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ABSTRACT

The coastal and shelf waters (CSWs) support a wide range of human activities including
tourism, recreation, transportation, and fisheries. Reliable knowledge of dynamics and
temperature/salinity over the CSWs are of great importance to both human socio-
economic concerns and the marine environment. In this thesis, three numerical modelling
systems with different complexity are used to investigate the marine environmental
conditions and important physical processes affecting their variability over the CSWs.
Firstly, a Lagrangian particle tracking model is used to study retention and hydrodynamic
connectivity of surface waters over the Scotian Shelf and its adjacent waters. The three-
dimensional (3D) currents produced by the Princeton Ocean Model (POM) are used. The
calculated near-surface retention is relatively low over western Cabot Strait, the inner
Scotian Shelf, and the shelf break. The retention is relatively high in Northumberland
Strait. Secondly, a four-level nested-grid coupled circulation-ice modelling system based
on the Regional Ocean Modelling System (ROMS) and the Sea Ice Model (CICE) is used
to investigate the 3D circulation and temperature/salinity in Halifax Harbour (HH), and
landward intrusion of offshore sub-surface waters into Bedford Basin. Model results
demonstrate that the persistent northwesterly winds are the most effective in triggering
the intense landward intrusion than winds from other directions. Model results are also
used in quantifying the cumulative effects of winds and tides on the time-mean currents
and temperature/salinity in HH. Thirdly, a shelf circulation modelling system based on
ROMS is used to examine the hydrodynamic responses of the northern South China Sea
to Typhoon Linfa. Analysis of model results demonstrates the importance of storm-
induced upwelling and vertical mixing in different stages of the typhoon, depending on
the translational speeds, wind intensity and structure of the storm, and vertical
stratification. Furthermore, the peak frequency of the storm-induced near-inertial

oscillations (NIOs) is modified by the background large-scale circulation.
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CHAPTER 1

INTRODUCTION
1.1 Background

The coastal and shelf waters (CSWs) extend from the coastline (including bays and
estuaries) to the edge of the abyssal plain of the adjoining basin, and encompass both the
continental shelf and the slope (Kantha and Clayson, 2000). As an important link
between the land and deep ocean and also between the atmosphere and sea, the CSWs are
strongly influenced by winds, tides, buoyancy forcing (including the net heat and
freshwater fluxes at the sea surface and freshwater discharges from rivers or ice melt),
and indirectly by large-scale ocean circulations. Circulation and temperature/salinity over
the CSWs play an important role in local fisheries, aquaculture, offshore hydrocarbon
production, shipping and transportation, marine recreation and tourism. Reliable
knowledge of oceanographic processes over the CSWs is important to many social and

economic activities.
1.1.1 Main Driving Forcings over Coastal and Shelf Waters

Winds (and to a lesser extent, the atmospheric pressure fluctuations) play a very
important role in the three-dimensional (3D) ocean circulation and temperature/salinity
over the CSWs (Loder et al., 1988; Urrego-Blanco and Sheng, 2014a). Over these
regions, winds have synoptic, seasonal and decadal timescales from hours to months (i.e.,
breeze, monsoon) and have spatial scales from tens of meters to thousands of kilometers.
Therefore, there is a variety of wind-induced oceanic processes operating on the CSWs.
Based on the classical Ekman theory (Ekman, 1905), the steady winds induce significant
wind-driven currents in the surface Ekman layer. Due to the Earth’s rotation (i.e. Coriolis
effect), the surface waters flow in a direction about 45° to the right of the wind direction
on the Northern Hemisphere (NH). Below the sea surface, the Ekman current runs in
directions slightly to the right of the current at the layer above it (Ekman, 1905). The net
transport of the Ekman current in the surface Ekman layer (known as “the Ekman
transport’) deflects 90° to the right of the wind direction in the NH. For the steady winds
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blowing alongshore with the coast on the left side of the wind direction in the NH, the
upper layer Ekman transport is in the offshore direction. The surface waters near the
coast are replaced by the cool and nutrient-rich waters from the below (Ekman, 1905;
Shan and Sheng, 2022). This process is known as the “wind-driven coastal upwelling”,
which is one of important oceanographic processes affecting many fisheries and marine
ecosystems over the CSWs. Wind-driven coastal upwelling also transports nutrient and
material (pollutants, fresh water) from the coastal waters to the deep sea (Kantha and
Clayson, 2000). The reverse process known as the “wind-driven coastal downwelling”
occurs for the steady winds blowing in parallel to the shore with the coast on the right in
the NH. When the downwelling occurs over the CSWs, the light surface waters sink to
deep layers. This process leads to vertical convection, which substantially increases the
mixing and decreases the stratification (Havik and Vage, 2018). Due to their importance,
wind-driven dynamic processes over the Eastern Canadian Shelf (ECS) were extensively
studied. For example, Yang and Sheng (2008) demonstrated local winds strongly affected
3D circulation and caused upwelling/downwelling in Lunenburg Bay. Zhai et al. (2008)
further revealed that the wind-driven dynamics played a dominant role in affecting the
spatial and temporal variability of temperature and salinity in Lunenburg Bay. One of the
important scientific questions to be addressed in this thesis is the quantitative roles of the
local winds and their seasonal variability on the 3D circulation and hydrographic

conditions over different areas of the CSWs.

The CSWs such as the ECS and the northern South China Sea (nSCS) are also affected
by winter storms and tropical cyclones or hurricanes (typhoons). Strong winds during
extreme weather events can generate large variations in the surface elevation (i.e., storm
surge) over the CSWs, which can cause extensive property losses, erosion of beaches,
damage to coastal habitats, and undermine foundations of marine infrastructure. The
storm surges generated by winter storms and tropical cyclones have different variability
in spatial and temporal scales. Tropical storms typically generate intensive but localized
surges extending over a few tens of kilometers around its storm center (Needham et al.,
2015). Tropical cyclones usually move relatively fast and hence their effects on the

surface elevations are localized. In comparison, winter storms usually generate less



intensive but widespread storm surges over hundreds of kilometers over the regions

affected directly by strong winds (Provan et al., 2022).

The 3D circulation and temperature/salinity affected by tropical cyclones and winter
storms over the ECS were also studied in the past. Sheng et al. (2006) investigated the
upper ocean responses to Hurricane Juan in September 2003 over the Scotian Shelf (ScS)
and the adjacent slope waters. Their results showed that the intense storm-induced
currents and the storm-induced vertical mixing played a dominant role in SST cooling
over the ScS. Wang and Sheng (2016) also studied the ocean responses to three extreme
weather events and showed that the SST cooling during these events were biased to the
right of the storm tracks and strong near-inertial currents occurred over the areas behind

the storm.

The 3D circulation and temperature/salinity over the CSWs are also affected by tides (Wu
et al., 2011; Wang et al., 2022). Tidal currents and elevations are significantly large over
several areas of the ECS, such as the Bay of Fundy (BoF). Many man-made
infrastructures, such as offshore oil/gas platforms and nearshore aquaculture facilities
require good knowledge on tidal currents and tidal elevations. Previous studies showed
that tides significantly affect the general mean currents over some shallow areas in the
ScS (Yang and Sheng, 2008; Ohashi et al., 2009a). Furthermore, tidal currents also
induce shoreward non-tidal currents and associated coastal upwelling over the CSWs
(Chegini et al., 2018). Tidal currents also affect the water transport, which is important
for the movement of pollutants over the CSWs (e.g., Cai et al., 2014; Feng et al., 2008;
Lin et al., 2015). Shan (2010) demonstrated that strong tidal currents significantly affect
the general mean circulation and hydrographic conditions in fjords like Halifax Harbour.
Feng et al. (2022) showed that the tides have a clear influence on seasonal circulation and

hydrographic variability over the CSWS in the ScS.

Buoyancy forcing is defined as the upward forcing exerted on the water parcel associated
with the density gradients in the ocean (Wirth and Negretti, 2022). The density gradients
over the CSWs are affected by the net heat fluxes and freshwater fluxes at the sea surface

and freshwater discharges from rivers or ice melt. The ocean currents driven by density



gradients of seawater are known as the buoyancy-driven current (7Treguier et al., 2012).
The buoyancy-driven coastal currents over the ECS and nSCS generally occur over the
CSWs with large freshwater discharges (e.g., river, estuaries, and fjords). Due to the large
freshwater discharges from rivers and the Earth’s rotation (i.e. the Coriolis term), the
coastal currents (or estuarine plumes) are generated over the mouth of the river and
adjacent coastal waters. Due to the Coriolis term, the coastal currents veer cyclonically in
the NH and propagate along the coast with the coastline on the right hand side of the
currents (Pritchard, 1952; Griffiths and Linden, 1981). Previous studies suggested that the
buoyancy forcing is one of the main driving mechanisms for the coastal currents over
many areas of CSWs, including the western Gulf of St. Lawrence (GSL), the Gulf of
Maine (GoM), ScS, and Norwegian Shelf (Mork, 1981; Munchow and Garvine, 1993;
Fong and Geyer, 2001; Sheng, 2001; Yankovsky et al., 2001).

1.1.2 Observations

Sustained and systematic oceanographic observations are key for understanding and
quantifying the 3D and time-variable circulations and temperature/salinity over the
CSWs. Observations have been extensively used for supporting the decision making,
providing important information for the coastal zone management, and improving our

understanding of the physical and biological processes over the CSWs.

Sea level is one of the important oceanographic variables to be observed. Sea level
measurements made by tide gauges have widely been used in studying the tides and sea
level fluctuations over the CSWs. In-situ measurements of water temperature and salinity
by the conductivity, temperature and depth (CTD) probe have a long history in the
oceanographic observations. A CTD is typically deployed from a ship to measure both
the temperature and salinity vertical profiles simultaneously (Paradis and Wood, 2013).
Other sensors can be added to the conventional CTD to measure different oceanographic
variables such as the fluorescence, dissolved oxygen concentration, and nitrate
concentration. The ocean currents can be measured by the Acoustic Doppler Current

Profiler (ADCP), high-frequency radar and other advanced sensors.



Remote sensing (typically from satellite) is another widely used observational technique
in oceanography (Robinson, 1985; Blondeau-Patissier et al., 2014). Satellite remote
sensing allows for collections of oceanographic variables over large surface areas during
a short duration, and having observations over regions not adequately sampled by in-
situ observations (Robinson, 1985; Dever et al., 2016). Recent developments in remote
sensing allow us to have high-resolution, reliable and accurate surface data over the
CSWs (Lacava and Ciancia, 2020). The most routinely available near real-time and
archival products inferred from the satellite remote sensing data include the sea surface
temperature (SST), sea surface salinity (SSS), sea surface winds, chlorophyll, optical

clarity and other variables.

In this thesis, various ocean observations are used to study the oceanic processes and also

to validate the performance of our numerical models.
1.1.3 Ocean circulation Models

Due to the limitation in the spatial and temporal coverage of the in-situ observations and
satellite remote sensing data, numerical models have become a very important tool in
oceanographic research. Most ocean circulation models are based on the Reynolds-
averaged Navier-Stokes equations and continuity equation with several major
approximations justified by scaling analysis. Different ocean circulation models have
different advantages in the treatments of the local topography, vertical coordinates, and

the space/time discretization of the equations.

