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CHAPTER 5

ESTIMATION OF FLUSHING TIME,

DISPERSION AND RETENTION IN

HALIFAX HARBOUR

Pollution control and sustainable development of Halifax Harbour require reliable infor-

mation about how material is transported and dispersed within the Harbour and how the

Harbour is flushed through water exchange with the open ocean. From the biological and

chemical point of view, flushing time, dispersion and retention are important factors in

determining levels of contamination and concentrations of nutrients in Halifax Harbour

(Platt et al., 1972). The time-dependent, 3D currents produced by the NCOPS-HFX are

used to quantify flushing time, dispersion and retention in the Harbour. Both passive

tracers and passive particles, which are carried by model-calculated currents, are used in

this chapter. Passive tracer experiments correspond to the Eulerian approach, while passive

particle tracking experiments correspond to the Lagrangian approach. In the passive

tracer experiments, concentrations are calculated in the model using the tracer equation

in the same manner as for model temperature and salinity fields. In the particle tracking

experiments, the trajectories are tracked from the modelled velocity fields. Normally,

tracer experiments are online calculations and particle tracking experiments are offline

calculations.
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5.1 Passive Tracers

The governing equation and model calculations for concentrations of passive tracers are

the same as those for temperature and salinity (active tracers), except that concentrations

of passive tracers do not affect the model density and flow fields and therefore have no

effect on the flow dynamics. It should be noted that the CANDIE model uses fourth-order

numerics and a flux limiter to discretize the nonlinear advection terms, which are very

useful in simulating (passive and active) tracer concentrations (Sheng et al., 1998).

Five different passive tracers are initialized over five different subareas of Halifax

Harbour: (1) the entire Bedford Basin (tracer 1), (2) the upper layer of 20 m in Bedford

Basin (tracer 2), (3) the Narrows (tracer 3), (4) the Inner Harbour (tracer 4) and (5) the

Outer Harbour (tracer 5). The initial concentration of each tracer is set to one within

the specific subarea and zero outside the given subarea. Figure 5.1a shows the initial

distribution of concentrations for tracer 1 along the transect from the head of Sackville

River to the open sea. In order to examine seasonal variations of tracer concentrations and

flushing time over the specific subareas defined above, concentrations of the five tracers

are reinitialized respectively on the first day in January, April, July and October in 2006

and evolved using the nested-grid modelling system.

Figures 5.1 and 5.2 present concentration distributions of tracer 1 and tracer 2 along the

transect at days 0, 10, 20 and 30 after their release on January 1, 2006 in the entire and

upper Bedford Basin, respectively. Figure 5.1b and c show a very thin layer near the sea

surface with relative high concentrations of tracer 1 spreading seaward in the Narrows. In

Bedford Basin, a sub-surface layer around a depth of 5 m with relatively low concentrations

of tracer 1 forms from the Narrows to the head of Bedford Basin (Figure 5.1b and c). After

30 days, the concentrations of tracer 1 in the lower layer of Bedford Basin (Figure 5.1d)

remain nearly unity. The tracer dispersion in the upper Bedford Basin is relatively fast and

affected by the tidal currents and wind-induced mixing; the tracer dispersion in the lower

layer of Bedford Basin is relatively slow and affected mainly by diffusion. In comparison

with the evolution of concentrations of tracer 1, Figure 5.2 demonstrates concentrations of

tracer 2 is dispersed to the open sea via the Narrows and also diffused to the lower layer

of Bedford Basin. After 30 days, the concentrations of tracer 2 are reduced from unity to

about 0.3 in the upper Bedford Basin (Figure 5.2d).

The flushing time is one of important parameters in understanding and predicting
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the water quality level in coastal waters. We follow Sheng et al. (2009) and define the

local flushing time is the e-folding time for the temporal decay of the volume averaged

concentration (VAC) of each passive tracer. The VAC is defined as the volume integrated

concentration of passive tracer concentrations over a specific subarea normalized by the

total volume of the subarea. Figure 5.3a shows time series of the VACs during the 90

days period for tracer 1 over the entire Bedford Basin. The VACs of tracer 1 decrease

exponentially with time due to the transport and dispersion of the passive tracer from

Bedford Basin to the other areas. The four curves in Figure 5.3a represent four different

seasons in 2006. The VACs of tracer 1 decay faster in winter than in other three seasons

due mainly to the strong westerly or northwesterly winds in winter which enhance the

two-layer estuarine circulation and mixing in the upper water column. Figure 5.3a also

shows the high frequency variability of the VACs, with a typical period of about 12 hours,

which is due mainly to the tracer patch flowing in and out of Bedford Basin due to the

tides. The time series of VACs can be approximated by

C = Coe
− t
Te (5.1)

where C is the VAC at time t, Co is the initial value of the VAC and equal to 1, and Te is the

e-folding time. Based on the time series of VAC for the four seasons shown in Figure 5.3a,

the estimated e-folding flushing time for the entire Bedford Basin is about 90.6 days.

