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Abstract: A nested-grid ocean circulation modelling system is used in this study to examine the circulation of surface 

waters over the Scotian Shelf and its adjacent coastal water bodies. The modelling system consists of a 

coarse-resolution (1/12°) barotropic storm surge (outer) model covering the northwest Atlantic Ocean, and a 

fine-resolution (1/16°) baroclinic (inner) model covering the Gulf of St. Lawrence, Scotian Shelf, and Gulf of Maine. 

The three-dimensional model currents are used to track trajectories of particles using a Lagrangian particle-tracking 

model. The simulated particle movements and distributions are used to examine the dispersion, retention, and 

hydrodynamic connectivity of surface waters over the study region. The near-surface dispersion is relatively high over 

western Cabot Strait, the inner Scotian Shelf, and the shelf break of the Scotian Shelf. The dispersion is relatively low in 

Northumberland Strait. A process study is conducted to examine the physical processes affecting the surface dispersion, 

including tidal forcing and local wind forcing. The model results show that the tidal currents significantly influence the 

dispersion of surface waters in the Bay of Fundy. 
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1. Introduction 

he eastern Canadian shelf (ECS) over the northwest 

Atlantic Ocean supports many ocean use sectors 

including commercial fisheries, aquaculture, offshore 

hydrocarbon production, shipping and transportation, 

marine recreation and tourism, and other economic activities 

that directly contribute to the Canadian economy 

(Rutherford et al., 2005). This region also consists of 

several highly productive marine ecosystems such as rich 

commential fishing grounds over the Grand Banks, Gulf 

of St. Lawrence (GSL), Scotian Shelf (SS) and Gulf of 

Maine (GoM).  

Marine ecosystems are strongly influenced by physical 

environmental conditions such as ocean currents, temperature 

and salinity. Ocean currents and turbulent mixing, for 

example, affect the availability of nutrients for plant 

growth and availability of food for marine animals. Eggs 

and larvae of fish and other animals, on the other hand, 

can drift with ocean currents from their spawning 

grounds to nursery areas where they feed and grow 

(Lauri, 1999).  

Significant efforts have been made in the past to 

determine the general circulation and associated seasonal 

and interannual variability over the ECS (Smith and 

Schwing, 1991; Sheng and Thompson, 1996; Lynch et al., 

1996; Loder et al., 1998; Wu et al., 2012; Urrego-Blanco 

and Sheng, 2014a, b). The large-scale circulation over 

the ECS is predominantly influenced by the North 

Atlantic subpolar gyre and its western boundary current, 
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the Labrador Current (Loder et al., 1998). The general 

circulation and hydrography over the ECS, particularly 

over the outer shelf and slope regions of the Scotian 

Shelf and Gulf of Maine, are also strongly affected by the 

western boundary current of the North Atlantic 

subtropical gyre, namely the Gulf Stream and its northern 

extension, the North Atlantic Current.  

The three-dimensional (3D) currents, hydrographic 

conditions and particle movements on the ECS have 

significant temporal and spatial variability, which are 

affected by the local irregular bathymetry, tidal forcing, 

atmospheric forcing, and river discharge (Urrego-Blanco 

and Sheng, 2012). Cong et al., (1996) calculated retention 

indices for offshore banks on the Scotian Shelf based on 

wind-driven currents produced by a barotropic circulation 

model. The particle movements over coastal embayments 

such as Halifax Harbour and Lunenburg Bay of the 

Scotian Shelf were calculated from 3D ocean currents 

produced by primitive-equation ocean circulation models 

(Sheng et al., 2009; Shan et al., 2012). Shan et al., (2014) 

recently examined the 3D circulation and particle 

movement over Sable Gully of the Scotian Shelf. The 

main objective of this study is to examine the retention, 

dispersion, and hydrodynamic connectivity of passive 

particles in near-surface waters over the Scotian Shelf 

and its adjacent waters including the southern Gulf of St. 

Lawrence and inner Gulf of Marine using a Lagrangian 

particle tracking model with simulated 3D ocean 

currents.  

The structure of the paper is as follows. Section 2 

discusses the nested-grid coastal circulation modelling 

system and the Lagrangian particle tracking model. 

Section 3 discusses the performance of the circulation 

modelling system and the particle tracking model using 

three types of oceanographic observations. Section 4 

discusses the calculated retention and dispersion of 

passive particles over the Scotian Shelf and adjacent 

waters. This section also examines the main physical 

processes affecting the surface dispersion. The last 

section presents the summary and conclusions. 

2. Nested Grid Ocean Circulation Modeling 

System 

2.1 Ocean Circulation Model 

The ocean circulation model used in this study is a 

nested-grid ocean circulation modelling system known as 

DalCoast. The circulation modelling system is constructed 

from the Princeton Ocean Model (POM; Mellor, 2004), 

which is a 3D, sigma-coordinate, primitive-equation ocean 

circulation model. Different versions of DalCoast were 

developed in the past for different scientific applications 

(Sheng et al., 2009; Ohashi et al., 2013; Shan et al., 2012, 

2014).  

The version of DalCoast used in this study is very 

similar to that used by Ohashi and Sheng (2013, 2015) 

and has a nested two-level structure with a fine — 

resolution inner model nested inside a coarse-resolution 

outer model. The outer model domain covers the ECS 

from the Labrador Shelf (LS) to the Gulf of Maine (GoM) 

(72°W–42°W and 38°N–60°N) (Figure 1A). The inner 

model domain covers the GSL, the SS, the GoM, and 

adjacent deep waters (71.5°W–56°W and 38.5°N–52°N) 

(Figure 1B). The outer model is two-dimensional and 

barotropic with a horizontal resolution of 1/12°. The 

inner model is baroclinic and three-dimensional with a 

horizontal resolution of 1/16°. The inner model has 40 

sigma (terrain-following) levels in the vertical that are 

concentrated near the surface and bottom. The model 

bathymetry is based on the General Bathymetric Chart of 

the Oceans (GEBCO) data with a resolution of 30 

arc-seconds (Weatherall et al., 2015). 

The outer model is driven by atmosphereic forcing. 