Three vertical coordinates are applied in the widely-used ocean circulation models: the z-
coordinate (geopotential levels), o-coordinate (topography-following layers), and p-
coordinate (isopycnal layers) (Ezer and Mellor, 2004). The z-coordinate is the simplest
vertical coordinate, which is set to be a monotonic function of depth. The z-coordinate
usually represents the vertical distance from ocean surface at z=0 to the ocean
topography at z=-H(x, y), with the upward positive direction. Here, H(x, y) is the local
water depth. The first well-known z-coordinate model is the Modular Ocean Model
(MOM), which was initially developed in the 1960's-1980's by Bryan (1969a). DieCAST
(Dietrich/Center for Air—Sea Technology; Dietrich et al., 1987) also uses the z-



coordinate, which was applied to study the wind-driven circulation in Lake Neuchatel,
Switzerland (Zuur and Dietrich, 1990) and the Loop Current and associated eddies in the
Gulf of Mexico (Dietrich and Lin, 1994). CANDIE (Canadian Version of Diecast), which
was developed based on DieCAST (Sheng et al., 1998), was used to study the 3D
circulation and temperature/salinity of Lake Huron, Georgian Bay, and other areas of
CSWs (Sheng and Rao, 2006). The z-coordinate models are easy to implement. One of
the major drawbacks of the conventional z-coordinate models, however, is the crude
representation of topography in the model, which may lead to large truncation errors over
steep topography (Sheng et al., 1998). The other drawback is the poor representation of

currents in the bottom boundary layers of the CSWs.

. . . . . VA
The o-coordinate used in the ocean circulation model is usually defined as o = H_+717;’

where z is the Cartesian vertical coordinate, with z = 0 for the equilibrium position of the
sea surface (Ezer and Mellor, 2004). Here, n(x, v, t) is the displacement of the sea surface
from its equilibrium position (z = (). This vertical coordinate system follows the ocean
bottom and therefore better resolves the hydrodynamics in the bottom boundary layer.
Therefore, the o-coordinate models have been widely used in the CSWs where the top
and bottom boundary layers are thought to be important (Haidvogel et al., 2008). The
Princeton Ocean Model (POM, Blumberg and Mellor, 1987) is one of the first-generation
o-coordinate models and was extensively used in the past. Blumberg and Goodrich (1990)
used POM to study the wind-induced destratification in Chesapeake Bay. The Regional
Ocean Modeling System (ROMS, Shchepetkin and McWilliams, 2005; Haidvogel et al.,
2008) also uses the o-coordinate, which has widely been used for simulating the 3D
currents over the CSWs (e.g. Fennel et al., 2006; Gruber et al., 2006; Lachkar and
Gruber, 2013; Brennan et al., 2016; Turi et al., 2014; Frischknecht et al., 2015,
Rutherford and Fennel, 2018). ROMS has a highly flexible modular design, which allows
it to be readily modified for use in a number of applications including the model

simulations of sediment transport, biology, waves, and sea ice.

The p-coordinate uses the potential density referenced to a given pressure in the vertical
coordinate. The p-coordinate ocean circulation models divide the water column into

distinct homogeneous layers, of which thicknesses vary from place to place and from one
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time step to the next (Fox-Kemper et al., 2019). By using the p-coordinate, ocean
circulation models have the ability to efficiently resolve baroclinic structure with
relatively few vertical coordinates (Halliwell, 1988). As one of the p-coordinate models,
Miami Isopycnic-Coordinate Ocean Model (MICOM) has been widely used in many
different studies (e.g. Chassignet et al., 1996; Bleck, 2002; Paiva et al., 2000). The
HYbrid Coordinate Ocean Model (HY COM) uses the hybrid layer structures that evolved
from the MICOM (Halliwell et al., 1998). Kara et al. (2008) used multiple statistical
metrics to evaluate the performance of the HYCOM and demonstrated that the reanalysis
has the ability to reproduce the past SST events in climatological and interannual
simulations. Based on the global HYCOM simulation, Metzger et al. (2010) reported

high correlations between the simulated and observed Indonesian Throughflow.

In this thesis, three numerical ocean circulation models with the different levels of
complexity are used to study the dynamics and temperature/salinity over three different

areas of the CSWs. They are:

* A nested-grid ocean circulation modelling system (DalCoast) for the GSL-ScS-
GOM region based on POM. The 3D currents produced by the DalCoast are used
to drive a Lagrangian particle tracking model. The simulated particle movements
are used to examine the circulation and retention of surface waters over the ScS

and its adjacent coastal waters.

* A nested-grid coupled circulation-ice modelling system for the southeastern
Canadian Shelf (NGMS-seCS) based on ROMS. The NGMS-seCS is used to
study the 3D circulation and hydrography in Halifax Harbour (HH) and physical
processes affecting landward intrusion of offshore sub-surface waters into

Bedford Basin (BB).

* A circulation modelling system for the nSCS (ROMS-nSCS) based on ROMS.
The ROMS-nSCS is used to study the storm-induced changes in the 3D

circulation and temperature/salinity during a typhoon event over the nSCS.



There are two major reasons for using three different circulation model systems in my
thesis. Firstly, it usually takes a long time to develop and validate a modelling system.
Therefore an incremental approach has been taken in my doctorial research by using
different but fully developed and calibrated modelling systems in each of Chapters 2-4.

Secondly, different modelling systems are used to address specific research questions.

These three numerical ocean circulation models run on the high-performance computing
platform provided by the “Digital Research Alliance Compute Canada (DRAC)”. DRAC
is a national organization supported by universities, research organizations, and industry
partners (https://alliancecan.ca/en). The high-performance computing platform uses use
the latest high-performance computing technology, including powerful CPUs, fast
interconnects, and large-scale storage, to enable researchers to conduct complex
calculations and numerical simulations. In my research, 64-core MPI parallel computing

was utilized to accelerate the computing of the numerical ocean circulation models.
1.2 Objectives of the Thesis

The overall objective of my doctoral research is to improve our understanding of main
processes affecting the 3D circulations and temperature/salinity over the CSWs, with a
special focus on the ECS and nSCS. Extensive studies were made in the past on the 3D
ocean currents, temperature/salinity and associated variability over the CSWs. Many
important scientific questions, however, remain to be addressed. For example, how do
winds and tides affect the hydrodynamic connectivity over the ECS? What are the main
processes affecting the landward intrusion of offshore deep waters into BB? What are the
physical processes affecting the 3D circulations and temperature/salinity over the nSCS
during extreme weather events? My doctoral research focuses on the following three
research initiatives. The first initiative is to investigate the 3D circulation, particle
movements, retention and connectivity over the ScS and adjacent waters. The second
initiative is to study the 3D circulations and physical processes of landward intrusion of
offshore deep waters into Bedford Basin. The third initiative is to investigate the storm-
induced circulations and temperature/salinity variabilities over the nSCS during extreme

weather events.



1.3 Outline of the Thesis
The structure of this thesis is as follows.

In Chapter 2, the 3D circulation, particle movements, retention and connectivity over the
ScS and the adjacent deep ocean waters are studied using a Lagrangian particle tracking
model based on the simulated currents provided by the DalCoast. The effects of local
winds and tides on the retention are investigated. The research results of Chapter 2 are

documented in Sui et al. (2017).

In Chapter 3, the 3D circulation and temperature/salinity in HH are studied using the
NGMS-seCS. This is motivated by our finding in Chapter 2 that the 3D circulation and
temperature/salinity are strongly affected by winds, tides, topography and other physical
proceses over the ScS. The NGMS-seCS is also used in examining the role of persistent
winds from four specific directions (i.e., northwesterly, southwesterly, southeasterly and
northeasterly winds) in generating the intense landward intrusion of offshore sub-surface
waters into BB. The accumulative effects of winds and tides on the 3D time-mean
circulation and hydrography in HH are also quantified based on model results. The

research results in this Chapter will be used in a manuscript to be submitted shortly.

In Chapter 4, the storm-induced 3D circulation and temperature/salinity over the nSCS
during Typhoon Linfa in June 2009 are examined using ROMS-nSCS. This study is
based on the important scientific question not fully addressed in Chapters 2 and 3 which
is the ocean response to extreme weather events. The research results of Chapter 4 are

documented in Sui et al., (2022).

An overall summary and discussions of future work are given in Chapter 5.



CHAPTER 2

CIRULATION, RETENTION AND HYDRODYNAMIC
CONNECTIVITY OVER THE SCOTIAN SHELF AND

ADJACENT WATERS

2.1 Introduction

The 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 commercial fishing grounds over the Grand Banks, Gulf of St. Lawrence (GSL),

Scotian Shelf (ScS) 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 (Lechner et al, 2016).

Significant efforts have been made in the past to determine the general circulation and
associated seasonal and interannual variability over the ECS (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, the Labrador Current
(Loder et al., 1998). The general circulation and temperature/salinity over the ECS,
particularly over the outer shelf and slope regions of the ScS and GoM, 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.
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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 discharges (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) examined the 3D circulation and particle movement over Sable
Gully of the Scotian Shelf. Rutherford and Fennel (2018) calculated the retention times,
transport pathways, and transit times over the northwestern Atlantic Ocean using a high-
resolution circulation model. The main objective of this study is to examine the retention
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 Maine using a Lagrangian particle tracking model with simulated 3D ocean

currents.

The structure of this chapter is as follows. Section 2.2 discusses the nested-grid coastal
circulation modelling system and the Lagrangian particle tracking model. Section 2.3
discusses the performance of the circulation modelling system and the particle tracking
model using three types of oceanographic observations. Section 2.4 discusses the
calculated retention of passive particles over the Scotian Shelf and adjacent waters. This
section also examines the main physical processes affecting the surface retention. The last

section 2.5 presents the summary and conclusions.
2.2 Nested Grid Ocean Circulation Modelling System
2.2.1 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, o-coordinate,

primitive-equation ocean circulation model. Different versions of DalCoast were
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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 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)
(Fig. 2.1a). The inner model domain covers the GSL, the ScS, the GoM, and adjacent
deep waters (71.5°W-56°W and 38.5°N-52°N) (Fig. 2.1b). 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 o (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 atmospheric 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 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 (M,, S,, N,, K,, K;, 04, P;, and 0;), 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
produced by the outer model are added to the open boundary conditions of the inner

model (one-way nesting).

The surface heat flux for the inner model is calculated based on the model-calculated sea
surface temperature in combination with three-hourly NARR fields of wind speed, air
pressure, air temperature, cloud cover, downward shortwave radiation flux, and
precipitation (Mellor, 2004). The subgrid scale horizontal mixing is calculated using the

velocity shear and grid size dependent scheme of Smagorinsky (1963). The vertical
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mixing is parameterized using the Mellor and Yamada (1982) level-2.5 turbulent closure
scheme. Temperature and salinity fields of inner model are initialized by a gridded (1/6°
by 1/6 °) monthly mean climatology generated by Geshelin et al. (1999). To reduce model
bias and drift from the seasonal cycle of temperature/salinity in the model, the spectral
nudging technique (Thompson et al., 2007) and the semi-prognostic method (Sheng et al.,
2001) with the same climatology of Geshelin et al. (1999) are applied in the inner model
of DalCoast. More details on the semi-prognostic method and spectral nudging method

are given in Appendices A and B.