The time series of VACs for tracer 2 (the initial concentration of the tracer is set to 1 in the

upper 20 m of Bedford Basin) show a relatively faster decay (Figure 5.3b) in comparison

to tracer 1. The estimated e-folding time of the upper Bedford Basin is about 39.2 days,

which is shorter than the e-folding time to flush the whole basin. Figures 5.3c-e show the

temporal decay of VACs in the Narrows, Inner and Outer Harbour, with estimated e-folding

flushing times of about 1.1, 4.5 and 1.9 days, respectively. The estimated e-folding time for

the Narrows is the shortest among the five subareas due to strong dispersion and advection

of tracer concentrations associated with the intense, mainly tidal currents in the area.
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The entire Bedford Basin: tracer 1

Figure 5.1: Transect view of passive tracer concentrations in Bedford Basin on (a) January
1, (b) January 11, (c) January 21 and (d) January 31, 2006. The tracer concentration is set
to unity in the entire Bedford Basin on January 1, 2006. The model simulation is based on
the Case-CR setup.

The upper layer of 20 m in Bedford Basin: tracer 2

Figure 5.2: Same as Figure 5.1, except for tracer concentration is set to unity in the upper
Bedford Basin.
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Figure 5.3: Time series of volume averaged concentrations (VACs) of passive tracer
released in five different subareas of Halifax Harbour for the four seasons in 2006. The
dashed line is the fit of C = Coe

− t
Te to the seasonal model concentration.
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In the next tracer experiment, the tracer concentrations are set to unity near sewage

outfalls at each model time step; the initial concentration is zero everywhere in Halifax

Harbour on January 1, 2006. The 3D distributions of tracer concentrations in this experi-

ment can be used to identify which places in the Harbour will likely accumulate discharged

material. Figure 5.4 shows the distributions of near-surface tracer concentrations in Halifax

Harbour at the end of day 10, 100, 200 and 365 in 2006. The concentrations are charac-

terized by relative higher tracer concentrations in the Northwest Arm, Bedford Basin and

local areas near the sewage outfalls. At the end of year 2006, the tracer concentrations are

about 0.45, > 0.5, 0.2, and < 0.15 in Bedford Basin, the Northwest Arm, Narrows and

Inner Harbour, and Outer Harbour, respectively.
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Figure 5.4: Tracer concentrations at the top z-level (centred at 2 m) at the end of days 10,
100, 200 and 365 in 2006 which tracer concentrations at water discharge outfalls are set to
unity at each time step. The discharge locations are indicated by scaled arrows.
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5.2 Particle Tracking

The movements of particles carried passively by the model currents are calculated using:

−→x (t) = −→x (t0) +

∫ t

t0

−→u (−→x , t)dt+
−→
δ (5.2)

where−→x (t) and−→x (t0) are position vectors of a passive particle at time t and initial time t0,

respectively. Here −→u (−→x , t) is the 3D velocity vector of model currents, and
−→
δ is random

walk to account for particle movements associated with turbulence in the ocean which is

not captured by the model. We follow Taylor (1922) and express
−→
δ (δx, δy, δz) as

δx = ξx
√

2Kx∆t, δy = ξy
√

2Ky∆t, δz = ξz
√

2Kz∆t (5.3)

where ξx, ξy and ξz are uncorrelated Gaussian random variables, and Kx, Ky and Kz

are additional eddy diffusivities in the x, y and z directions, and ∆t (30 min) is the

time step used in the integration of Equation 5.2. In this study, the horizontal diffusivity

is homogeneous and isotropic (Kx = Ky =1.25 m2/s), and the vertical diffusivity is

104 smaller than the horizontal diffusivity (Kz =1.25×10−4 m2/s). The fourth-order

Runge-Kutta scheme (Press et al., 1993) is used to track trajectories of passive particles.