The inner model external forcing includes tidal forcing, 

atmospheric forcing, surface heat fluxes, and river 

discharge. The atmospheric forcing used to drive both 

models includes three-hourly fields of sea-level atmospheric 

pressure and surface wind fields extracted from the North 

American Regional Reanalysis dataset (NARR; Mesinger 

et al., 2006). The surface wind speed is converted to 

wind stress using the bulk formula of Large and Pond 

(1981). Hourly tidal forcing for eight major tidal 

constituents (M2, S2, N2, K2, O1, P1 and O1), in the form 

of tidal elevations and tidal currents specified at the 

lateral open boundaries of inner model, are produced by 

a tidal prediction system known as OTIS (Egbert and 

Erofeeva, 2002). In addition, the hourly wind-driven 

surface elevations and depth-averaged currents proudced 

by the outer model are added to the open boundary 

condtions of the inner model (one-way nesting).  

The surface heat flux for the inner model is calculated 

based on the model-calculated surface temperature in 

combination with three-hourly NARR fields of air 

temperature, cloud cover, downward shortwave radiation 

flux, and precipitation (Mellor, 2004). The subgrid scale 

horizontal mixing is calculated using the shear and grid 

size dependent scheme of Smagorinsky (1963). The 

vertical mixing is parameterized using the Mellor and 

Yamada (1982) level-2.5 turbulent closure scheme. To 

reduce model bias and drift from the observed seasonal 

cycle of hydrography, the spectral nudging technique  
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Figure 1. The domain and bathymetry of (A) the coarse-resolution outer model and (B) fine-resolution inner model of DalCoast. The 

200, 1000, and 4000 meter depth contours of the model bathymetry are shown. Abbreviations are used for the Gulf of Maine (GoM), 

the Bay of Fundy (BoF), the Scotian Shelf (SS), Prince Edward Island (PEI), the Gulf of St. Lawrence (GSL), and Newfoundland 

(NL). The red triangles in (B) mark the positions of four tide gauges (Rimouski, North Sydney, Halifax, and Eastport). The red stars 

in (B) represent the approximate release locations for near-surface drifters along the Halifax line and drifters on Cabot Strait. In (B) 

three bottom-mounted ADCPs were located at the positions marked by red stars and labelled NS1, NS2 and NS3 over the central 

Scotian Shelf. 

 

(Thompson et al., 2007) and the semi-prognostic method 

(Sheng et al., 2001) are applied in the inner model of 

DalCoast. 

The nested-grid circulation modelling system is 

initialized from a state of rest with the model initial 

hydrography set to be the December mean hydrographic 

climatology. The modelling system is integrated for 25 

months from the beginning of December 2006 to the end 

of December 2008. The model results in 2007 and 2008 

are used for model validation and analysis. 

2.2 Particle Tracking Model 

Lagrangian trajectories of virtual particles (v-particles) 

carried passively or actively by ocean currents are very 

useful for estimating the fate of oil spills (Soomere et al., 

2010) or living organisms (Corell, 2012; Ohashi and 

Sheng, 2015), as well as for planning rescue operations 

or finding lost goods. In large enough quantities, Lagrangian 

trajectories of v-particles can be used to track entire water 

masses, or to map the mean flow (Richardson, 1983). 

The particle tracking scheme used in this study is the 

one developed by Ohashi and Sheng (2015). The 3D 

movement of a v-particle carried by time-varying 3D 

ocean currents can be calculated as:  

                           
    

 
   (1) 

where        and     are position vectors of a passive 

particle at time      and previous time t respectively, 

          is the velocity vector of model currents, and    

is the 3D random walk component to account for the 

subgrid scale turbulence and other local processes that 

are not resolved by the inner model. The 3D random 

walk component              in the x, y, and z 

directions can be expressed as (Taylor, 1922):    

       ,           ,           . Here,   is 

a Gaussian random number in the range of [-1, 1],    

and    are the horizontal and vertical eddy diffusivity 

coefficients, and    is the time step (which is one hour 

in this study) used for time integration in Eq (1). Eddy 
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diffusivity coefficients (Kh and Kz) can vary in space and 

time. Past studies using drifters and numerical particle 

-tracking experiments (Tseng, 2002; Thompson et al., 

2002) suggested that the horizontal and vertical eddy 

diffusive coefficients in the coastal ocean vary from 0.1 

to 10 m
2
 s

-1 
and from 0.1 × 10

-3 
to 10 × 10

-3 
m

2 
s

-1
 , 

respectively. In this study, the hourly inner model 

currents are used to driving this particle tracking scheme. 

We follow Shan and Sheng (2012), set the horizontal 

diffusivity coefficient for the random walk (Kh) to be 1.0 

m
2 

s
-1

, and set the vertical diffiffusivity (Kz) to be 1 × 

10
-3

m
2 

s
-1

. The fourth-order Runge-Kutta scheme (Press 

et al., 1992) is used to track the passive particles.  

3. Model Validation 

DalCoast was validated extensively using various 

oceanographic observations in the past (Thompson et al., 

2007; Ohashi et al., 2009a,b; Ohashi and Sheng, 2013, 

2015). In this study, the performances of the inner model 

of DalCoast and the particle tracking model are further 

validated using three types of oceanographic observations. 

The first type of observations is the sea level observations 

at four tide gauge sites: (a) Rimouski on the northwestern 

GSL, (b) North Sydney on western Cabot Strait, (c) 

Halifax on the central Scotian Shelf, and (d) Eastport on 

the inner GoM. The tide gauge data were taken from the 

website of Department of Fisheries and Oceans, Canada. 

The locations of these four sites are shown in Figure 1B. 

The second type is the sub-surface current measurements 

made by three Acoustic Doppler Current Profilers (ADCPs) 

moored at locations NS1, NS2, and NS3 along the Halifax 

Line over the Scotian Shelf (Figure 1B, Baaren and Tang, 

2009). 

