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Abstract.

A two-way nested-grid ocean modelling system is used to study the upper ocean
response of the Scotian Shelf to Hurricane Juan in September 2003. The nested-grid
system consists of a fine-grid inner model covering the Scotian Shelf and adjacent slope
and a coarse-grid outer model covering the northwest Atlantic Ocean. The simulated
upper ocean response to Hurricane Juan is characterized by large divergent surface
currents forced by the local wind forcing under the storm, intense inertial currents in the
wake of the storm, and sea surface temperature (SST) cooling that is biased to the right
of the storm track and agrees well with a satellite derived analysis. The hurricane also
generates shelf waves that propagate equatorward with the coastline on their right. Due
to the influence of the Gulf Stream in the deep water off the Scotian Shelf, some of the
near-inertial energy excited by the storm is advected eastward into the ocean interior.
In comparison with the outer model results, the inner model resolves more meso-scale

structures, greater SST cooling and stronger inertial currents in the study region.



1. Introduction

The main purpose of this study is to examine the upper ocean response of the
Scotian Shelf (SS) and adjacent slope to a moving storm using a three-dimensional
ocean circulation model. We are motivated by the fact that the shelf circulation and
temperature/salinity (T/S) distributions on the SS and slope are frequently affected
by winter storms and occasionally by hurricanes. There is, however, a lack of previous
studies on storm-induced currents and T/S changes on the SS, an issue of concern
in view of the recent upsurge in industrial activities (e.g. offshore oil and gas, and
aquaculture).

Hurricane Juan is chosen in this study. This storm began as a tropical depression
located at about 470 km southeast of Bermuda at 12:00 ADT (all times in this study
are in Atlantic Daylight Time (ADT)), September 25, 2003. It intensified as it moved
northwestward and became a tropical storm about 6 hours later. The storm turned
northward at 06:00, September 28 (Fig. 1), and made landfall on the south coast of
Nova Scotia near Halifax at 00:10 am, September 29 as a category 2 hurricane (on the
Saffir-Simpson Hurricane Scale), with maximum sustained winds of 158 km h~! and
gusts to over 185 km h~! (Levinson & Waple, 2004). Hurricane Juan was the most
powerful storm to hit Nova Scotia in more than a century leading to the loss of several
lives, property damage worth at least $100 million and millions of uprooted trees.

Hurricane Juan also generated significant temperature changes in the upper ocean
in the vicinity of the storm track. Fig. 2 shows the observed change in sea surface
temperature (SST) from September 27 to October 1, 2003 estimated from satellite
remote sensing SST data. There was systematic SST cooling at about 60 km to the right
side of the storm track (when facing in the direction taken by the storm) all the way
from the deep water off the Scotian Shelf to the Gulf of St. Lawrence. The maximum
SST cooling due to Hurricane Juan was about 3°C over the central Scotian Shelf and
adjacent slope (Fig. 2). On each side of the SST cold wake, there was a strip of SST

warming associated with the storm. The changes in thermal structure produced by the



storm had the potential to significantly affect the environmental habitat and biological
productivity in the region.

The upper ocean response to wind stress and pressure forcing associated with a
moving storm has been investigated in the past. Geisler (1970) investigated the linear
dynamics of the ocean response to a moving storm but did not consider the mixed layer
effect. Chang and Anthes (1978) combined the mixed layer effects and dynamics in
a one active layer model. Price (1981) embedded a mixed layer model in a multilayer
three-dimensional numerical model. Greatbatch (1983) used a 1%-layer ocean model
to investigate the nonlinear dynamics of the response. These studies demonstrate,
using models and observations, that the upper ocean response to a moving storm is
characterized by a cold wake behind the storm, and inertial oscillations that are most
energetic to the right of the storm track. The SST cooling is also biased to the right of
the storm track and strongly dependent on the hurricane translation speed, with the
greater cooling for a slower moving storm (see Price (1981) and Greatbatch (1985)).
These studies, however, consider only the “local” ocean response to a moving storm in
the case of a flat-bottomed open ocean.

When a storm moves from deep water to a continental shelf, additional physical
processes are at work due to the existence of highly varying bottom topography and
coastline. One of the additional processes is the generation of continental shelf waves
by the storm. Shelf waves can introduce significant transient currents and surface
elevation variations in the coastal ocean (Csanady, 1982). These waves arise from the
combined effects of topography and the earth’s rotation, where the restoring force is
the gradient in the background potential vorticity resulting from the earth’s rotation.
Over most continental shelves, the variation in water depths dominates the variation of
Coriolis parameter and hence controls the motion. Martinsen et al. (1979) examined
the importance of barotropic shelf waves during storm events along the western coast of
Norway. Gordon and Huthnance (1987) studied storm-driven continental shelf waves
over the Scottish Continental Shelf and presented a model for the generation of shelf