We first conduct a particle tracking experiment (TRACK-mean) using the 3D annual

mean (time-independent) flow field in 2006 calculated from model results produced by

submodel L5. The passive particles are released in the top z-level (centred at 2 m)

(Figure 5.5) and tracked for five days. The initial separation distance between adjacent

particles is 200 m. Figures 5.6–5.10 present spatial distributions of passive particles during

five days of tracking. Most particles released in the near-surface of Bedford Basin and

the Northwest Arm are retained within these areas with gradual seaward spreading due

mainly to weak near-surface currents over these areas (Figure 5.10a). In the Narrows,

Inner and Outer Harbour, only a small percentage particles remain in the near-surface

layer with most of particles scattering along the deep channel of the harbour, suggesting

most of particles in the near-surface layer move seaward (southeastward) and exit from

the open boundary of submodel L5. A large number of particles are transported from the

near-surface layer to the sub-surface layer (Figure 5.10b) indicating the model-calculated

vertical velocity component plays an important role in diffusing passive particles in the
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Harbour. In the sub-surface layer, the particles drift landward (northwestward) associated

with the landward currents.

To understand the effects of tides, wind, freshwater discharge on the movements of pas-

sive particles in Halifax Harbour, we also conduct particle tracking experiments (TRACK-

storm) on two stormy days: yearday 32 and yearday 49 of 2006 (see Figure 3.2). The initial

positions of passive particles are the same as in experiment TRACK-mean (Figure 5.5).

Particles are released in the top z-level at the beginning of each day and carried passively

by time-dependent 3D currents produced by submodel L5 of the nested-grid modelling

system. The major difference in wind forcing between these two days is that the wind

direction in Halifax Harbour (Figure 3.2) changes anti-clockwise on day 32, and clockwise

on day 49. This is because the storm track is on the eastern side of Halifax Harbour on day

32, and on the western side on day 49. It is also worth noting that tides in the Harbour are

in the flood phase at the beginning of day 32, and in the ebb phase at the beginning of day

49. Figures 5.11–5.14 present spatial distributions of particles in Halifax Harbour during

days 32 and 49 in 2006. For particles released at day 32, a large number of near-surface

particles gather along the western side of Halifax Harbour from the Sackville River to

the open sea (Figure 5.14a) due mainly to the strong storm-induced near-surface currents.

Some of particles are carried from the near-surface layer to the sub-surface layer with most

particles gathering along the coastlines in Halifax Harbour (Figure 5.14b). For particles

released at day 49, most of particles in the near-surface drift seaward (Figure 5.14c). The

near-surface particles in Bedford Basin converge along the southeastern part of the Basin

and move into the Narrows. A large number of near-surface particles drift along McNabs

Island and exit from the open boundary of submodel L5 (Figure 5.14c), due mainly to

the storm-induced near-surface currents. Figure 5.14d shows that some particles are also

transported from the near-surface layer to the sub-surface layer on day 49. The major

factors affecting the trajectories of particles are flood or ebb tide and the local wind forcing

in Halifax Harbour during storm events. Particle tracking results are sensitive to the release

time.
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Figure 5.5: Initial positions of particles released in the top z-level (centred at 2 m) in
Halifax Harbour. The initial separation distance between adjacent particles is 200 m.
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(a) (b)

Figure 5.6: Distribution of particles in (a) the near-surface layer (0 ∼ 5 m) and (b) the
sub-surface layer (≥ 5 m) one day after their initial release in the near-surface layer. The
time-independent 3D annual mean currents produced by submodel L5 are used.

(a) (b)

Figure 5.7: Same as Figure 5.6, except for two days after the initial release.
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(a) (b)

Figure 5.8: Same as Figure 5.6, except for three days after the initial release.

(a) (b)

Figure 5.9: Same as Figure 5.6, except for four days after the initial release.