The third type of oceanographic measurements is the 

observed trajectories of near-surface drifters collected 

during the satellite-tracked surface drifter program by 

Baaren and Tang (2009). As part of this drift program, 

two drifter experiments were conducted respectively in 

October 2007 and October 2008. In October 2007, seven 

near-surface drifters were deployed at the 5-m depth 

along the Halifax line at three different sites (NS1, NS2, 

and NS3) during the fall cruise of Fisheries and Oceans 

Canada’s Atlantic Zone Monitoring Program (AZMP) 

(Figure 1B). In October 2008, four near-surface drifters 

were deployed at 5 m over western Cabot Strait (CS1) 

and eastern Cabot Strait (CS2) respectively (Figure 1B). 

Two types of near-surface drifters were used respectively 

in the two drifter experiments. The first type of the 

drifters (Type 1), which was used for the first drifter 

experiment along the Halifax Line in October 2007, is the 

Self-Locating Datum Marker Buoy (SLDMB) manufactured 

by Seimac. The Seimac drifter has a pyramid-shaped 

float above the water line, with an electronic unit 

underneath and a fishnet-type surface drogue tethered to 

the electronic unit. The second type of drifters (Type 2), 

which was deployed over Cabot Strait in October 2008 in 

the second drifter experiment, is also the SLDMB but 

manufactured by MetOcean Data Systems. The MetOcean 

drifter has a cylindrical hull for the electronics and four 

vanes with a foam float attached to it and an antenna 

above the hull. Position information of these drifters, 

including longitude, latitude and time, was collected 

half-hourly for the Seimac drifters and hourly for the 

MetOcean drifters. The data of the position information 

are transmitted to Argos satellites. Similar types of 

drifters were used to track ice drift previously by Baaren 

and Prinsenberg (2000 a, b, 2001, 2006).  

To quantify the model performance, we use the    

index suggested by Thompson and Sheng (1997): 

   
        

      
 (2) 

where Var represents the variance operator, and O and M 

denote the observed and model simulated variables 

respectively. Physically, the    index represents the 

ratio between the variance of the model hindcast errors 

and the variance of the observations. The smaller    is, 

the better is the model performance. In the case of the 

         exceeding unity, the variance of the observation 

increases with the subtraction of the model results from 

the observations. In this study,      is chosen as a 

threshold value to assess the model performance. 

3.2 Surface Elevations  

Figure 2 presents time series of the observed and 

simulated surface elevations at four tidal gauge sites 

(Rimouski, North Sydney, Halifax and Eastport) during a 

11-day period (1–12 October 2007). During this period, 

normal weather without any severe storms prevailed over 

the study region. Therefore, temporal variability of the 

surface elevations shown in Figure 2 is mostly associated 

with tidal elevations. The    values are about 0.089 at 

Rimouski, 0.105 at North Sydney, 0.057 at Halifax, and 0.035 

at Eastport (Figure 3). These small    values indicate 

that about 89–96% of the total variance of the observed 

surface elevations at these four sites are accounted for by 

the model results. These small small    values also indicate 

that the inner model of DalCoast has satisfactory hindcast 

skill in reconstructing the time evolution of surface elevations 

at these four sites. 

To assess the model skill in simulating individual tidal 

constituents in the study region, a tidal harmonic analysis 
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was conducted to estimate amplitudes and phases of four 

major tidal constituents (M2, S2, K1 and O1) from time 

series of observed and simulated surface elevations at the 

four sites for October 2007. As shown in Table 1, the M2 

constituent estimated from observations at the four sites 

has amplitudes ranging from ~37 cm at North Sydney on 

Cabot Strait to ~261 cm at Eastport on the inner GoM. 

The S2 constituent at the four sites has amplitudes 

ranging from ~8 cm at North Sydney to ~50 cm at 

Rimouski in the northwest GSL. By comparison, the K1 

constituent has relatively small amplitudes of about 7–17 

cm at all four sites. The O1 constituent has also relatively 

small amplitudes of about 5.1–10.6 cm at all four sites.  

Table 1 also demonstrates that the inner model of 

DalCoast reproduces reasonably well the observed 

amplitudes and phases of M2 at the four sites, with the  

absolute model errors (differences between observations 

and model results) of about 2.3–9.5 cm in amplitude and 

between –8.4
o
 and 6.4

o
 in phase at the four sites. For S2, 

the model errors are about 0.6–2.2 cm in amplitude and 

between –3
o
 and 2.8

o 
in phase. The absolute model errors 

in amplitude and phase for these two major semidiurnal 

tidal constituents are generally small. For K1, the model 

errors are between –2.1 and 2.7 cm in amplitude and 

between –13
o
 and 17

o 
in phase. It should be noted that the 

relative model errors in amplitude are small and about 

3–9% for the two major semi-diurnal tides (M2 and S2), 

but relatively large and about 6%–30% for the two diurnal 

tides (K1 and O1). Further studies are needed to examine 

the main physical processes affecting the performance of 

DalCoast in simulating these two diurnal tides. 

 

 

Figure 2. Time series of observed and simulated sea surface elevations at four sites of (A) Rimouski, (B) North Sydney, (C) Halifax, 

and (D) Eastport. These four sites are marked in Figure 1B. The simulated sea surface elevations are produced by the inner model of 

DalCoast.  
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Table 1. Amplitudes and phases of four major tidal constituents calculated from observed and simulated sea surface elevations in 

October 2007 at Rimouski, North Sydney, Halifax and Eastport.  