51°N

48°W

69°W 63°W 57°W

Figure 2.1: 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 (ScS), 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.
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The nested-grid circulation modelling system is initialized from a state of rest with the
model initial temperature/salinity 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 after September 2007 are used for model

validation and analysis.
2.2.2 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:

R0t = ¢+ [, Ode + 8 @.1)

t+At

where X and Xt are position vectors of a passive particle at time t + At and previous

time ¢ respectively, U(X,t) is the velocity vector of model currents, and 8 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
5 (6x,8y,62) in the x, y, and z directions can be expressed as (Taylor, 1922): 8x =
fm, 0y = &/ 2K, At, 6z = fm. Here, ¢ is a Gaussian random number in the
range of [-1, 1], Kj and K, are the horizontal and vertical eddy diffusivity coefficients,
and At is the time step (which is one hour in this study) used for time integration in Eq
(2.1). Eddy diffusivity coefficients (K} and K,) can vary in space and time. Past studies
using drifters and numerical particle-tracking experiments (7seng, 2002; Thompson et al.,
2002) suggested that the horizontal and vertical eddy diffusive coefficients in the coastal

ocean vary from 107 to 10 m? s™* and from 10™* to 1072 m? s~ 1, respectively. In this
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study, the hourly inner model currents are used to drive this particle tracking scheme. We
follow Shan and Sheng (2012), set the horizontal diffusivity coefficient for the random
walk (Kj) to be 1.0 m? s™1, and set the vertical diffusivity (K,) to be 1073 m? s71 .
According to Shan and Sheng (2012), the effects of random walk with these diffusivity
coefficients are small on affecting the movements of the numerical particles in ocean,
which means that the advection is the dominant process to driver the numerical particles.
The fourth-order Runge-Kutta scheme (Carpenter et al., 2005) is used to track the

passive particles.
2.3 Model Validation

DalCoast has been validated extensively using various oceanographic observations in the
past (Thompson et al., 2007; Ohashi et al., 2009a,b; Ohashi and Sheng, 2013, 2015).
Previous studies show that DalCoast has good skill in simulating the vertical distribution
of temperature and salinity fields over the model domain. 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, (¢) 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. Locations of these four sites are shown in Fig. 2.1b. 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 (Fig. 2.1b, van der 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 van der
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) (Fig. 2.1b). In October 2008, four near-
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surface drifters were deployed at 5 m over western Cabot Strait (CS1) and eastern Cabot
Strait (CS2) respectively (Fig. 2.1b). 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 Ltd. 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 the 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 van der Baaren and Prinsenberg (2000 a,b; 2001; 2006).

To quantify the model performance, we use the y? index suggested by Thompson and

Sheng (1997):

2 _ Var(0-M)
T var(0) (2.2)

where Var represents the variance operator, and O and M denote the observed and model
simulated variables respectively. Physically, the y? index represents the ratio between the
variance of the model hindcast errors and the variance of the observations. The smaller
y? is, the better is the model performance. In this study, ¥ = 1 is chosen as a threshold

value to assess the model performance.
2.3.1 Surface Elevations

Figure 2.2 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
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shown in Fig. 2 is mostly associated with tidal elevations. The y? values are about 0.089
at Rimouski, 0.105 at North Sydney, 0.057 at Halifax, and 0.035 at Eastport (Fig. 2.2).
These small y? 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 y? 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 was conducted to estimate amplitudes and phases of four major
tidal constituents (M,, S,, K;, and O;) from time series of observed and simulated
surface elevations at the four sites for October 2007. As shown in Table 2.1, the M,
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 S,
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 K; constituent has relatively
small amplitudes of about 7-17 cm at all four sites. The O, constituent has also relatively

small amplitudes of about 5.1-10.6 cm at all four sites.
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Figure 2.2: 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 Fig. 1b. The simulated sea surface elevations are produced by the inner
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model of DalCoast. Table 2.1: 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 (deg)
Station Observed Modeled aH Observed Modeled 2@
M;
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
S,
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
K;
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 -15.8
Eastport 10.74 8.08 2.65 195.82 188.61 -12.79
O,

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 30645  22.87

Table 2.1 also demonstrates that the inner model of DalCoast reproduces reasonably well
the observed amplitudes and phases of M, 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° and 6.4° in phase at the four sites. For S,, the model errors are about
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0.6-2.2 cm in amplitude and between -3° and 2.8° in phase. The absolute model errors in

amplitude and phase for these two major semidiurnal tidal constituents are small.

For K, the model errors are between -2.1 and 2.7 cm in amplitude and between -13° and
17° 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 (M, and S,), but relatively large and
about 6-30% for the two diurnal tides (K; and O,). Further studies are needed to examine
the main physical processes affecting the performance of DalCoast in simulating these

two diurnal tides.

We follow Pugh (2004) and quantify the type of tides at these four sites based on

estimations of tidal amplitudes in Table 2.1 using the form factor (F) defined as

Hpi+Hgq
Hpp+ Hsz

F= (2.3)

where Hyq, Hg1, Hop, and Hg, are respectively the amplitudes of diurnal tides K; and
O; and semi-diurnal tides M, and S, based on observed or simulated values listed in
Table 2.1. 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, (¢) mixed for F values of 1.5-3.0,
and (d) mainly diurnal for />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 (Fig. 2.2a,b). 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 (Fig. 2.2c,d). The tides at Eastport are

more purely semidiurnal than those at Halifax.
2.3.2 Sub-Surface Currents

Figure 2.3 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
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and an intense coastal jet known as the Gaspé Current are developed due to a large
amount of freshwater discharges from the St. Lawrence River (E/-Sabh, 1976; Tang,
1980; Sheng, 2001). The Gaspé Current spreads over the southwestern GSL and exits
through western Cabot Strait. After emanating from the western Cabot Strait, the low-
salinity waters flow onto the eastern Scotian Shelf (eScS) to form the Nova Scotia

Current (Petrie, 1987; Urrego-Blanco and Sheng, 2012).

The observed sub-surface currents shown in Figs. 2.3a,b and 3g,f 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-surface currents represent the southwestward Nova Scotia Current. The
observed sub-surface currents at site NS1 also have tidal currents 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 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 (Figs 2.3c-f and 2.3i-1)
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 Fig. 2.6 of Dever et al., 2016) in
the period 2011-2014. The sub-surface current observations shown in Fig. 2.3, 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 2.3 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 y? 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 y?
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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 the fact that the ocean currents are more sensitive to the small-scale features

of topography than sea surface elevations.
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Figure 2.3: 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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2.3.3 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 virtual particles (v-particles) uniformly over a circular area of 4.4
km? 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.

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 simulated v-particles are released
in an area surrounding the initial position of the real drifter. By calculating the CoM for a
group of v-particles, stochastic property of v-particles which induced by the random walk
component in particle tracking model is reduced significantly. 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 (van der 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

Uu(x, t) in Eq. (2.1) is replaced by
U, t) = (1 —a) xu,(%,t) + au,, (¥,t) (2.4)

where 1, (X, t) is the ocean velocity vector produced by the inner model, %, (¥,t) is the
wind velocity vector, and a is the wind transfer coefficient, which is dependent on 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.
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Figure 2.4 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 (cScS). 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 (Figs. 2.4a and
2.4b) 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 (Fig. 2.4c) moved approximately westward at 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 (Fig. 2.4d), moving northwestward, northeastward, then southeastward. The
observed movements of the four near-surface drifters shown in Fig. 2.4 are roughly
consistent with the general circulation over the ¢cScS indicated by the sub-surface current

measurements shown in Fig. 2.3.

The simulated (CoM) trajectories of v-particles with six different wind transfer
coefficients (o) ranging between 0 and 0.03 (colored dashed lines) are also shown in Fig.
2.4. The v-particles released over a small area close to NS1 (with 0<0.03) (Fig. 2.4a,b)
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 (Fig. 2.4c) have moderate alongshore movements in comparison with those
shown in Fig. 2.4a,b. The v-particles released at a small area close to NS3 stay close to
their release area (Fig. 2.4d), with much smaller net displacements in comparison with
those in Fig. 2.4a-c. Some noticeable differences occur in simulated trajectories for
different values of wind transfer coefficients (o), indicating the effects of surface winds

on the movements of v-particles.

Figure 2.5 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™ October to 20" 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 eSCS on the last day (Fig.
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2.5a,b). By comparison, the SLDMB drifters released at points close to CS2 moved
northeastward during the first day (Fig. 2.5c,d). 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. Fig. 2.5 also demonstrates that the v-
particles released in small areas close CS1 and C2 (with a < 0.05) have trajectories very

similar to the observed trajectories of SLDMB drifters.
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Figure 2.4: 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) NSI1, (c) NS2 and (d) NS3 along the Halifax Line over the central Scotian
Shelf. Circles mark positions at 24-hour intervals.

Based on time series of separation distances shown in Figs. 2.6a and 2.6¢, we calculate
the time mean separation distances averaged over 120 hours (mean error) and show them
in Figs. 2.6b and 2.6d as a function of a. The optimal value for the wind transfer

coefficient is a = 0.015 for type 1 SLDMB drifters and o = 0.030 for type 2 SLDMB
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drifters.
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Figure 2.5: 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) CSI, (c) CS2 and (d) CS2 over Cabot Strait. The circles mark positions at
24-hour intervals.

25



x 10° Drifter Type 1 x 10* Drifter Type 1

Mean error [m]
S
.

Separation distance (ar) [m]

.

¢ (b)

0.8

0 20 40 60 80 100 120 0 0.005 0.010 0.015 0.020 0.025 0.030
Time(hours) o
5X 10* Drifter Type 2 3 10* Drifter Type 2
0 L]
0.01 2.8
T4 002
= 0.03 26
3 _
e 24
5 g
g ©22
© c
c 2 @ *
S o 2
& = i
8 1.8
g1 . ?
1.6
(c) ! (d)
% 20 40 60 80 100 120 Y oor o002 005 o004 o005
Time(hours) o

Figure 2.6: (a, ¢) Time series of separation distances (4r) 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.

2.4 Retention and Hydrodynamic Connectivity

Simulated trajectories of v-particles carried passively by ocean currents produced by the
inner model of DalCoast (with « =0 ) are used to estimate the retention and
hydrodynamic connectivity over the Scotian Shelf and adjacent waters (including the

southwestern GSL, inner GoM and BoF).
2.4.1. Retention over the Eastern Canadian Shelf

To quantify retention of passive particles, we follow Cong et al. (1996) and introduce the
retention index for a giving duration. The study area is first divided into subareas of

equal size. The retention index is then defined as:

N(X,t)

R(x,t) = ETS)

(2.5)

where N (X, ty) is the number of v-particles released initially in a subarea of a given size

centered at X at initial time t,, and N (¥, t) is the number of v-particles remaining within
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the subarea at time ¢. Physically, the retention index represents the proportion of v-
particles released in a giving subarea at time t, remaining over the duration of (t — ¢,).
The value of retention index R(X,t) is between 0 and 1. A high value of R(¥,t)
corresponds to high retention of v-particles in the given subarea for the duration. In the
case of R(X,t) = 0, all the v-particles released at time t, are flushed out from the subarea
during the given duration. The subarea used in this study is set to a square box with a
horizontal dimension of 33 x 33 km?. 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?). 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 (Fig. 2.7).