101

(a) (b)

Figure 5.10: Same as Figure 5.6, except for five days after the initial release.
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(a) (b)

(c) (d)

Figure 5.11: Distribution of particles in (a,c) the near-surface layer (0 ∼ 5 m) and (b,d)
the sub-surface layer (≥ 5 m) 1.5 hours after their initial release in the near-surface layer
during two storm events (yeardays 32 and 49) in 2006. The time-dependent 3D currents
produced by submodel L5 are used.
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(a) (b)

(c) (d)

Figure 5.12: Same as Figure 5.11, except for 3.5 hours after the initial release.
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(a) (b)

(c) (d)

Figure 5.13: Same as Figure 5.11, except for 5.5 hours after the initial release.
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(a) (b)

(c) (d)

Figure 5.14: Same as Figure 5.11, except for 23.5 hours after the initial release.
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A connectivity matrix provides useful information of how each region hydrodynami-

cally is connected to each other (Thompson et al., 2002). To calculate the connectivity

matrix from trajectories of passive particles, Halifax Harbour is divided into five subareas

(Figure 2.3): Bedford Basin, the Narrows, Inner Harbour, Northwest Arm and Outer Har-

bour. The horizontal and vertical elements in the connectivity matrix shown in Figure 5.15

represent the sink and source region respectively in the TRACK-mean experiment. The

diagonal elements of the matrix from bottom-left to top-right represent percentages of

particles remaining in their original subarea during the experiment period. The horizontal

elements (Sh) with respect to each diagonal element (Sd) in the matrix represent the per-

centages of the particles in a given subarea (Sd) reaching to other subareas (Sh, sink), and

vertical elements (Sv) represent the percentages of the particles released in other subareas

(Sv, source) moving to a given subarea (Sd) during the experiment period. About 75%

and 85% of particles remain in Bedford Basin and the Northwest Arm, respectively in

experiment TRACK-mean. In this experiment nearly 90% of particles are flushed to the

open sea in the Outer Harbour. About 24%, 27% and 26% of particles travel from Bedford

Basin to the Narrows, from the Narrows to the Inner Harbour, and from the Inner Harbour

to the Outer Harbour, respectively, which indicates the model-calculated seaward currents

carry particles from Bedford Basin to the open sea. The connectivity matrices calculated

from the TRACK-storm experiments are shown in Figure 5.16. On day 32, nearly all the

particles still remain in Bedford Basin. More than 70% of particles initially over the Outer

Harbour are flushed to the open ocean. On day 49, nearly 30% of particles released from

Bedford Basin drift to other areas. More than 80% of the Outer Harbour’s particles are

flushed to the open ocean.
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Figure 5.15: Connectivity matrix over five subareas in Halifax Harbour (see Figure 2.3)
based on passive particles carried by model-calculated annual mean currents produced by
submodel L5 over 5 days.

(a) (b)

Figure 5.16: Connectivity matrices over five subareas in Halifax Harbour (see Figure 2.3)
calculated from particle tracking experiments of (a) yearday 32 and (b) yearday 49 in 2006.



CHAPTER 6

SUMMARY AND DISCUSSION

A nested-grid ocean circulation modelling system was used to simulate circulation, hy-

drography and associated variability in Halifax Harbour in 2006. The modelling system

was driven by tides, water discharges, atmospheric forcing, heat fluxes and initialized from

newly generated monthly mean temperature and salinity climatology for Halifax Harbour.

The nested-grid modelling system performance was validated against observations avail-

able to this study. The modelling system has reasonable skill in reconstructing sea surface

elevation, including tidal and non-tidal components, in the Harbour. The depth-averaged

M2 tidal currents produced by the model are similar to the WebTide datasets for the

Scotian Shelf (Dupont et al., 2005) and Halifax Harbour (Greenberg, 1999). The time-

mean currents profiles are in good agreement with some archived current meter records

for Halifax Harbour discussed by Petrie and Yeats (1990). The time-mean circulation

in the Harbour produced by the model is characterized by a typical two-layer estuarine

circulation with seaward flow in the upper layer and landward flow in the lower layer. The

modelling system also has skill in simulating temperature, salinity and associated seasonal

and synoptic variability in Halifax Harbour.

Numerical process studies were conducted using the nested-grid modelling system to

gain a better understanding of the hydrodynamic response of Halifax Harbour to tides, wind

and buoyancy forcing associated with freshwater runoff. Our model results demonstrate

that the freshwater discharge plays a very important role in maintaining a low salinity

plume in the upper layer in Bedford Basin. The local wind forcing plays a very important

role in affecting the movement and vertical structure of the low salinity front in Bedford

Basin and also modulating the tidal circulation in the Narrows. The remotely generated

coastal currents on the Scotian Shelf propagate into the Outer Harbour, carrying saline

108
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offshore water masses into the Harbour. Tidal currents are strong in the Narrows. The

dominant westerly or northwesterly winds in winter enhance the two-layer estuarine

circulation. The dominant southwesterly winds in summer are a major cause of coastal

upwelling outside Halifax Harbour.