 Amplitude (cm)  Phase (o) 

Station Observed Modeled ΔH  Observed Modeled Δφ 

 M2 

Rimouski 131.52 123.81 7.71  347.17 345.93 1.24 

North Sydney 37.33 35.04 2.29  104.86 98.50 6.36 

Halifax 64.28 58.46 5.52  80.04 78.91 1.07 

Eastport 261.44 252.19 9.25  131.83 140.23 −8.4 

 S2 

Rimouski 49.67 48.06 1.61  300.77 300.18 0.59 

North Sydney 8.25 7.70 0.55  251.57 251.99 −0.42 

Halifax 15.89 14.79 1.10  22.87 20.06 2.81 

Eastport 47.13 45.92 2.21  86.76 89.75 −2.99 

 K1 

Rimouski 16.69 18.21 −1.52  296.92 284.41 12.51 

North Sydney 10.81 9.67 1.14  347.20 330.37 16.83 

Halifax 6.87 8.96 −2.09  124.45 140.25 −15.80 

Eastport 10.74 8.08 2.65  195.82 188.61 −12.79 

 O1 

Rimouski 27.92 29.70 −1.79  318.06 321.74 −3.68 

North Sydney 8.19 10.60 −2.41  341.76 353.80 −12.04 

Halifax 5.11 6.13 −1.02  170.68 185.63 −14.95 

Eastport 11.97 8.43 3.33  329.32 306.45 22.87 

 
We follow Pugh (2004) and quantify the type of tides 

at these four sites based on estimations of tidal 

amplitudes in Table 1 using the form factor (F) defined as 

   
       

        
 (3) 

where HO1, HK1, HOM2 and HS2 are respectively the 

amplitudes of diurnal tides K1 and O1 and semi-diurnal 

tides M2 and S2 based on observed or simulated values 

listed in Table 1. The tides are considered to be (a) 

semidiurnal for F values less than 0.25; (b) mixed and 

mainly semidiurnal for F values of 0.25–1.5, (c) mixed 

for F values of 1.5–3.0, and (d) mainly diurnal for F>3. 

The form factor at Rimouski and North Sydney is about 

0.25 and 0.42 respectively, indicating that the tides at 

these two sites are mixed and mainly semidiurnal 

(Figures 2A and 2B). The tides at Rimouski are more 

semidiurnal than those at North Sydney. The form factor 

is about 0.15 at Halifax and 0.07 at Eastport, indicating 

that tides at these sites are mainly semidiurnal (Figures 

2C and 2D). The tides at Eastport are more purely 

semidiurnal than those at Halifax. 

3.3 Sub-surface Currents 

Figure 3 presents time series of observed and simulated 

currents at NS1, NS2, and NS3 for the 11-day period of 

1–12 October 2007. These three sites were located inside 

the main pathway of the Nova Scotia Current (Dever et 

al., 2016). The Nova Scotia Current is a coastal current 

flowing southwestward over the inner Scotian Shelf 

(Petrie, 1987). This Current originates from the northwestern 

GSL, where a large-scale estuarine plume and an intense 

coastal jet known as the Gaspé Current are developed 

due to a large amount of freshwater discharge from the St. 

Lawrence River (El-Sabh, 1976; Tang, 1080; Sheng, 

2001). The Gaspé Current spreads over the southwestern 

GSL and exits through western Cabot Strait. After 

emanating from western Cabot Strait, the low-salinity 

waters flow onto the eastern Scotian Shelf (ESS) to form 

the Nova Scotia Current (Petrie, 1987; Urrego-Blanco 

and Sheng, 2012).  

The observed sub-surface currents shown in Figures 

3A, 3B, 3G and 3H demonstrate that both the eastward 

and northward components of observed sub-surface 

currents at 15 m and 30 m at site NS1 have time-mean 

values of about –0.2 m/s during this 11-day period. These 

time-mean sub-sur face  currents  represent  the 

southwestward Nova Scotia Current. The observed 

sub-surface currents at site NS1 also have tidal curents 

and large synoptic (i.e., mainly wind-driven) variabilities 

and significant sub-synoptic and seasonal variabilities. 

Tidal analysis indicates that the barotropic tides (not 

shown) account for small portions of observed temporal 
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variabilities at these two depths at NS1. At sites NS2 and 

NS3, by comparison, the observed sub-surface currents at 

15 m and 30 m (Figures 3C, 3D, 3I and 3J) have similar 

temporal variabilities as those at site NS1, but with much 

weaker time-mean sub-surface currents at these two sites 

than at site NS1. Furthermore, the barotropic tidal 

currents (not shown) account for relatively large portions 

of the observed temporal variabilities of sub-surface 

currents at NS2 and NS3. It should be noted that the core  

of the Nova Scotia Current was located near site NS2 

(see Figure 6 of Dever et al., 2016) in the period 

2011–2014. The sub-surface current observations shown 

in Figure 3, however, indicate that the core of the Nova 

Scotia Current was located near site NS1 during the 

11-day period in October 2007. Further studies are 

needed to explain the main physical processes affecting 

the onshore shift of this Current in October 2007.  

 

Figure 3. Time series of eastward (left) and northward (right) components of observed (red) and simulated (blue) sub-surface 

currents during a 11-day period in October 2007 at depths of 15 m and 30 m respectively at sites NS1, NS2, and NS3 along the 

Halifax Line over the central Scotian Shelf. 
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Figure 3 also demonstrates that the simulated sub-surface 

currents produced by the inner model of DalCoast agree 

reasonably well with the current observations at depths 

of 15 m and 30 m of these three sites. The    values are 

about 0.41–0.45 (0.47–0.52) for the eastward (northward) 

components of simulated currents at site NS1, 0.46–0.62 

(0.42–0.57) for the eastward (northward) component at 

site NS2, and about 0.41–0.52 (0.32–0.46) for the 

eastward (northward) components at sites NS3. In 

comparison with the    values for the simulated surface 

elevations, the inner model of DalCoast reproduces less 

well the observed currents than the observed sea surface 

elevations. This could be explained by that fact that the 

ocean currents are more sensitive to the small-scale 

topography than sea surface elevations. 

3.4 Particle Trajectories 

To compare simulated trajectories calculated from model 

currents with observed trajectories of near-surface 

drifters, we conducted particle tracking experiments by 

releasing nearly 200 v-particles uniformly over a circular 

area of 4.4 km
2
 centered around the release location of 

each SLDMB drifter. The main reason for releasing the 

v-particles over a small area instead of at a specific point 

is that actual movements of drifters are affected by many 

physical processes, including some small-scale processes 

that are not resolved in the circulation model.  

In this section, we assess the performance of the 

particle tracking model by comparing the observed 

trajectory of a near-surface SLDMB drifter with the 

simulated trajectory of the horizontal “center of mass 

(CoM)” for a group of v-particles. The v-particles are 

released in an area surrounding the initial position of the 

real drifter. In this study, v-particles are set to remain in 

the surface waters. The hourly simulated currents 

produced by the inner model are used to drive the 

particle tracking model.  