The horizontal distributions of retention indices on day 5 (Rs) have similar large-scale
features (Fig. 2.7) in the four months, with relatively high retention indices (60-80 %)
over the BoF, inner GoM, central and eastern Scotian Shelf, 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 2.4.2).
The Rj5 distributions also have significant seasonal variabilities. Over the middle and
outer shelf regions of the eSCS and cScS, the Rs values are relatively high in February,
August and November and relatively low in May. Over the Magdalen Shallows,
the Rs values are relatively high in February, May and August and relatively low in
November. Over the inner GoM and BoF, the Rg values are relatively high in November

and relatively low in May and August.

The large-scale features of retention indices on day 10 ( Ry ) are similar to those on day
5, except that regions with high retention indices (60—80 %) on day 10 are significantly

reduced (Fig. 2.7). In particular, the R,y values are low (less than 30%) in these four
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months over western Cabot Strait, inner Scotian Shelf, outer shelf regions of the western
Scotian Shelf. Relatively large R, values (70%) occur over Northumberland Strait in the
four months, over the middle of the eSCS in August and September, and over coastal

waters off western Nova Scotia in February.

The retention indices on days 15 and 20 ( Ry5 and R, ) are generally low over the study
region, except for coastal waters around Northumberland Strait, some offshore areas of

the ScS, and coastal waters in the BoF (Fig. 2.7).
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Figure 2.7: 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. The white
contour line represents the water depth of 2000 m.
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2.4.2 Physical Processes Affecting Retention

As shown in the previous section, the horizontal distributions of retention calculated from
simulated trajectories of near-surface v-particles have significant temporal and spatial
variability. To quantify the main physical processes affecting the retention 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 2.2, which include tidal
forcing, wind forcing, atmospheric pressures, sea surface heat fluxes, river runoff and
open boundary forcing.

2. No Tides Run (NT): Same as the CR, except that the tidal forcing is excluded from
this experiment. Specifically, both the tidal currents and tidal elevations are set to zero

along the open boundaries of the inner model.

3. No Wind Run (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 ScS and adjacent waters. Let @cr, @nr, @nw be the model
results from the model run CR, NT and NW, respectively. The effects of the tidal forcing

can be estimated by

A@tigze = Pcr — PNt (2.6)
Similarly, the effects of the local wind forcing can be quantified approximately by
A@wina = Ocr — Pnw (2.7)

Figure 2.8 presents the effect of tidal forcing (A@;ize) 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
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months is that the tidal forcing reduces the retention indices in the BoF by about 40—
50 %. 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 2.9 presents the effect of local wind forcing (A¢@,,;nq) 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 eScS in February and May. But 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 eScS in November.

AP, 4o = Per — Pyr 20 days
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Figure 2.8: Distributions of retention indices due to the tidal forcing (A¢@;4.) on 20 days
over the Scotian shelf and adjacent waters in (a) February, (b) May, (c) August, and (d)
November 2007. The white contour line represents the water depth of 2000 m.
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Figure 2.9: Distributions of retention indices due to wind forcing (A@,,inqg) on 20 days
over the Scotian Shelf and adjacent waters in (a) February, (b) May, (c) August, and (d)
November 2007. The white contour line represents the water depth of 2000 m.

It should be noted that the wind forcing over the study region exhibits strong seasonal
variability (Fig. 2.10). 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 ScS 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 Fig. 2.9.

The local wind forcing enhances the surface currents over the Magdalen Shallows in all
four months (Fig. 2.10). In consequence, the transportation of the near-surface particles

from GSL to ScS is facilitated. In February, the eastward winds generate southeastward
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offshore currents along the south coastline of Nova Scotia (Fig. 2.10a-1). This offshore
current disperses the near-surface particles, which is consistent with the coastline
retention reduction (Fig. 2.9a). In August and November, the northeastward winds
decelerate the Nova Scotian current and even generate reverse flows along parts of the
coastline (Fig. 2.10 c-1, d-1), which is consistent with the coastline retention addition
(Fig. 2.9¢, d). In February, May, and August, the eastward winds generate onshore surface
current and enhance the retention indices along the western coastline of Nova Scotia. But
in November, the southward winds do not have significant effects along the same

location.
2.4.3 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.

The three areas selected for this study are (a) St. Anns Bank, (b) Deep Panuke offshore
oil and gas platforms, and (c) the outer Bay of Fundy (Fig. 2.11). 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
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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 2.4.1.

Control Run No Wind No Tides
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Figure 2.10: 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.
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It should be noted that the total number of v-particles over each subarea of the upstream
and downstream areas are time and space dependent. In general, the total number of v-

particles are higher over subareas closer to the initial v-particle release area.

The 20-day downstream (sink) area for the St. Anns Bank (DAg,p) consists of the main
part over the inner shelf of the eScS and a small part along the eastern flank of the eScS
(Fig. 2.11). The former is associated with the main pathway of the southwestward Nova
Scotia Current over the coastal waters of the eScS. 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 eScS. The pattern of DAg,p has large seasonal variabilities.
The main part of DAg,p over the inner shelf of the eScS extends most significantly
southwestward (alongshore) to reach coastal waters off Taylor Head in February (Fig.
2.11a) and spreads offshore most significantly to the middle of the eScS in November
(Fig. 2.11d). A small part of DAg,p reaches the shelf waters to the south of Misaine Bank
and Eastern Shoal in February and May (Fig. 2.11a,b) and reaches the shelf break waters

to the southern Banquereau Bank over the eScS in November.

The 20-day downstream area for the Deep Panuke offshore oil and gas platforms (DApp)
cover a narrow corridor to the west/southwest of the platform as a result of the
southwestward jet over the shelf break of the cScS. The narrow corridor is centered over
the shelf break of the ¢ScS 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. The horizontal dimension of
DApp is about 400 km by 100 km in February and 200 km by 200 km in other months. In
August, the DApp also has a narrow stripe extending northward from the platforms to the

inner shelf of the eScS.

The 20-day downstream area for the outer Bay of Fundy (DAp,r) covers over the coastal
waters outside the BoF and off the western Nova Scotia in the four months (Fig. 2.11). In
May, August and November, DAg,r also includes the surface waters over the inner BoF.
It should be noted that Dy, is significantly smaller than DAg,z and DApp. The reason is

the general mean currents in BoF is relatively weaker than the counterparts over the
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eastern flank of the eScS and the shelf break of the cScS, even though the tides are strong
in BoF.
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Figure 2.11: Downstream (sink) areas for St. Anns Bank (red), the Deep Panuke Offshore
Platforms (blue), and 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, (¢) August,
and (d) November 2007. The 200-m water depth contours are shown as black lines.

Figure 2.12 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 (UAg,p) 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 eScS. The upstream area UAg,p extends
significantly northward to the central GSL in February and November in comparison with
those in May and August (Fig. 2.12b,c¢). The upstream area UAg,p 1s largest in November
(Fig. 2.12d) 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 (Fig. 2.12a,d), associated with a cross-channel flow from the western
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Grand Banks to the eScS in these two months.

The 20-day upstream area for the Deep Panuke offshore oil and gas platforms (UApp) 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 (Fig. 2.12). The pattern of UApp is consistent with the

southwestward jet over the shelf break of the eScS.

The 20-day upstream area for the outer Bay of Fundy (UAg,r) includes surface waters
over the inner BoF and the Saint John River, with some surface waters outside the BoF
(Fig. 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.
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Figure 2.12: 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.
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2.5 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 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, temperature and
salinity over the study region. Hourly inner model currents 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. 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 (eScS and c¢ScS), 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 eScS and cScS, and outer shelf of the western
Scotian Shelf (wScS), 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.

Regarding the relationship between retention discussed in this Chapter and spread of
particles (or tracers), two different methodologies have been used to measure the spread
of water particles (or tracers): the absolute dispersion and relative dispersion (Enrile et
al., 2019; Haza et al., 2008). The absolute dispersion is defined as spreading of water
particles due to the combined effect of advection and diffusion. Advection is referred to

as movements of water particles carried passively by ocean currents. Diffusion is referred
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to as the random motion of water particles due to turbulence (or molecular) in the water
(Hassan et al., 2002). The relative dispersion can be estimated by removing the effects of
advection on the absolute dispersion (Enrile et al., 2019; Haza et al., 2008). In this study,
we quantified the retention (R) of surface waters, which is negatively correlated with the

absolute dispersion.

There are several different ways to investigate the hydrodynamic connectivity of oceans
and other water fields. A numerical method of tracking particles is one of the best ways to
examine the particulate material transport (Salamon et al., 2006). The numerical particle
tracking method can be implemented in numerical circulation models (online) or used
separately based on given ocean currents (offline). The accuracy of particle tracking
requires high temporal and spatial resolutions of simulated currents, which indicates high
computational expenses. Considering drawbacks of the conventional particle tracking
method, a concept of dynamical system analyses called the Lagrangian Coherent
Structures (LCS) was used to visualize hydrodynamic connectively of ocean (Zhang et
al., 2006). Previous studies revealed that the LCS can be considered as a kind of material
surface or line which does not allow materials to pass through. Based on such
characteristics, the LCS can roughly construct the particle trajectories and the transport
mechanism of particles might be studied only by analyzing LCS even without releasing
particles (Choi and Hwang, 2002). However, the reliability of using LCS as tool to

evaluate the material transport in the ocean required further studies.

The knowledge of the retention and hydrodynamic connectivity of surface waters over
the GSL-ScS-GoM is important to economic activities and management of ecosystem
dynamics over the region. For example, the retention rates of the surface water can be
used to interpret the spatial distributions of abundance and size of larval fish (e.g.,
Atlantic herring, Atlantic cod, silver hake, while capelin) over the ScS (Reiss et al.,
2000). Previous studies suggested that strong advection (low retention rate) of the surface
waters may result in extensive mortality among the larvae fish. High concentrations of
larvae fish were found to occur within the region of high retention waters (Reiss et al.,

2000).
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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 eScS.
For the Deep Panuke offshore oil and gas platforms, the upstream area is a narrow strip
over the shelf break of the eScS, and the downstream area is the relatively broad strip of
surface waters over the shelf break and adjacent deep ocean waters off the cScS. 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. In this study, the density of v-
particles in upstream and downstream areas for surface waters is not calculated. More
studies should be conducted to show how many particles there are in each grid cell. 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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CHAPTER 3

NUMERICAL STUDY OF LANDWARD INTRUSION OF

OFFSHORE SUB-SURFACE WATERS INTO BEDFORD BASIN

3.1 Introduction

As discussed in the Chapter 2, the three-dimensional (3D) circulation and hydrography
over the Scotian Shelf (ScS) are strongly affected by winds, tides, local topography and
other physical processes. In this Chapter, the 3D currents, temperature and salinity in
Halifax Harbour (HH), and main processes affecting the landward intrusion of offshore
sub-surface waters into Bedford Basin (BB) are studied using a nested-grid ocean

modelling system.