Numerical passive tracer and particle tracking experiments were used to estimate the

flushing time, dispersion and retention in Halifax Harbour. Based on the passive tracer

experiments, we estimated the flushing time of the entire Bedford Basin to be about 90.6

days, 39.2 days in the upper Bedford Basin, and only about 1.1, 4.5 and 1.9 days in the

Narrows, Inner Harbour and Outer Harbour, respectively. We calculated the movements

of particles that are carried passively by the time-independent 3D annual mean currents

(TRACK-mean) and time-dependend 3D currents (TRACK-storm) produced by submodel

L5 of the NCOPS-HFX with an added random walk to approximate the sub-grid scale

dispersion. The TRACK-mean experiment shows that within five days, about 75% and

85% of particles remain in Bedford Basin and the Northwest Arm, respectively; nearly

90% of particles are flushed to the open sea in the Outer Harbour. The TRACK-storm

experiments demonstrate that particle movement and hydrodynamic connectivity in the

harbour vary significantly during different storm events.

The development of the nested-grid ocean circulation modelling system for Halifax

Harbour provides a framework for investigating a wide range of dynamic issues in the

harbour, some of which have been discussed here. The modelling system reproduces many

key features of sea surface elevations, currents and hydrography in Halifax Harbour. For

the numerical study of sewage pollution and spring bloom in this region, more advanced

numerical models, such as fully coupled physical-water quality and physical-biological

models, are needed.

Over the next 100 years, climate change may have a significant impact on the oceano-

graphic conditions in Halifax Harbour. For example, the North Atlantic Oscillation (NAO)

is one of the most important manifestations of climate fluctuation in the North Atlantic.

Both the positive and negative phases of the NAO are associated with changes in the inten-

sity and location of the North Atlantic jet stream and storm tracks. Li and Harrison (2008)

show that an atmospheric climate signal could propagate to phytoplankton in Bedford

Basin.

A study presented to Halifax regional councillors on February 9, 2010 suggests that
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local sea level could rise by 73 cm between 2000 and 2100 in Halifax Harbour (http:

//www.thecoast.ca/general/pdfs/SeaLevelRise.pdf). The direct impact of sea level rise

is that low-lying areas in the study region might be flooded in the future. The global

change of atmospheric circulations could modify the wind forcing in the Harbour. An

intensified westerly or northwesterly wind in winter over Halifax Harbour could enhance

the two-layer estuarine circulation in the Harbour, which could also increase the exchange

of the Harbour water with offshore water. Stronger wind fields in summer might lead to

enhanced upwelling or downwelling along the south coast of Nova Scotia, affecting the

hydrography in the Harbour. Changes of the atmospheric circulation might also change

the frequency and intensity of storms passing the study regions. The surge associated

with storms and hurricanes could cause significant damage to low-lying areas in the study

region. Atmospheric circulation changes could also influence precipitation over Halifax

Harbour that could affect the strength and position of the freshwater front in Bedford

Basin. An increase in precipitation should lead to more storm water and sewage directly

discharged into the Harbour, due to limited capacity of sewage treatment plants. The

increase of the discharge of the St. Lawrence River in the Gulf of St. Lawrence could

also decrease the salinity of the Nova Scotia Current which might reduce the impact of the

intrusion of salty offshore water into Halifax Harbour in some degree. The Nova Scotia

Current, the Labrador Current and the Gulf Stream all play an important role in affecting

circulation over the Scotian Shelf and slope regions. The change of the circulation and

hydrography on the Scotian Shelf could influence the circulation and hydrography in

Halifax Harbour. Finally, the sewage discharge could increase in the Harbour as further

developments associated with the increase of population and economic activities in the

Halifax area.

The nested-grid modelling system for Halifax Harbour is an useful tool to quantify the

impacts of climate change of external forcing on the oceanographic conditions in Halifax

Harbour under different scenarios. The model results could be used for decision making

under extreme events and further developments in the Harbour.

http://www.thecoast.ca/general/pdfs/SeaLevelRise.pdf
http://www.thecoast.ca/general/pdfs/SeaLevelRise.pdf
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