Since a small part of each SLDMB drifter was above 

the sea surface (Baaren and Tang, 2009), the observed 

trajectory of the real drifter was affected by winds at the 

sea surface. To account for the effect of winds on the 

observed trajectory, the velocity vector           in Eq. (1) 

is replaced by  

                                       (4) 

where            is the ocean velocity vector produced 

by the inner model,            is the wind velocity vector, 

and α is the wind transfer coefficient, which is dependent 

of the volume and shape of the SLDMB drifter exposed 

to the wind at the sea surface. The wind’s effect on the 

drifter’s movement is also known as the leeway factor 

and has been a subject of past studies. For example, 

Smith (1992) described a set of experiments using AST 

(Accurate Surface Tracker) in which a wind coefficient 

was parameterized in terms of the ratio of exposed to 

submerged frontal areas.  

Figure 4 presents observed trajectories of type 1 

SLDMB drifters (red solid lines) released at points very 

close to the ADCP sites NS1, NS2 and NS3 along the 

Halifax Line over the central Scotian Shelf (CSS). The 

four drifters were released between 11 October and 16 

October 2007. For the two near-surface drifters released 

at points close to NS1, their trajectories over approximately 

five days after the release (Figures 4A and 4B) 

demonstrate that these drifters moved southwestward 

along the coastline with average speeds of about 30 

km/day. The near-surface drifter released at the point close 

to site NS2 (Figure 4C) moved approximately westward first 

and then southwestward, roughly parallel to the coastline, 

for five days, with a lower average speed of about 15 

km/day. The near-surface drifter released at the point 

close to site NS3 drifted near its release point (Figure 4D), 

moving northwestward, northeastward, then southeastward. 

The observed movements of the four near-surface 

drifters shown in Figure 4 are roughly consistent with 

the general circulation over the central Scotian Shelf 

indicated by the sub-surface current measurements shown 

in Figure 3. 

The simulated (CoM) trajectories of v-particles with 

six different wind transfer coefficients (α) ranging 

between 0 and 0.03 (colored dashed lines) are also shown 

in Figure 4. The v-particles released over a small area 

close to NS1 (with α ≤ 0.03) (Figures 4A and 4B) have 

significant southwestward (alongshore) movements, which 

are very similar to the SLDMB drifters released at the 

same points. The v-particles released over a small area 

close to NS2 (Figure 4C) have moderate alongshore 

movements in comparison with those shown in Figures 

4A and 4B. The v-particles released at a small area close 

to NS3 stay close to their release area (Figure 4D), with 

much smaller net displacements in comparison with those 

in Figures 4A and 4C. Some noticeable differences occur 

in simulated trajectories for different values of wind 

transfer coefficients (α), indicating the effects of surface 

winds on the movements of v-particles. 

Figure 5 presents the observed trajectories for type 2 

SLDMB drifters released at points close to sites CS1 and 

CS2 over western and eastern Cabot Strait, respectively. 

The two drifters are released between 16
th

 October to 20
th

 

October 2008. The two SLDMB drifters released at points 

close to CS1 had significant southeastward movements 

during the first three days then turned southwestward to 

move onto the eastern Scotian Shelf on the last day 

(Figures 5A and 5B). By comparison, the SLDMB  
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(A) (B) 

(C) (D) 

 

Figure 4. Comparisons of observed trajectories (red solid lines) with simulated CoM trajectories (coloured dashed lines) calculated 

by the particle tracking model with different wind transfer coefficients for v-particles released over a small area centered at (A) NS1, 

(B) NS1, (C) NS2 and (D) NS3 along the Halifax Line over the central Scotian Shelf. The circles mark positions at 24-hour intervals. 

 

 

Figure 5. Comparisons of observed trajectories (red solid lines) 

with simulated CoM trajectories (coloured dashed lines) calculated 

by the particle tracking model with different wind transfer 

coefficients for v-particles released over a small area centered 

at (A) CS1, (B) CS1, (C) CS2 and (D) CS2 over Cabot Strait. 

The circles mark positions at 24-hour intervals. 

drifters released at points close to CS2 moved 

northeastward during the first day (Figures 5C and 5D). 

They reversed directions to travel southward, parallel to 

the local coastline, for the next two days and then moved 

westward/northwestward during the last two days. Figure 

5 also demonstrates that the v-particles released in small 

areas close CS1 and C2 (with α ≤ 0.05) have trajectories 

very similar to the observed trajectories of SLDMB 

drifters. 

One important issue raised when comparing trajectories 

of real drifters with those of v-particles is the optimal 

value of the wind transfer coefficient for each type of 

drifters. To address this issue, we calculate the separation 

distance (Δr) between the SLDMB drifter and the CoM 

of v-particles over 120 hours following the release of the 

drifters/v-particles. Figure 6A presents time series of 

separation distances for the drifter experiment in October 

2007 using type 1 SLDMB drifters with six different α 

values for the v-particles. The separation distances 

increase with time during the first 40 hours. After reaching 

maximum values at about 40 hours, the separation 

distances decrease with time and reach minimum values at 

about 80 hours and then increase with time after 100 hours. 

Figure 6C demonstrates the separation distances for the 

second drifter experiment in October 2008 using type 2 

SLDMB drifters with six different α values for the 

v-particles. The separation distances for the second 

drifter experiment increase with time with significant 

perturbations during the 120 hours after the releases. It 

should be noted that the temporal variabilities of 

separation distances are affected by many processes, 

including ocean currents, surface wind speeds and wind 
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transfer coefficients. 

Based on time series of separation distances shown in 

Figures 6A and 6C, we calculate the time mean 

separation distances averaged over 120 hours (mean error) 

and show them in Figures 6B and 6D as a function of α. 

The optimal value for the wind transfer coefficient is α  

≈ 0.015 for type 1 SLDMB drifters and α  ≈ 0.030 

for type 2 SLDMB drifters. 