HH consists of the Outer Harbour (OH), Inner Harbour (IH), Northwest Arm, Narrows
and BB, and is situated on the south coast of Nova Scotian (Fig. 3.1). The Harbour is one
of the world’s largest natural harbours and has significant environmental and economic
values (William, 2010, Shan et al., 2011). HH is encircled by the largest urban population
centre in eastern Canada. As the inner portion of HH, BB is accessible and very
important to the community (Fig. 3.1). BB is a bowl-shaped estuary with a surface area of
~17 km?, a volume of ~500 km3, and a maximum depth of ~71 m. The Basin is
connected with the adjoining coastal waters of the ScS through a narrow and shallow
channel known as the Narrows (Fig. 3.1). The Narrows is ~500 m wide, 3 km long, and

with the mean depth of about ~20 m (Fader and Miller, 2008).

The largest single freshwater source for HH is the Sackville River at the northwestern end
of BB. The freshwater discharges from the Sackville River account for about 1/3 of the
total freshwater discharges for HH, with the annual mean discharge of about 5.41 m3s™1
(Buckley and Winters, 1992). Time series of daily mean discharges of the Sackville River
in 2014 is shown in Fig. 3.2. The freshwater discharges of the Sackville River are

affected by large precipitations including both rain and snow. In 2014, there are two large
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peaks in the rate of discharge occurring respectively in January and December (Fig. 3.2).
As the ice and snow melt in spring, the discharge of the Sackville River increases rapidly,
resulting in several large peaks in April 2014. The remaining freshwater discharge in HH
comes from a number of small streams and sewage and waste waters with 16 % of the
total delivered by the Halifax wastewater treatment system (Fader & Buckley, 1995). Due
mainly to the freshwater discharge, the time mean current pattern in HH is a two-layer
estuarine-type circulation, with lower-density upper waters flowing towards the open sea
and saline waters flowing into BB in the lower layer through the Narrows (Heath, 1973;

Petrie and Yeats, 1990; Shan and Sheng, 2012).
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Figure 3.1: Map of Halifax Harbour, Nova Scotia, Canada (Fader and Miller, 2008). B,
shows the location of Bedford Basin tidal gauge station. B, shows the location of the
observation made by Bedford Basin Monitoring Program (BBMP).

The 3D circulation, temperature and salinity in HH are also affected by winds and tides.
Winds in HH exhibit significantly large temporal variability including large synoptic and

seasonal variability. The prevailing winds over this area are predominantly
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southerly/southwesterly in the summer and westerly/northwesterly in the winter
(Environmental Assessment Report, 2013). Previous studies suggested that the
predominant westerly or northwesterly winds in the winter can enhance the two-layer
estuarine circulation in HH, leading to strong intrusion into BB (Shan, 2010). During
periods of predominant southwesterly winds in summer, the water temperature in HH can
be cooled by a few degrees due to advection of cool upwelling waters generated along the

south shore of Nova Scotia (Petrie et al., 1987).

Tides in HH were found to be mainly semi-diurnal, which are relatively weak in BB and

relatively strong in the Narrows (Petrie and Yeats, 1990). The mean and maximum tidal

ranges in HH are ~1.3 m and ~2.1 m, respectively. The M, tidal component has an
amplitude of about 63 cm and accounts for about 60% of the total tidal sea level in HH
(Lawrence, 1989). The tidal currents can reach up to 15-35 cm/s in the Narrows and 5-15

cm/s in the IH and OH (MacLaren Plansearch Limited, 1991).

Significant efforts have been made in monitoring oceanographic conditions in HH due to
its importance to the local community. The earliest recorded collection of in-situ
temperature and salinity observations in BB was made by Huntsman (1924). The first
field program was conducted from July 1969 to September 1971, with temperature and
salinity measurements made monthly at eight cross-sections (Jordan, 1972).
Observational studies on the ecological dynamics in BB were also made in 1970s (Lewis
and Platt, 1982). An on-going field program in BB (44° 41' N, 63° 38' W) started in 2004
with weekly or bi-weekly observations (including temperature, salinity, fluorescence,
nitrate concentration, and dissolved oxygen concentration), which has been made by the
Bedford Basin Monitoring Program (BBMP, www.bio.gc.ca/science/monitoring-
monitorage/bbmp-pobb/bbmp-pobb-en.php). The in-situ observations made by the
BBMP are used in this study.

Several numerical models with different levels of complexity have been used in the past
for simulating circulation and temperature/salinity in HH. A simple box model based on
the conservation of mass and salt was used in studying the metal, suspended solids and

nutrients distributions in BB (Petrie and Yeats, 1990). Using this box model and salinity
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observations as input, Petrie and Yeats (1990) demonstrated that the time-mean density
driven circulation in the Basin is a classical two-layer estuarine type as the low-salinity
upper layer waters flowing toward the open sea and the sub-surface saltier waters moving
toward the Basin. Tee and Petrie (1991) used a two-dimensional (2D) baroclinic
circulation model and demonstrated that the time mean estuarine circulation in HH is
driven primarily by freshwater discharges from the Sackville River. A 2D hydrodynamic
model driven by the principal lunar semi-diurnal constituent M, and idealized wind
forcing was developed by MacLaren Plansearch Limited and Martec Limited (1991) to
simulate tides and wind-driven circulation in HH. A finite element model was used in
simulating the effects of tsunami on the 2D circulations in HH during the 1917 explosion
(Greenberg et al., 1993). A 3D hydrodynamic model based on the S-Coordinate Rutgers
University Model (SCRUM, Song and Haidvogel, 1994) was used by Zhang (1998) in
simulating the circulation patterns and temperature/salinity distributions in HH. A 3D
linear harmonic finite element model was also used by Greenberg (1999) in simulating
the M, tide in the Harbour. Recently, a nested-grid ocean circulation modelling system
was used by Shan et al. (2011) in simulating circulation, temperature/salinity and

associated variability in HH.
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Figure 3.2: Time series of the daily mean freshwater discharges from the Sackville River
in 2014. The discharges of the Sackville River were extracted from the Canada’s National
Water Data Archive (HYDAT) database.
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Previous observational and numerical studies demonstrated that HH is seasonally
stratified almost year-round, evident from the vertical distribution of temperature and
salinity (Lewis and Platt, 1982; Li and Harrison, 2008). The salinity is relatively low in
the surface waters and high in the deep waters of BB. In some years, however, the deep
waters in BB can be replenished by high salinity waters occasionally (Platt et al., 1972;
Punshon & Moore, 2004; Burt et al., 2013). One plausible explanation is the lateral
intrusion, which brings offshore sub-surface waters into the deep layer of BB through the
Narrows. It was suggested that the lateral intrusion may result from strong and persistent
winds, storm events, or a build-up of coastal sea levels (Platt et al., 1972; Heath, 1973,
Burt et al., 2013). During the intrusion events, the observed salinity in BB, particularly in
the lower layer changed abruptly (AMEC Earth and Environmental LTD, 2011; Burt et
al., 2013). Although several intrusion events in BB have been identified in the past, the
main processes affecting these intrusion events occurred were not well studied. In this
Chapter, we further investigate the relationship between the intense intrusion events and

local winds based on model results. The main objectives of this Chapter are:

1) To present a four-level nested-grid 3D ocean circulation model for HH and
adjacent shelf waters of the ScS.

i1) To examine main processes affecting the landward intrusion of offshore sub-
surface waters into BB using the nested-grid circulation model.

iii) To conduct a process study using the nested-grid circulation model to investigate
the cumulative effects of winds and tides in affecting the time-mean circulation,

temperature and salinity in HH.

The structure of this Chapter is as follows. Section 3.2 describes the setup and forcing of
the nested-grid ocean circulation model. Section 3.3 presents the assessment of the model
performance. Section 3.4 presents the general mean temperature/salinity and circulation
in HH. Section 3.5 presents the analysis of model results during several intrusion events.
Section 3.6 presents the process study of the cumulative effects of winds and tides on the
3D time-mean hydrodynamics in HH. The last section presents the summary and

conclusions.

44



3.2 Nested-Grid Modelling System

A nested-grid ocean circulation model over the southeastern Canadian shelf (NGMS-
seCS) was developed and validated (Pei et al., 2022). NGMS-seCS is a four-level multi-
nested coastal circulation-ice modelling system with four nested domains of
progressively smaller areas and finer horizontal resolutions. This coupled circulation-ice
modelling system is based on the Regional Ocean Modelling System (ROMS,
Shchepetkin and McWilliams, 2005; Fennel et al., 2006, Haidvogel et al., 2008; Brennan
et al., 2016) and the Los Alamos Sea Ice Model (CICE, zenodo.org/record/1205674). An
external coupler (github.com/kshedstrom/roms) enables two-way coupling between
ROMS and CICE. In this Chapter, NGMS-seCS is used to examine the variance in the
distributions of circulation, temperature, salinity, and to define the time-varying 3D

circulation in BB.

3.2.1 Model Setup

NGMS-seCS uses ROMS for simulating the 3D circulation and temperature/salinity, and
CICE for simulating the sea ice condition (including the sea ice concentration and
thickness). NGMS-seCS has four submodels (L1~L4). The domains and setup of
submodels L1-L3 are the same as in Pei et al., (2022). Submodel L4 is newly-developed.
The domain of submodel L1 covers the southeastern Canadian Shelf (seCS) and adjacent
deep ocean waters between 80° W and 40° W, and between 34° N and 55° N (Fig. 3.3a),
with a horizontal resolution of 1/12°. The domain of submodel L2 covers the Gulf of St.
Lawrence-Scotian Shelf-Gulf of Maine (GSL-ScS-GoM) and adjacent deep ocean waters
between 71.5° W and 56° W, and between 38.5° N and 52° N (Fig. 3.3b), with a
horizontal resolution of 1/36°. The domain of submodel L3 covers the coastal and shelf
waters of the southwestern ScS and adjacent waters between 66° W and 63° W, and
between 43° N and 44.75° N (Fig. 3.3¢), with a horizontal resolution of 1/108° (~1 km).
The domain of submodel L4 covers HH and adjacent offshore waters of the ScS with a

horizontal resolution of about 185 m (Fig. 3.3d).

A one-way nesting technique is used in the coupled modelling system, in which
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information from the upper-level submodel is transferred to the lower-level submodel.
Specifically, hourly model results of sea surface elevations, currents, temperature, salinity
and sea ice conditions produced by submodel L1 are used to specify open boundary
conditions for submodel L2. Similarly, hourly model results of submodel L2 (L3) are
used to specify open boundary conditions for submodel L3 (L4). The main advantage of
the nested-grid modelling system is that the lower-level submodel can resolve spatial
features over a focal area relatively better than the upper-level submodel by using the

dynamically consistent open boundary conditions provided by the upper-level submodel.

