocity components

are time-dependent yet spatially uniform.

Transforming the standard solution of the diffusion equation (2.3) into the orig-

inal coordinates @ and y, making the substitution L = 7' + 4, yiclds

e y(L)db)? — (e — f+ .Lu),uyl) @)

! - (~(.u— -
V(T + L) A6 (T + ty)
T is the time after the initial spawning when the variance of the distribution of the
patch in the x and y direction is 4k lo. oy is the time taken to evolve from a singularity
to the initial pateh distribution. Letting o = 4k, and then simplifying the solution

we obtain



a = drlta, (2.12)

"
5 = / w(lydl + 2, (2.13)
o
L
W = A o(l) dt! +y, (2.14)

and allowing for reflection of the larval patch at the coast x = 0 gives

iﬂvxp (_(” - c"’)l) x {uxp (_(:r = C'”)z) +exp (_('” : c”)z)} . (215)

where « is the time-dependent variance of the larval distribution, and cx and cy are

S

the coordinates of the patch centre. The retention ratio is the proportion of eggs on

the shelf to the total number of eggs, and is given by

_ JasCley 0dA _ [ Cleyy,dedy 2.16)
T Taw Cloyn ) dA ~ T2, J7 Clayy,t) dady :

R(1)
where As and Aw represent te a.ca of the shelf and the whole region respectively,

1 is the cros

heIf width and L is the along-shelf length. Note that the coordinate
systen is seb such that g is along-shelf and z is cross-shelf (Figure 2.1).

Making the substitution

o = (y—ey)/(Va) dy=ado
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¢ = (x—e)/(Va) dr=Vadp
¢ = (@+a)/(Va)  de=Jadp

and applying the following boundary conditions:

y=L=o=(L-a)a
y =0-0 = —y/a
e =lo¢ = ()
r=0-¢ =—cx/Va
¢ =lap = (+e)/Va

£ =0-p =c/Va

then the retention ratio for the model domain is

_ i, l-en)VE (en)lVi .
[i(T)_/_m/ﬁ e do x(/_am i .1,/.+/wm o) (217)

If we define the error function such that

af ()= %/“ s (2.1%)

where 2 is just a dummy variable, then the retention ratio becomes

u



o7 =y (Lecy) ez (=
ke (ﬁ’_\/ﬁ ){’(

S

where @, ez and ey depend on T, as in equations (212), (213) and (2.14 ). Note
that, we are primarily interested in the region close to the shelf break. The reflection
condition at the coastline is negligible when considering larval drift at the shelf break
since Uhe wind-driven current cannot transport particles across the width of the shelf
within the time frame that we are considering, approximately 50 days. The average

wind-driven currents are on the order of 1 ems™.

2.3 Model Analysis

Detailed information on the spawning location of cod is sparse thongh in a summary
of cod recruitment and distribution de Young and Rose (1993) concluded that most

in water 300-600 m deep, near the shelf break. A recent paper

of the spawning occu
by Hutchings and Myers (1993) questions this conclusion, using trawl catch data to
show that spawning cod have also been found on the inner part of the shelf. We
shall assume that the majority of cod spawn on the outer part of the shelf, near the
shelf break (Templeman 1966). Recruitment data for comparison with model results
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were obtained from the Department of Fisheries and Oceans sequential population
analysis (Hilborn and Walters 1992) of the cod in the 203K, region (Rigare 1.1) of
the Newfoundland Shelf (Baird cf al. 1992).

Wind data used in the model was measured at hourly intervals at $t. John’s,
Wind speeds measured on land may underestimate the wind speed blowing across
the ocean (de Young cf al. 1993h). Wind data at St. John's show good agreement
with wind data collected at the mouth of Conception Bay (de Young el al. 1993h).
We shall assume the wind stress to be uniform over the entire Newfonndland Shelf.
Wind stress was compnted using the drag formulation developed and tested by Large
and Pond (1981). We have filtered the wind stress data using a low-pass lilter, to
remove energy at periods below half a day. The wind stress was then converted to

the vertical averaged velocity for the Ekman layer by

i 2.20)
<wek> = pp (2.20)

s il
<wn> == oo (221)

Here 77 and 7% are the wind stress components in the  and y direction, 1 is the

depth of the Ekman layer assumed to he 50 m, [ is the coriolis paramater (assumes

constant at 1071s7"), pis the density of sea water (sl al 1024 kgm™) and < wpy >
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and < vy > are the horizontal velocity components averaged over the depth H of
the Ekman lager.