4. Retention, Dispersion and Hydrodynamic 

Connectivity 

Simulated trajectories of v-particles carried passively by 

ocean currents produced by the inner model of DalCoast 

(with α = 0) are used to estimate the retention, dispersion 

and hydrodynamic connectivity over the Scotian Shelf 

and adjacent waters (including the southwestern GSL, 

inner GoM and BoF).  

4.1 Retention and Dispersion Over the Eastern 

Canadian Shelf 

To quantify retention and dispersion of passive particles, 

we follow Cong et al. (1996) and introduce the retention 

index. The study area is first divided into subareas of 

equal size. The retention index is then defined as:  

         
       

        
 (5) 

where          is the number of v-particles released 

initially in a subarea of a given size centered at    at 

initial time   , and         is the number of v-particles 

remaining within the subarea at some later time t. 

Physically, the retention index represents the proportion 

of v-particles released in a giving subarea at time    

remaining at a later time t. The value of retention index 

        is between 0 and 1. A high value of         

corresponds to high retention of v-particles in the given 

subarea. In the case of          , all the v-particles 

released at time    are flushed out from the subarea by 

time  . The subarea used in this study is set to a square 

box with a horizontal dimension of 33 × 33 km
2
. To 

eliminate the effect of small-scale circulation features 

from the experiment results, the distance between centers 

of two adjacent boxes is set to 3.5 km. To calculate the 

retention indices over the study region, the v-particles are 

released in a horizontally uniform pattern in the surface 

waters of top 5 m over the inner model domain. The initial 

horizontal distance between two adjacent v-particles is 

set to 2000 m (or ~270 v-particles per 1000 km
2
). The 

retention indices are calculated based on movements of 

v-particles using the hourly surface currents produced by the 

inner model in February, May, August, and November 

2007 (Figure 7).

 

Figure 6. (A, C) Time series of separation distances (Δr) between real and simulated drifters in terms of different wind transfer 

coefficient values. (B, D) Separation distances averaged over the experiment period. Results are for (A) type 1 and (B) type 2 of 

SLDMB drifters.  
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The horizontal distributions of retention indices on 

day 5 (R5) have similar large-scale features (Figure 7) in 

the four months, with relatively high retention indices 

(60–80%) over the BoF, inner GoM, central and ESS, 

Northumberland Strait, and Magdalen Shallows. Relatively 

low retention indices (30%–40%) occur over narrow 

coastal zones over western and eastern Cabot Strait, and 

the inner shelf and the shelf break of the Scotian Shelf. 

The low retention indices over these regions are 

consistent with relatively strong surface currents (see 

more discussion in section 4.2). The      distributions 

also have significant seasonal variabilities. Over the 

middle and outer shelf regions of the ESS and central 

Scotian Shelf (CSS), the R5 values are relatively high in 

February, August and November and relatively low in 

May. Over the Magdalen Shallows, the     values are 

relatively high in February, May and August and 

relatively low in November. Over the inner GoM and 

BoF, the    values are relatively high in November and 

relatively low in May and August.  

The large-scale features of retention indices on day 10 

(R10) are similar to those on day 5, except that regions 

with high retention indices (60%–80%) on day 10 are 

significantly reduced (Figure 7). In particular, the R10 

values are low (less than 30%) in these four months over 

western Cabot Strait, inner Scotian Shelf, outer shelf 

regions of the western Scotian Shelf (WSS). Relatively 

large R10 values (70%) occur over Northumberland Strait 

in the four months, over the middle of the eastern Scotian 

Shelf in August and September, and over coastal waters 

off western Nova Scotia in February.  

The retention indices on days 15 and 20 (R15 and R20) 

are generally low over the study region, except for 

coastal waters around Northumberland Strait, some 

offshore areas of the SS, and coastal waters in the BoF 

(Figure 7). 

 

Figure 7. Distributions of retention indices over the Scotian Shelf and adjacent waters (including the southwestern GSL, inner GoM 

and BoF) calculated from horizontal movements of near-surface v-particles driven by hourly near-surface current produced by the 

inner model in (A) February, (B) May, (C) August, and (D) November 2007.
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4.2 Physical Processes Affecting Retention and 

Dispersion  

As shown in the previous section, the horizontal 

distributions of retention (or dispersion) calculated from 

simulated trajectories of near-surface v-particles have 

significant temporal and spatial variability. To quantify 

the main physical processes affecting the retention and 

dispersion over the Scotian Shelf and adjacent waters, 

three different numerical experiments were conducted. 

The model setups and the sub-grid scale mixing 

parameterizations are the same but the model’s external 

forcings are changed among the experiments as follows: 

1. Control Run (CR): The circulation modelling system 

(DalCoast) in this experiment is driven by all forcing 

terms as discussed in section 2, which include tidal 

forcing, wind forcing, atmospheric pressures, sea 

surface heat fluxes, river runoff and open boundary 

forcing.  

2. No Tides (NT): Same as the CR, except that the tidal 

forcing is excluded from this experiment. Specificically, 

both the tidal currents and tidal elevations are set to 

zero along the open boundaries of the inner model. 

3. No Wind (NW): Same as the CR, except that the local 

wind stress is set to zero in the inner model.  

The model results from these three experiments are 

then used to quantify the role of the tides and local wind 

over the SS and adjacent waters. Let             be 

the model results from the model run CR, NT and NW, 

respectively. The effects of the tidal forcing can be 

estimated by 

                (6)  

Similarly, the effects of the local wind forcing can be 

quantified approximately by  

               (7)  

Figure 8 presents the effect of tidal forcing (      ) 

on retention indices over the Scotian Shelf and adjacent 

waters on day 20 in the four months of February, May, 

August, and November 2007. The common feature of the 

tidal effects in these four months is that the tidal forcing 

reduces the retention indices in the BoF by about 

40%–50%. This means the tidal flow facilitates the 

dispersion of near-surface waters in the BoF. The tidal 

forcing also reduces the retention indices over coastal 

waters off southwest Nova Scotia in May, August, and 

November, but enhances the retention indices over the 

same coastal waters in February.