waves in the region. In a numerical study of the response of an idealized ocean to a



travelling storm, Slgdal et al. (1994) found that both standing and propagating waves
are excited by a moving storm. Tang et al. (1998) investigated the barotropic response
of the Labrador and Newfoundland Shelves to a moving storm using a linear barotropic
ocean model with realistic coastline and topography. They found that the low-mode
barotropic shelf waves are prevalent due to the similarity in the time and space scales
of the tropical cyclone forcing with the properties of these low-mode shelf waves. Zhai
(2004) used a numerical model to study the response of a step-shelf to a moving storm
and found significant generation of shelf waves. He showed that the dispersion relation
for the storm-induced shelf waves agrees well with the analytic solution derived by Niiler
and Mysak (1971).

Since there were no direct measurements of currents, temperature and salinity in
the vicinity of the storm track during Hurricane Juan, a numerical ocean circulation
model becomes a very useful tool to examine the detailed storm-induced circulation
on the SS and slope as well as the remote influences caused by Hurricane Juan (e.g.,
shelf waves, energy spreading). In this study we use the two-way nested-grid ocean
circulation modelling system developed by Zhai et al. (2004a) to simulate the upper
ocean response to Hurricane Juan. The nested system consists of a fine-resolution
inner model for the Scotian Shelf and slope and a coarse-resolution outer model for the
northwest Atlantic Ocean. The newly developed two-way nesting technique based on
the smoothed semi-prognostic method (Zhai et al., 2004a; Sheng et al., 2004) is used to
exchange information between the inner and outer models over the subregion where the
two models overlap.

The arrangement of this paper is as follows. Section 2 briefly reviews the ocean
circulation model and the two-way nesting technique. Model results of the upper ocean
response to Hurricane Juan are presented in Section 3. Section 4 is a summary and

discussion.



2. Ocean Circulation Model and Nesting Technique
2.1 Ocean circulation model and setup

The ocean circulation model used in this study is a primitive equation z-level ocean
circulation model known as CANDIE (Sheng et al., 1998). CANDIE has been applied
to various modelling problems on the shelf, and most recently, to the western Caribbean
Sea by Sheng and Tang (2003, 2004), Lunenburg Bay of Nova Scotia by Sheng and
Wang (2004), and the Scotian Shelf by Zhai et al. (2004a).

The nested-grid modelling system has a fine-resolution inner model embedded
interactively inside a coarse-resolution outer model (Fig. 3). The fine-resolution inner
model covers the Scotian Shelf and slope between 54°W and 66°W and between 39°N
and 47°N, with a horizontal resolution of one eleventh degree in longitude (about 7 km).
The coarse-resolution outer model is the northwest Atlantic Ocean model developed by
Sheng et al. (2001), which covers the area between 30°W and 76°W and between 35°N
and 66°N with a horizontal resolution of one third degree in longitude (about 25 km
on the SS). There are 31 unevenly spaced z levels in both the outer and inner models
with the centers of each level located at 5, 16, 29, 44, 61, 80, 102, 128, 157, 191, 229,
273, 324, 383, 450, 527, 615, 717, 833, 967, 1121, 1297, 1500, 1733, 2000, 2307, 2659,
3063, 3528, 4061, and 4673 m, respectively. The model parameters and setup are the
same as in Sheng et al. (2001), unless otherwise stated. It should be noted, however,
that the vertical mixing scheme used in this study includes entrainment at the base of
the surface mixed layer due to the shear instability based on a bulk Richardson number
formulation suggested by Price et al. (1986) (see the Appendix for details), which is
essential for generating realistic spatial patterns of SST cooling due to a moving storm.
In addition, the subgrid-scale mixing parameterization scheme of Smagorinsky (1963) is
used for the horizontal eddy viscosity and diffusivity with the Prandtl number set to 0.1
(note that this is resolution dependent and hence leads to different levels of mixing in
the inner and outer models). The model also uses fourth-order numerics (Dietrich, 1997)

and Thuburn’s flux limiter to discretize the nonlinear advection terms (Thuburn, 1996).



The model boundary conditions of the nested system are specified as follows. At
the lateral closed boundaries of the inner and outer models, the normal flow, tangential
stress of the currents and horizontal fluxes of T/S are set to zero (free-slip conditions).
Along the model open boundaries, the normal flow, temperature and salinity fields are
specified using the adaptive open boundary condition (Marchesiello et al., 2001), which
first uses an explicit Orlanski radiation condition (Orlanski, 1976) to determine whether
the open boundary is passive (outward propagation) or active (inward propagation).
If the open boundary is passive, the model prognostic variables are radiated outward
to allow any perturbation generated inside the model domain to propagate outward
through the open boundary as freely as possible. If the open boundary is active, the
model prognostic variables at the open boundary are restored to input boundary fields.
For the inner model, the input boundary fields are the simulated currents and T/S fields
produced by the outer model after interpolation onto the fine grid, with a restoring time
scale of 2 days. For the outer model, the input boundary fields are the monthly mean
climatology of T/S from Geshelin et al. (1999), and depth-mean normal flow taken from
the diagnostic calculation of Greatbatch et al. (1991), and the restoring time scale is 15

days.