6000

5000

48°N 1.+ 4000

s 3000
44°N i G

2000
40°N 1

1000

36°N{

- (4]
56°W  48°W  40°W 39N

80°W  72°W  64°W

69°W 66°W 63°W 60°W.57°W
(d) L4

200 (c) L3
42 40
180 250
160 - .
3¢ 140
120 44N 150
44°N k
0.00" 100 40' 100
80
) 20' 50
24 60
40 43°N & 0
s 20

36' 30' 63°W 18 12

Figure 3.3: Major topographic features and domains of four submodels for a nested-grid
coupled circulation-ice modelling system (NGMS-seCS) for the southeastern Canadian
Shelf and adjacent deep ocean waters of the northwestern Atlantic Ocean. The horizontal
resolutions of submodels (a) L1, (b) L2, (c) L3, and L4 are respectively 1/12°, 1/36°,
1/108° (~1 km) and ~180 m. The color image in each subplot represents water depths.
The two yellow boxes shows the areas of A; and A,. The red line in (d) is the
longitudinal transect (BH) in Halifax Harbour.
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ROMS is a free-surface, terrain-following, primitive-equation ocean circulation model.
The circulation model for each submodel (L1~L4) has 40 S-coordinate levels in the
vertical with relatively finer vertical resolutions near the sea surface and sea bottom. The

S-coordinate transformations used in ROMS is defined as

z(x,y,0,t) =n(x,y,t) + [n(x,y,t) + H(x,¥)] S(x,y,0), (3.1
__ Hco+H(x,y)C(0)
S(x,y,0) = T HtHOy) (3.2)

where S(x,y,0) is a nonlinear vertical transformation functional, #(x, y, f) is the time-
varying free-surface, and z = —H(x,y) is the ocean bottom. Here o is a fractional
vertical stretching coordinate ranging from —1 <o <0, C(0) is a nondimensional,
monotonic, vertical stretching function ranging from —1 < C(c) <0, and H, is a
positive thickness controlling the stretching (Haidvogel et al., 2008). The MATLAB
programs provided by the ROMS website (www.myroms.org) are used to transfer the
model results from each S-coordinate to Z-coordinate. ROMS has been used extensively
over many different parts of the CSWs (e.g., Fennel et al., 2006; Hu et al., 2012; Brennan
et al, 2016, Song et al., 2016a,b; Takakura et al., 2019; Pei et al., 2022). Previous
studies also demonstrated that ROMS has good performance in simulating 3D currents

and temperature/salinity over the CSWs.

The model bathymetry for NGMS-seCS is based on the General Bathymetric Chart of the
Oceans (GEBCO) 2014 dataset with a horizontal resolution of 30 arc-seconds
(Weatherall et al., 2015). For submodel L4, the model bathymetry is constructed based on
two datasets, including (1) the high-resolution model topography (which covering BB
and the IH) used by Shan and Sheng (2012) with a horizontal resolution of about 200 m
and (2) GEBCO (which covering the OH and adjacent waters). The sub-grid scale
horizontal mixing used in NGMS-seCS is parameterized using the shear and grid size
dependent scheme of Smagorinsky (1963). Vertical mixing in NGMS-seCS is

parameterized using the Mellor and Yamada (1982) level-2.5 turbulent closure scheme.

CICE is a sea ice model for simulating the thickness, concentration and velocity of sea

ice. It solves numerically two main sets of governing equations for the sea ice:

47



(a) Newton’s second law for sea ice and (b) the sea ice thickness distribution for different
thicknesses spread of the area (Hunke et al., 2010). The sea ice thickness distribution is
due to the thermodynamics of ice growth and melt, including the ice temperature
resulting from radiative, turbulent, and conductive heat fluxes (Lipscomb, 2010). More
details and governing equations of CICE are given in Appendices C. Development of
CICE began in 1994 at Los Alamos National Laboratory (Hunke, 2010). Since its initial
release in 1998, CICE has been substantially developed by an international community

of model users and developers (Hunke, 2014).

In this thesis, an external coupler (github.com/kshedstrom/roms) is used for two-way
coupling between CICE and submodel L1~L2 of ROMS. The two-way coupling between
ROMS and CICE increases the computation time of the nested-grid modelling system by
30%~40%, which depends on conditions of the high-performance computing platform

provided by the Digital Research Alliance Compute Canada (DRAC).

3.2.2 Model Forcing

NGMS-seCS is driven by tides, freshwater discharges, and atmospheric forcing including
the atmospheric pressure at the mean sea level and wind stress. The atmospheric pressure
was extracted from the three-hourly North American Regional Reanalysis dataset
(NARR; Mesinger et al., 2006). The wind stress was calculated from the wind velocity
extracted from the NARR dataset (at the 10 m above sea level) using the bulk formula of
Large and Pond (1981). The ocean circulation model (ROMS) is also forced at the sea
surface by the net heat flux, calculated from the sea surface temperature (computed by
the ocean circulation model) in combination with three-hourly NARR fields of wind
speed, air pressure, air temperature, cloud cover, downward shortwave radiation flux, and
precipitation (Mellor, 2004). The tidal forcing including tidal sea levels and depth-mean
currents is specified at the open boundaries of submodel L1. The harmonic constants of
these 11 major tidal constituents (M,, S,, N,, K,, K;, 04, P;, Q1, My, MS,, and MN,)
were extracted from the results produced by the Oregon State University Tidal Inversion

System (OTIS, Egbert and Erofeeva, 2002), with a horizontal resolution of 1/6°.
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In submodels L1 and L2, the freshwater discharges from 49 major rivers over the seCS
are specified using the monthly mean climatological data (Lin, 2021; Lin et al., 2021),
except for the freshwater discharges from St. Lawrence River. The St. Lawrence River
discharges are specified based on the monthly mean values published by the St. Lawrence
Global Observatory (SLGO). These monthly mean values published by the SLGO were
estimated using a regression model (Bourgault and Koutitonsky, 1999) based on the
observed water levels. In submodel L3, the monthly mean freshwater discharges from the
Sackville River are specified. In submodel L4, the daily mean freshwater discharges from
17 major freshwater runoff are specified. The freshwater discharges from the Sackville
River and 16 sewage ports were taken from Buckley and Winters (1992). These
freshwater inputs are specified in submodel L4 (as well in other submodels) using the

idealized channels cut into the coastline (Ohashi and Sheng, 2015).

In submodels L1 and L2, the spectral nudging technique (7hompson et al., 2007) and the
semi-prognostic method (Sheng et al., 2001) are applied to reduce the model systematic
bias and drift from the seasonal cycle of temperature/salinity in the model. In this study,
the 30-year climatological temperature/salinity calculated by the Global Ocean Physics
Reanalysis (GLORYS) 12V1 dataset is used for the spectral nudging. For the spectral
nudging technique, the model-computed temperature and salinity are nudged toward the
climatological values in the prescribed frequency-wavenumber bands (Thompson et al.,
2007). It should be noted that the spectral nudging method is only applied at depths
greater than 30 m in submodel L1 and L2. The non-dimensional spectral nudging
coefficients increase from 0 to 0.0011 linearly with depths from 30 to 40 m and equal to

0.0011 at depths greater than 40 m.

The main idea of the semi-prognostic method is to add a correction term (i.e., an
interactive forcing) to the horizontal momentum equations based on differences between
the model density and climatological density through the model hydrostatic equation
(Sheng, 2001). The correction term affects directly the model-computed circulations and
indirectly the model temperature/salinity. In this study, the value of £ for the semi-
prognostic method is set to 0.15. More details on the semi-prognostic method and

spectral nudging method are given in Appendices A and B.
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Several numerical experiments were conducted in this study (Table 1). The first
numerical experiment is the Control Run (CR), in which the model is driven by all
external forcing discussed in section 3.2.3. The model results of case CR are used to
assess the model performance and study the 3D circulation and temperature/salinity in
HH. The second numerical experiment is case NoWind (NW), which is the same as case
CR except for the exclusion of winds in submodels L4. The third numerical experiment is
case NoTide, which is the same as Control Run except for the exclusion of tidal forcing
in submodel L4. Four additional numerical experiments (CW-NW, CW-NE, CW-SE,
CW-SW) were conducted to investigate the main processes affecting the intrusion of
offshore deep waters into BB (see Table 1). The model setup and forcing in these four
additional experiments are respectively the same as in case CR, except that the steady and
uniform winds (10 m/s) in four different directions (i,e., northwesterly, northeasterly,

southeasterly, southwesterly) are used to drive submodel L4 separately.

Table 3.1. List of seven numerical experiments using NGMS-seCS.

Index Numerical Wind forcing  Tidal Wind forcing Other

Experiment in submodel L4 in submodel L4 forcing
1 CR Yes Yes Yes
2 NwW No Yes Yes
3 NT Yes No Yes
4 CW-NW Northwesterly Yes Yes
5 CW-NE Northeasterly Yes Yes
6 CW-SE Southeasterly Yes Yes
7 CW-SW Southwesterly Yes Yes

The nested-grid circulation modelling system is initialized based on the daily mean
GLORYS 12V1 dataset. The open boundary conditions of submodel L1 are also taken
from the GLORYS 12V1 dataset. The modelling system (ROMS and CICE) is integrated
for 24 months from the beginning of January 2013 to the end of December 2014. The
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model results in 2014 are used for the model validation and analysis.

3.3 Model Performance

The performances of submodel L1 and L2 in simulating the sea levels, currents,
temperature, salinity, and ice concentrations were assessed recently by Pei et al. (2022)
using in-situ oceanographic observations and satellite remote sensing data in 2018.
Additional assessments of submodel L1 in simulating the monthly-mean temperature,
salinity, and general circulation in 2014 using the Global Ocean Physics Reanalysis
(GLORYYS) dataset are given in Appendix C. The main reason for using the GLORYS in
validating the model performance of NGMS-seCS is that the GLORYS dataset was found
to represent reasonably well the observed distributions and variability of 3D large-scale

currents and temperature/salinity in the global ocean (Jean-Michel et al., 2021).

In this Section, the performance of submodels L3 and L4 for NGMS-seCS is further
assessed by comparing model results with the GLORYS dataset and other in-situ
oceanographic observations. It should be noted that the horizontal resolution of GLORY'S
dataset is about 6 km X 9 km over the southwestern Scotian Shelf (swScS), which is
very coarse and does not resolve well the fine-scale features of circulation and
temperature/salinity over the swScS. Furthermore, the tidal forcing is excluded in
GLORYS. As discussed in Pei et al. (2022), tidal mixing plays an important role in

affecting the circulation and temperature/salinity over the swScS.

The February-mean SST produced by submodel L3 in 2014 ranges from -2 °C to 1 °C
over the inner shelf and ranges from 2 °C to 4 °C in the offshore waters of the swScS
(Fig. 3.4a). In several bays over the inner shelf of the swSCS, the February-mean SST is
low due mainly to the smaller heat storage over coastal shallow waters than in the
offshore deep waters. The Nova Scotia Current (about 0.3 m/s) flows northeastward over
the middle shelf of the swSCS (Fig. 3.4a). The Current bifurcates into two branches over
the middle shelf of the swScS. The inshore northeastward jet over the inner shelf of the
swScS is driving mainly by the strong local winds, which result in relatively cool SST

over inshore waters of the submodel L3 domain, due mainly to the wind-induced coastal
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upwelling and vertical mixing (Pei et al., 2020).