 

 

Figure 8. Distributions of retention indices due to the tidal forcing (      ) on 20 days over the Scotian shelf and adjacent waters in 

(A) February, (B) May, (C) August, and (D) November 2007. 
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Figure 9 presents the effect of local wind forcing 

(      ) on retention indices over the Scotian shelf and 

adjacent waters on day 20 in the four months of February, 

May, August, and November. The wind forcing reduces 

the retention indices over the southwestern GSL and 

western Cabot Strait in the four months (with the most 

significant reduction in February when the local winds 

are strongest), and also reduces the retention indices over 

the ESS in February and May. However the wind forcing 

enhances the retention over coastal waters off the 

southwest Nova Scotia in February, May, and August and 

enhances the retention over the ESS in November.  

It should be noted that the wind forcing over the study 

region exhibits strong seasonal variability (Figure 10). In 

February and May of 2007, winds are roughly eastward. 

In August, winds blow from the southwest and are 

weaker than in other seasons. In November, winds are 

roughly southward in the GoM and northeastward over 

the Scotian Shelf and the GSL. The large seasonal 

variability in the local wind forcing introduces large 

seasonal variability in the surface circulation over the 

study region, leading to large seasonal variabilities in the 

retention indices as shown in Figure 9.  

The local wind forcing enhances the surface currents 

over the Magdalen Shallows in all four months (Figure 10). 

In consequence, the transportation of the near-surface 

particles from GSL to SS is facilitated. In February, the 

eastward winds generate southeastward offshore currents 

over the outer shelf region of the Scotian Shelf (Figures 

10A–1 and 10A-2). This offshore current disperses the 

near-surface particles, which is consistent with the 

coastline retention reduction (Figure 9A). In August and 

November, the northeastward winds decelerate the Nova 

Scotian current and even generate reverse flows along 

parts of the coastline (Figures 10C and 10D), which is 

consistent with the coastline retention addition (Figures 

9C and 9D). In February, May, and August, the eastward 

winds generate onshore surface current and enhance the 

retention indices along the western coastline of Nova Scotia. 

However in November, the southward winds do not have 

significant effects along the same location. 

4.3 Hydrodynamic Connectivity 

In this section, we examine the hydrodynamic 

connectivity for three sensitive areas in the study region 

in terms of upstream and downstream areas using the 

simulated trajectories of near-surface v-particles. The 

upstream (or source) area of a given site (or area) is 

defined as the area from which particles (or material) are 

transported to the site. The downstream (or sink) area of 

a given site (or area) is defined as the area to which 

particles are transported from the site.  

 

 

Figure 9. Distributions of retention indices due to wind forcing (      ) on 20 days over the Scotian Shelf and adjacent waters in 

(A) February, (B) May, (C) August, and (D) November 2007.
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Figure 10. Mean surface currents and salinity fields (Control Run, No Wind and No tides) produced by inner model for 20 days in (A) 

February, (B) May, (C) August, and (D) November in 2007. Red arrows are wind stress vectors. For clarity, velocity vectors are 

plotted at every seventh model grid point. 



Yi Sui, et al. 

 

 Satellite Oceanography and Meteorology (2017)–Volume 2, Issue 2  15 

The three areas selected for this study are (a) St. Anns 

Bank, (b) Deep Panuke offshore oil and gas platforms, 

and (b) the outer Bay of Fundy. St. Anns Bank has been 

selected by the Fisheries and Oceans Canada as a new 

area of interest for potential designation as a Marine 

Protected Area (Ford and Serdynska, 2013). The Bay of 

Fundy is known for its high tides with a maximum tidal 

range of about 16.9 m. A demonstration project for 

harnessing tidal energy using “In-stream turbine 

technology” has been conducted in the eastern part of the 

BoF (Lambert, 2016). 

We follow Tang et al. (2006) and define the 

downstream area as the sum of all subareas to which 

more than 2% of particles originally released over the 

surface of a given source area travel within 20 days. 

Similarly, the upstream area of a designated sink area is 

defined as the sum of all subareas from which at least 2% 

of particles in the sink area originated during the previous 

20 days. Physically, the downstream area defined here is 

a potential area to which the surface particles could be 

exported from the designated source area within a given 

time as 20 days. The upstream area is a potential area 

from which the passive particles could be transported to a 

designated sink area within the same period. The size of 

the subareas used in this section is the same as that used 

in the calculation of retention indices discussed in section 

4.1.  

The 20-day downstream (sink) area for the St. Anns 

Bank (DASAB) consists of the main part over the inner 

shelf of the ESS and a small part along the eastern flank 

of the ESS (Figure 11). The former is associated with the 

main pathway of the southwestward Nova Scotia Current 

over the coastal waters of the ESS. The latter is associated 

with a small branch of the outflow emanating from the 

GSL that continues to flow southeastward along the 

eastern flank of the ESS. The pattern of DASAB has large 

seasonal variabilities. The main part of (DASAB) over the 

inner shelf of the ESS extends most significantly 

southwestward (alongshore) to reach coastal waters off 

Taylor Head in February (Figure 11A) and spreads offshore 

most significantly to the middle of the ESS in November 

(Figure 11D). A small part of (DASAB) reaches the shelf 

waters to the south of Misaine Bank and Eastern Shoal in 

February and May (Figures 11A and 11B) and reaches 

the shelf break waters to the southern Banquereau Bank 

over the ESS in November.

 

Figure 11. Downstream (sink) areas for (A) St. Anns Bank (red), (B) the Deep Panuke Offshore Platforms (blue), and (C) the outer 

Bay of Fundy (green) within 20 days calculated from the hourly current field produced by the inner model in (A) February, (B) May, 

(C) August, and (D) November 2007. The 200-m water depth contours are shown as black lines. 

http://www.cnsopb.ns.ca/pdfs/sable_area_platforms.pdf
https://electrek.co/author/fredericclambert/
http://www.cnsopb.ns.ca/pdfs/sable_area_platforms.pdf
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The 20-day downstream area for the Deep Panuke 

offshore oil and gas platforms (DADP) cover a narrow 

corridor to the west/southwest of the platform as a result 

of the southwestward jet over the shelf break of the CSS. 