The model velocity ficld consists of the Ekman components, with -0.2 ms™
added 1o the v component to represent the Labrador Current. The time step in
model was twelve hours. Integrations of the retention ratio over time were carried
ont for wo drift periods of 50 days starting I April and 21 May. These drift periods
were chosen Lo cover the spawning period of the cod (Templeman 1966, May 1966)
and Lo Lest sensitivity of the model to the timing of the release of the patch.

The starting cgg mass was initially located in the northeast corner of the model
domain (Figure 2.2), corresponding roughly between the southern Labrador shelf
and the north end of the Northeast Newfoundland shelf, Some sample trajectories
for the centre of mass of larvae patches are shown in Figure 2.2, The cross-shelf
component of the wind-driven current is more important than the along-shelf wind
driven component of flow in determining retention over a period of 50 days since
patches are along the castern boundary of the shelf. The two plots in Figure 2.2 show
trajectories for years when the retention was high (1975) and low (1981), illustrating
the differences in the trajectories for these two years. This particular model run is
from 21 May to 10 July covering the time when larvae are present on the shelf, The
halfway poiut of the drift curves, marked with a circle in Figure 2.2, show that 1981
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and 1975 are very different in the first half of the period, but are quite similar in the
second half. This sensitivity to the timing of the drift of larval patches complicates

somewhat the interpretation of our results.

0 o o

1975 My 21 -4 10 1981 oy 21 590 10

S0 0 0 8@ <o % 0 %0
Xm) Xim)

Figure 2.2: Sample trajectories of the egg patch controid for (1) 1975 and (b) 1981,
The period for the simulation is from 25 May to 10 July. The halfway point in the
simulation is shown with an open circle, The shaded arca represents the shelf.

As a retention index suitable for comparison with recruitment data we average

the retention ratio over the period of the model run Ry,,. This averaged retention ratio

Rau(yr) takes in account the time that the larval patch spent on or off the shell which

cannot be acconnted for by using the retention ratio at 50 days (i.c., R(50d)) in the

model run. To analyse the sensitivity of the averaged retention ratio [, (yr), we plot
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for all years in the model rn Ry, (yr) against horizontal diffusivity and initial larvel
pateh rading. Figure (2:3a) refers Lo an initial starting position at the shelf break and
Figure (2.3h) refers Lo eggs starting 50 km inshore from the shelf break. Increasing the

initial pateh radins reduces year Lo year variability in retention. Initial pateh radins is

partienlarly important for patches initially centred at the shelf break where the effect

of inere

sing the patel rading increases retention during years of onshore wind-driven

curvents and decreases retention during years of offshore wind-driven currents. For a
small eggs pateh, relention of larvac on the shelf is highly variable since the curvents
only need to adveet the pateh slightly to alter the proportion of eggs on the shell. For
i pateh radius of 5 km, the standard deviation of the yearly averaged retention ratio
(Fan) i 0.2 with & mean of 0.3, Increasing the radins to 100 ki raises the mean by
a factor of 2 and reduces the standard deviation by a factor of 3. For larval patches
sceded at, the shelf break in the absence of the cross-shelf component of flow, diffusion

and pateh radins have no effect on retention. If a patch remains centred at the shell

bre ging he radins or the diffusivity coefficient does not alter the proportion

of shell bound larvae,

Dependence on the diffusivity flicient is limited (Figure 2.4). Increasing

diffusion decreases slightly interannual variability in retention. For years of high re-

tention, a horizontal diffusivity coefficient of 100 m?~" decreases the yearly averaged
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