The February-mean GLORYS dataset does not have the cool SST over the inner shelf and
the bifurcation of the Nova Scotia Current (Fig 3.4b). The main reason is the horizontal
resolution of GLORYS is too coarse to resolve fine-scale topographic and hydrodynamic

features over the swSCS, particularly over the inner shelf.
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Figure 3.4: Monthly mean temperature and currents at the sea surface in (a,b) February
and (c,d) July 2014 calculated from results generated by (a,c) submodel L3 and (b,d)
GLORYS dataset. For clarity, velocity vectors are plotted at every 16th model grid point.

The July-mean SST produced by submodel L3 in 2014 is relatively warmer than the
February-mean SST in 2014 (Fig. 3.4a,c). The July-mean SST ranges between 10 °C and
20 °C over the inner shelf and ranges between 12 °C and 15 °C in the offshore waters of
the swScS (Fig. 3.4c). In several coastal embayments over the inner shelf of the swSCS,
the July-mean SST is relatively warm. Again, this is due to the small heat storage over
shallow waters. The July-mean SST is relatively cool (about 8 °C) over the coastal area

of Cape Sable (43.6 °N, 66.5 °W). The low SST is caused by strong tidal mixing that
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blends cold deep waters with the warmer surface waters. An intense (about 0.2 m s™1)
northeastward coastal jet in this month occurs over the inner shelf of the swSCS (Fig.
3.4c). This inshore jet in July is driven mainly by the strong southwesterly winds. The
persistent southwesterly winds lead to relatively cool SST over the inner shelf, due

mainly to coastal upwelling and vertical mixing (Pei et al., 2022).
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Figure 3.5: Monthly mean salinity and currents at the sea surface in (a,b) February and
(c,d) July 2014 calculated from results generated by (a,c) submodel L3 and (b,d) the
GLORYS dataset. For clarity, velocity vectors are plotted at every 16th model grid point.

The July-mean GLORYS also has cool SST and an inshore northeastward jet along the
coast over the inshore waters (Fig 3.4d). Large differences of the SST occur, especially
over the coastal area of Cape Sable Island. The plausible reasons include: (1) the
horizontal resolution of the GLORYS dataset is not fine enough to resolve fine-scale
topographic and circulation features over the swSCS and (2) the tidal currents and mixing
were not included in the GLORYS. For the comparison between SST produced by
submodel L3 and GLORYS over the submodel L3 domain, the relative bias is ~21.64%
(~3.47%) and root mean square error (RMSE) is ~1.02 °C (~1.26°C) in February (July)
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2014 (Table. 3.2).

The February-mean SSS produced by submodel L3 in 2014 ranges between 31 and 32
over the inner shelf and between 32 and 33 in the offshore waters of the swScS (Fig.
3.5a). The relatively low SSS over the inner shelf is caused by the low salinity waters
carried by the Nova Scotia Current. The relatively high SSS occurs in the offshore waters
of the swScS, caused by the high salinity waters from the meanders of the Gulf Stream. A
comparison between the February-mean SSS in 2014 produced by submodel L3 and the
GLORYS dataset demonstrates that the low salinity waters carried by the Nova Scotia
Current flows into the middle shelf of the swSCS.
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Figure 3.6: Monthly mean temperature and currents at 50 m in (a,b) February and (c,d)
July 2014 calculated from results generated by (a,c) submodel L3 and (b,d) GLORYS
dataset. For clarity, velocity vectors are plotted at every 16th model grid point.

The July-mean SSS produced by submodel L3 in 2014 ranges between 32.5 and 33 over
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the swScS. A comparison between the July-mean SSS produced by submodel L3 (Fig.
3.5¢) and the GLORYS dataset (Fig. 3.5d) demonstrates that large differences in the SSS
between the two fields occur over the coastal area of Cape Sable. The main reason is
again due to the strong tidal mixing, which is relatively strong over the coastal area of
Cape Sable, in the submodel L3 results. By comparison, the tidal forcing is not included
in the GLORYS dataset. For the comparison between SSS produced by submodel L3 and
GLORYS, the relative bias is ~0.34% (~0.52%) and RMSE is ~0.50 (~0.55) in February
(July) 2014 (Table. 3.2).

The performance of submodel L3 in simulating the sub-surface (50 m) temperature and
currents is assessed using the February-mean GLORYS dataset (Fig. 3.6a,b). The
February-mean sub-surface (50 m) temperature produced by submodel L3 in 2014 ranges
between 5°C and 6 °C over the inner shelf and between 6 °C and 8°C over the offshore
waters of the swScS (Fig. 3.6a). The July-mean sub-surface (50 m) currents produced by
submodel L3 flow northeastward over the inner shelf and southwestward over the

offshore waters of the swSCS.

The July-mean GLORYS temperature at 50 m shows the relatively lower temperature of
about 5 °C in the offshore waters of the swScS and relatively higher temperature of about
7 °C over the Cape Sable (Fig. 3.6a). The July-mean GLORYS currents at 50 m run
northeastward over the inner shelf and southwestward over the offshore waters of the
swSCS. For the comparison between submodel L3 and GLORYS sub-surface
temperature, the relative bias is ~17.69% (~14.72%) and RMSE is ~1.18°C (~1.15°C) in
February (July) 2014 (Table. 3.2).

The simulated July-mean salinity at 50 m in 2014 produced by submodel L3 is about 32.5
over the inner shelf and about 34 over the offshore waters close to the eastern and
southern open boundaries of the model domain (Fig. 3.7c¢). In comparison, the July-mean
GLORYS salinity is about 32 over the inner shelf and about 32.5~33 over the offshore
deep waters (Fig. 3.7d). The results indicate that submodel L3 reproduces the similar
general salinity features as the GLORYS over the submodel L3 domain in 2014. For the

comparison between submodel L3 and GLORYS sub-surface salinity, the relative bias is
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~2.32% (~-0.54%) and RMSE is ~0.90 (~0.26) in February (July) 2014 (Table. 3.2).
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Figure 3.7: Monthly mean salinity and currents at 50 m in (a,b) February and (c,d) July
2014 calculated from results generated by (a,c) submodel L3 and (b,d) GLORYS dataset.
For clarity, velocity vectors are plotted at every 16th model grid point.

Table 3.2: Values of two error metrics for quantifying performance of submodel L3 in
simulating temperature and salinity using GLORYS dataset in February and July 2014.
The two error metrics include relative bias (RB) and root mean square error (RMSE).

= Temperature Salinity

&

A Index February July February July

L 3 RB (%) 21.64 3.47 0.34 0.52

o & S

2 | RMSE(Clor | 1.26 0.50 0.55
Temperature)

g RB (%) 17.69 14.72 2.32 -0.54

g | RMSECClor | 1.15 0.90 0.26
Temperature)
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To further assess the model performance in reproducing the temporal variability of
temperature, the daily-mean simulated SST (produced by submodel L3) averaged over
the submodel L3 domain (Fig. 3.8a, red line) is compared with the counterpart (Fig. 3.8a,
black line) calculated from daily GHRSST L4 ESA CCI OSTIA 0.05deg Sea Surface
Temperature Reanalysis (CDR v2.1). Over the submodel L3 domain, the daily observed
SST gradually decreased from about 3.5 °C to about 0.9 °C between 1 January and 3
March 2014, mainly due to the negative surface heat fluxes in winter (Fig. 3.8a). From 4
March to 25 August in 2014, the daily observed SST over the submodel L3 domain
gradually increased from about 0.9 °C to about 19 °C mainly due to the positive net heat
flux at the sea surface from spring to summer. From 26 August to 31 December 2014, the
daily observed SST decreased from about 19 °C to about 5.5 °C mainly due to the

negative surface heat fluxes.

A comparison between model results and remote sensing observations indicates that
submodel L3 performs reasonably well in reproducing the general seasonal cycle of SST
over the L3 domain, with the correlation coefficient of ~0.973, 2 of ~0.057, and the root
mean square error (RMSE) of ~1.42 °C (Fig. 3.8a). However, submodel L3 overpredicts
the SST in winter months and underpredicts the SST in summer model. This deficiency
of submodel L3 is mostly likely due to the inaccuracy of the net heat flux at the sea
surface. A comparison between GLORYS SST (Fig. 3.8a, blue line) and remote sensing
observations indicates that GLORYS with data assimilation performs better than
submodel L3 in reproducing the seasonal cycle of SST over the L3 model domain, with
the correlation coefficient of ~0.983, 2 of ~0.013, and RMSE of ~0.77 °C. It should be
noticed that the spectral nudging technique and the semi-prognostic method are not

applied in submodel L3. It means that submodel L3 is purely prognostic.

The daily-mean simulated temperature at 50 m averaged over the submodel L3 domain
(red line in Fig. 3.8b) is compared with the counterpart (blue line) calculated from
GLORYS. The simulated temperature at 50 m is relatively higher than the counterpart
calculated from GLORYS, with the correlation coefficient of ~0.968, ¥2 of ~0.064, and
RMSE of ~1.20 °C. As mentioned above, submodel L3 is prognostic without any data

assimilation. In comparison, GLORYS was generated using data assimilation.
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Figure 3.8: Time series of daily mean temperature produced by submodel L3 (red lines)
and GLORYS dataset (blue lines) at (a) the sea surface and (b) 50 m in 2014 averaged
over the submodel L3 domain. The black line in (a) represents the remote sensing SST
extracted from the daily GHRSST reanalysis (CDR v2.1).

We next assess the performance of submodel L4 in simulating tidal and non-tidal sea
levels using the in-situ tide gauge data at location B; in BB. The location of B; is shown

in Fig. 3.1. The in-situ observations of sea surface elevations were obtained from the

Marine Environmental Data Service of Fisheries and Oceans Canada.

Time series of observed (red line) and simulated (blue) total sea levels produced by
submodel L4 at location B; for the period of 1-31 March, 2014 are shown in Fig. 3.9a.
The observed total sea levels are dominated by the semi-diurnal tides with roughly two
high and two low tidal elevations each day. The spring and neap tides are also presented
in the total observed sea levels, which due mainly to the combined effect of the M, and
S, tidal constituents. During the spring tide period, the maximum range of observed tidal
elevations is about 1.0 m. During the neap tide period, the minimum range of tidal
elevations is about 0.4 m. The simulated total sea levels agree very well with the
observations with the small value of y2(about 0.07), which indicates the satisfactory
performance of submodel L4 in simulating the total sea levels in BB (Fig. 3.9a). The
observed and simulated total sea levels are decomposed into the tidal and non-tidal

components using t_tide (Pawlowicz et al., 2002). A low-pass filter is used to eliminate
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any remaining high-frequency variabilities with periods of less than 3 hours in the non-
tidal sea levels. As shown in Figure 3.9b, Submodel L4 performs very well in simulating
the tidal sea levels, with small y? values of about 0.02. The y? value is about 0.39 for
submodel L4 in simulating the non-tidal sea levels, which is larger than the y? value for
simulating the tidal elevations. One plausible reason is that the horizontal resolution of
submodel L4 is not fine enough to resolve fine-scale topographic features, particularly
over the Narrows of HH. The other reason is that atmospheric conditions including winds
and atmospheric pressures over the submodel L4 domain are not well represented by the
North American Regional Reanalysis. Although larger than the values for tidal elevations,
the y2 value for the non-tidal elevations is highly comparable to the counterparts

published in the literature (Shan, 2010; Shan and Sheng, 2012; Pei et al., 2022).