The narrow corridor is centered over the shelf break of 

the CSS in May, August, and November. In February, 

by comparison, the narrow corridor extends further 

southwestward to reach the northwest Atlantic Ocean 

waters off the shelf break of the western Scotian Shelf 

(WSS). The horizontal dimension of DADP is about 400 

km by 100 km in February and 200 km by 200 km in  

other months. In August, the DADP also has a narrow 

stripe extending northward from the platforms to the 

inner shelf of the ESS.  

The 20-day downstream area for the outer Bay of 

Fundy (DABOF) covers over the coastal waters outside the 

BoF and off the western Nova Scotia in the four months 

(Figure 11). In May, August and November, DABOF also 

includes the surface waters over the inner BoF. It should 

be noted that      is significantly smaller than DASAB 

and DADP. 

Figure 12 presents the 20-day upstream (source) areas 

for the above three selected shelf areas in February, May, 

August and November. The 20-day upstream area for St. 

Anns Bank (UASAB) covers surface waters over western 

Cabot Strait and adjacent southern GSL and centered 

over waters of about 200 m depth in the four months, 

associated with the southeastward flow from the GSL to 

the ESS. The upstream area UASAB extends significantly 

northward to the central GSL in February and November 

in comparison with those in May and August (Figures 

12B and 12C). The upstream area UASAB is largest in 

November (Figure 12D) and smallest in August among 

the four months. Furthermore, the source area for St. 

Anns Bank also includes surface waters over the western 

Grand Banks in February and November (Figures 12A, 

and 12D), associated with a cross-channel flow from the 

western Grand Banks to the ESS in these two months. 

The 20-day upstream area for the Deep Panuke 

offshore oil and gas platforms (UADP) is a narrow zone 

centered around the 200-m water depth over the shelf 

break to the east of the platforms in the four months and 

some surface waters over the western side of the mouth 

of the Laurentian Channel (Figure 12). The pattern of 

UADP is consistent with the southwestward jet over the 

shelf break of the ESS. 

 

 

Figure 12. Upstream (source) areas for (A) St. Anns Bank (red), (B) the Deep Panuke Offshore Platforms (blue), and (C) the outer 

Bay of Fundy (green) within 20 days calculated from the hourly current field produced by the inner model in (A) February, (B) May, 

(C) August, and (D) November 2007. The 200-m water depth contours are shown as black lines. 

http://www.cnsopb.ns.ca/pdfs/sable_area_platforms.pdf
http://www.cnsopb.ns.ca/pdfs/sable_area_platforms.pdf
http://www.cnsopb.ns.ca/pdfs/sable_area_platforms.pdf
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The 20-day upstream area for the outer Bay of Fundy 

(UABOF) includes surface waters over the inner BoF and 

the Saint John River, with some surface waters outside 

the BoF (Figure 12). In comparison with St. Anns Bank 

and Deep Panuke platforms, the outer Bay of Fundy has 

a much smaller source region, is limited mainly to the 

inner BoF.  

5. Summary and Conclusions 

A nested-grid circulation modelling system and a 

Lagrangian particle tracking model were used to study 

the three-dimensional circulation, particle movements, 

retention, dispersion and connectivity over the Scotian 

Shelf, southern Gulf of St. Lawrence (GSL), inner Gulf 

of Maine (GoM), Bay of Fundy (BoF) and their adjacent 

deep ocean waters. The circulation modelling system has 

a fine-resolution baroclinic inner model nested inside the 

coarse-resolution barotropic outer model. A conventional 

one-way nesting technique was used to transfer information 

from the outer model to the inner model. The model 

validation presented in this study and in previous studies 

made by Thompson et al., (2007), and Ohashi et al., 

(2009a, b) and Ohashi and Sheng (2013) demonstrated 

that the inner model has reasonable skills in simulating 

sea surface elevations, ocean currents and hydrography 

over the study region. Hourly model currents produced 

by the inner model were used to track movements of 

near-surface virtual particles (v-particles) over the study 

region.  

Retention indices (R) for surface waters over the study 

region were calculated based on the simulated movements 

of v-particles carried passively by surface ocean currents. 

The horizontal dispersion rate can be calculated from 

(1–R). It was found that the retention within 10 days is 

relatively high for surface waters in Northumberland 

Strait, over the outer shelves of the eastern and central 

Scotian Shelf (ESS and CSS), in the outer and central BoF, 

and over the inner GoM. By comparison, the retention is 

relatively low for surface waters over western Cabot 

Strait and the part of southern GSL adjacent to it, over 

the inner shelf of the ESS and CSS, and outer shelf of the 

western Scotian Shelf (WSS), and along the shelf break 

and its adjacent waters of the Scotian Shelf. The regions 

with low retention are associated with relatively strong 

and persistent surface currents. 

The upstream (source) and downstream (sink) areas 

for surface waters over (a) St. Anns Bank, (b) Deep 

Panuke offshore oil and gas platforms and (c) the outer 

BoF were also calculated from simulated movements of 

near-surface v-particles. The main upstream area for 

surface waters over St. Anns Bank is a narrow corridor to 

the northeastward of the Bank, which covers offshore 

surface waters centered around the 200-m water depth 

over western Cabot Strait and adjacent southern GSL. 

The downstream area for surface waters over St. Anns 

Bank covers mainly surface waters over the inner shelf of 

the ESS. For the Deep Panuke offshore oil and gas 

platforms, the upstream area is a narrow strip over the 

shelf break of the ESS, and the downstream area is the 

relatively broad strip of surface waters over the shelf 

break and adjacent deep ocean waters off the central 

Scotian Shelf. By comparison, the upstream area for the 

outer BoF is very small and limited mostly to surface 

waters over the inner Bay of Fundy and the Saint John 

River. The downstream area for the outer BoF includes 

coastal waters outside the BoF and off western Nova Scotia 

and also some surface waters over the inner BoF. It 

should be noted that the simulated movements of v-particles, 

retention indices, and upstream and downstream areas 

have significant seasonal variability. More studies are 

needed to examine the interannual and decadal variabilities 

of circulation, retention and hydrodynamic connectivity 

of surface and sub-surface waters over the Scotian Shelf 

and adjacent waters.  
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