The performance of submodel L4 in simulating temperature/salinity and their seasonal
variability is assessed using the in-situ hydrographic observations at Location B, in BB in

2014. The observations were made by the Bedford Basin Monitoring Program (BBMP).

The time-depth distribution of the observed salinity at location B, in BB (Fig. 3.1) in
2014 is shown in Fig. 3.10b. The salinity in the surface layer at location B, in BB is
relatively low and about 28, due to the freshwater discharges from the Sackville River
and sewage ports in BB (Fig. 3.10b). The surface salinity in BB is relatively lower in
February, April, and November than in other months. The main reason is that the
freshwater discharges from the Sackville River in these three months are relatively larger
than the counterparts in other months (see Fig. 3.2). Submodel L4 is able to generate the
similar vertical distribution and the seasonal cycle as the observed salinity in BB (Fig.
3.10a,b). Both the simulated and observed results demonstrate that the salinity in BB
quickly increased on around 10 July 2014 when the Hurricane “Arthur” swept by Nova

Scotia and produced strong winds.
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Figure 3.9: Time series of observed (red) and simulated (blue) (a) total, (b) tidal and (c)
non-tidal sea levels at the tide gauge station in Bedford Basin for the period of 1-31
March, 2014. The simulated results are produced by submodel L4.

Time series of the observed temperature shows that the cold waters are generated initially
at the sea surface of BB in winter due to the large negative net heat flux at the sea surface
(Fig. 3.10d). The cold surface waters sink into the deep layer known as the “winter
convection”. During winter, the surface water becomes cold and dense due to the larger
negative net heat fluxes and strong winds, causing the surface water to sink to deeper
layer and mix with the underlying water (Bryan, 1969b; Mupparapu and Brown, 2022).
As the comparison, the simulated temperature produced by submodel L4 roughly agrees
with the observations (Fig. 3.10c,d). In particular, Submodel L4 generates the similar
vertical distribution and the seasonal cycle as the observed temperature in BB. However,
submodel L4 underpredicts the temperature in the surface layer and overpredicts the
temperature in the bottom layer. This model bias is likely due to the inaccuracy of the net
heat flux at the sea surface and the coarse horizontal resolution of model topography and

atmospheric forcing.
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Figure 3.10: Time-depth distributions of (a,c) simulated and (b,c) observed (a,b) salinity
and (c,d) temperature at location B, in Bedford Basin in 2014. The simulated results are
produced by submodel L4. The weekly observations at this location were made by the
Bedford Basin Monitoring Program (BBMP).

3.4 General Mean Temperature/salinity and Circulation in Halifax Harbour

The main focus of this Section is on examinations of the 3D circulation, hydrography
(i.e., temperature and salinity in this thesis), and associate variability in HH. The 3D

currents and hydrography in HH in 2014 produced by submodel L4 are analysed here.
3.4.1 Annual Mean Temperature, Salinity and Circulation in Halifax Harbour

The annual mean currents and temperature/salinity in 2014 in HH and adjacent waters are
calculated from model results produced by submodel L4. The annual mean near-surface
salinity at 2 m gradually increases from about 28 near the mouth of the Sackville River to
about 32.5 in the OH, due mainly to freshwater discharges from the Sackville River and

sewage outfalls in HH (Fig. 3.11a). The near-surface salinity is also relatively low and
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about 29 in the Northwest Arm. The annual mean sub-surface salinity at 12 m is
relatively uniform and gradually increases from about 32 in BB to about 33 in the OH
(Fig. 3.11b). The simulated annual mean near-surface and sub-surface salinity produced
by submodel L4 have large-scale distributions similar to the simulated annual mean

results in 2006 by Shan and Sheng (2012).

The annual mean near-surface (2 m) temperature in HH and adjacent waters gradually
increases from about 6 °C near the mouth of the Sackville River to about 8 °C in the OH ,
and is relatively low and about 6 °C in the Northwest Arm (Fig. 3.12a). The annual mean
sub-surface (12 m) temperature also gradually increases from about 4 °C in BB to about

7 °C in the OH (Fig. 3.12b), which is lower than the counterpart near the surface.

The annual mean currents in HH and adjacent waters produced by submodel L4 are
characterized by a typical two-layer estuarine circulation (Heath, 1973; Petrie and Yeats,
1990; Shan et al., 2011), with seaward currents in the upper layer and landward return
currents in the lower layer (Fig. 3.11a,b). The annual mean currents are relatively weak in
BB, and relatively strong in the Narrows (about 4 cm/s), the IH and the OH. In the OH,
the annual mean near-surface circulation is characterized as a southward jet near the
western coastline and the southeastward currents from the IH which join the
northeastward currents from the offshore waters and run eastward together (Fig. 3.11a).
The annual mean sub-surface (12 m) currents in HH are landward and relatively weaker
than the near-surface currents (Fig. 3.11b). The simulated annual mean near-surface and
sub-surface currents shown in Figs. 3.11 and 3.12 have similar circulation features as the
model results in 2006 produced by Shan and Sheng (2012). Major differences in the near-
surface currents between our results and the results by Shan and Sheng (2012) occur over
the OH where the currents are southwestward in Shan and Sheng (2012). These

differences are due mainly to the interanual variability of local winds.
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Figure 3.11: Annual mean salinity and currents in 2014 at (a) 2 m and (b) 12 m in Halifax
Harbour and adjacent waters calculated from results produced by submodel L4. For
clarity, velocity vectors are plotted at every 6th model grid point.

To examine the vertical distribution of the annual mean currents in HH, the vertical
profiles of the along-transect and vertical components of annual mean currents in 2014
are calculated from the submodel L4 results (Fig. 3.13). A longitudinal transect BH is
chosen from the mouth of the Sackville River to the OH (marked in Fig. 3.3d). The
seaward annual mean currents in 2014 produced by submodel L4 occur in the top 5 m,
and the landward currents occur below 5 m (Fig. 3.13). In BB, the annual mean currents
are relatively large (up to about 10 cm/s) in the surface layer and relatively weak below
25 m. Due mainly to the rough topography, the simulated currents have large horizontal
and vertical variability in the IH and OH. Over the Narrows, the landward currents in the

bottom boundary layer follow closely with topography to flow into the lower layer of BB.
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Figure 3.12: Annual mean temperature and currents in 2014 at (a) 2 m and (b) 12 m in
Halifax Harbour and adjacent waters calculated from results produced by submodel L4.
For clarity, velocity vectors are plotted at every 6th model grid point.

The vertical distribution of the annual mean currents shown in Fig. 3.13 is very similar to
the counterpart in 2006 produced by Shan and Sheng (2012) at the large-scale. Major
differences occur over the Narrows, where the near-surface seaward currents are
relatively weak in Shan and Sheng (2012). In addition, the downwelling feature of the
sub-surface currents over the Narrows was not presented by Shan and Sheng (2012). Note
that the simulated mean currents in Shan and Sheng (2012) are produced by the CANDIE
(Sheng et al., 1998), which is a 3D z-coordinate ocean circulation model. The
conventional z-coordinate models have large model errors in representing topographic

features (e.g. the step-like representation of the topography) in the model.
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Figure 3.13: Vertical distributions of annual mean currents in 2014 along the longitudinal
transect (BH) from the Sackville River to the Outer Harbour calculated from daily mean
results produced by submodel L4.

3.4.2 Seasonal Variability of Temperature/salinity and Circulation in Halifax Harbour

To examine the seasonal variability of the 3D circulation and hydrography in HH, the
monthly mean temperature/salinity, and currents in four months in 2014 are calculated

from daily mean results produced by submodel L4.

In February, the monthly mean near-surface salinity at 2 m gradually increases from
about 25 near the mouth of the Sackville River to about 32 in the OH (Fig. 3.14a), due
mainly to freshwater discharges from the Sackville River and sewage outflows in HH.
The near-surface salinity is also low and about 30 in Northwest Arm. The monthly mean
near-surface temperature in February is relatively low, and ranges between about -1 °C in
BB and about 3 °C in the OH (Fig. 3.15a). The near-surface low temperature is due
mainly to the strong net heat loss to the atmosphere. The horizontal distribution of the
near-surface temperature is due to small heat storage over shallow waters. The monthly
mean near-surface currents in February are mainly seaward (southeastward) in BB, the
Narrows, and IH (Fig. 3.14a). In the OH, the monthly mean near-surface circulation is

characterized by the southeastward currents from the IH that join the northeastward
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currents from the offshore waters from the ScS and run eastward, due to the effect of

local winds and general circulation over the inner shelf of the ScS.
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Figure 3.14: Monthly mean near-surface salinity and currents at 2 m in (a) February, (b)
May, (c¢) August and (d) November 2014 in HH and adjacent waters calculated from
model results produced by submodel L4.

In May, the monthly mean near-surface (2 m) salinity in BB is about 29, which is
relatively lower than the counterpart in February (Fig. 3.14b). This is due mainly to large
freshwater discharges associated with ice and snow melt and relatively weak vertical
mixing in spring. The monthly mean near-surface temperature in May is warmer than the
counterpart in February and ranges between about 1 °C in BB and about 4 °C in the OH
(Fig. 3.15b). In BB, the monthly mean near-surface currents in May are seaward and
relatively weaker than the counterparts in February. In the OH, the near-surface currents

in May are approximately southward along the western coastline of the OH and
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southwestward over the inner shelf (Fig. 3.14b). The differences in the near-surface
currents between February and May are due mainly to the different wind conditions

between these two months.
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Figure 3.15: Monthly mean near-surface temperature and currents at 2 m in 2014 in HH
and adjacent waters calculated from model results produced by submodel L4. Otherwise
as in Fig.3.14.

In August, the monthly mean near-surface (2 m) salinity in BB is also relatively low and
about 28, due to the large freshwater discharges associated with large precipitation in the
summer (Fig. 3.14c¢). In the OH, the monthly mean near-surface salinity in this month is
about 32.5, which is slightly higher that the counterparts in February and in May. One of
the plausible reasons is the northward near-surface wind-driven currents, which transport
the relatively salty coastal waters from the inner ScS into the OH. The monthly mean

near-surface temperature in August is relatively warm and about 13 °C in BB (Fig. 3.15¢).
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This is due mainly to the positive surface heat fluxes gained by the sea surface waters in
this month. In, August, the monthly mean surface water temperature in the OH is lower
than the counterpart in BB. The main reason is that the surface waters over the OH are
affected significantly by the local upwelling due to the strong southerly winds in August.
The monthly mean near-surface currents in August are also seaward and relative weaker
than the counterparts in February and May (Fig. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>