2.2 Two-way nesting technique

The newly developed two-way nesting technique based on the smoothed semi-
prognostic method (Zhai et al., 2004a; Sheng et al., 2004) is used in this study to
exchange information between the inner and outer models over the subregion where the
two model grids overlap. (For a review of the semi-prognostic method see Greatbatch
et al. (2004)). First, the outer model variables over the overlapping subregion are
interpolated onto the fine grid. The interpolated fields are then used to provide the
boundary conditions for the inner model. Second, the interpolated outer model density

is used to adjust the hydrostatic equation of the inner model based on the smoothed



semi-prognostic method:

apinner
0z

= —9Pinner — 9(1 — Bi) < Pouter — Pinner >  (for the inner model) (1)

where Djner 1S the pressure variable carried by the inner model, pj; e is the inner model
density, Pouter is the outer model density computed from the outer model T/S fields
after interpolation to the fine grid, and f; is a linear combination coefficient with a
value between 0 and 1, and <> is the smoothing operator. For the application in this
paper, the smoothing is carried out over 16 inner model grid points corresponding to a
smoothing scale of 112 km. As discussed in Greatbatch et al. (2004) (see also Sheng
et al., 2001), this procedure is equivalent to adjusting the momentum balance in the
inner model based on the difference in density between the inner and outer models. The
smoothing operator in (1) is used to ensure that the inner model is constrained by the
outer model only on large spatial scales (larger than the smoothing scale).

In the same way, the inner model density in the overlapping subregion is interpolated
back onto the coarse grid of the outer model. The hydrostatic equation of the outer

model is then adjusted in the same overlapping subregion based on

ap outer
0z

= —9GPouter — g(l - ﬂo) < ﬁinner — Pouter > (fOI‘ the outer mOdel) (2)

where poyier 18 the pressure variable of the outer model, p;pner is the inner model density
calculated from the inner model T/S fields after interpolation to the coarse grid, and £,
is a linear combination coefficient with a value between 0 and 1, and <> is a smoothing
operator (usually different from that used in (1)). For the present application, this
second smoothing operation is not applied.

The above two-way interaction is applied once per day in this study. For simplicity,
B; and 3, are set to be 0.5. To reduce the model drift, the semi-prognostic method,
as described in Sheng et al. (2001), is also used to assimilate climatological density
into the outer model. Zhai et al. (2004a) demonstrated that in comparison with
observations (Fratantoni, 2001), two-way nesting using the smoothed semi-prognostic

method performs better than the version without the smoothing operator in (1), and



much better than conventional one-way nesting (that is, the outer model only provides
boundary conditions for the inner model and there is no feedback from the inner model
to the outer model). For more detailed discussion of the nesting technique, the reader is

referred to Sheng et al. (2004).

2.3 Wind stress parameterization of the storm

We follow Chang and Anthes (1978) and parameterize the wind stress of Hurricane

Juan in terms of

T/Tmin 0 S r S T'min
T = Tmaz X (Tma;v - T)/(Tmaz - Tmin) Tmin S r S Tmax (3)
0 T 2 Tmaz

where 7 is the amplitude of the tangential wind stress with respect to the storm center
(the radial component component is set to zero), and r is the radial distance from the
center. In this study, we set 7, = 30 km, e, = 300 km, and 7,0, = 3 N m™2 to
represent approximately the storm structure of Hurricane Juan. The realistic storm
track of Hurricane Juan compiled by the National Hurricane Center is used in this
study (Fig. 1). The typical translation speed of Hurricane Juan over the SS and slope
is about 15 m s~!. Only wind stress forcing due to the storm is used to force the model;
the surface buoyancy forcing due to the storm is not considered and has been shown

elsewhere (e.g., Price, 1981) to be small in its effect.

2.4 Model experiments

We conduct two numerical experiments to examine the upper ocean response of
the SS and slope to Hurricane Juan. In the first experiment (CLIM), the nested-grid
system is initialized with the January mean temperature and salinity and forced by
the monthly mean COADS (Comprehensive Ocean-Atmosphere Data Set) wind stress
and surface heat flux, the latter using the method of Barnier et al. (1995). The model
sea surface salinity is restored to the monthly mean climatology on a time scale of 15

days. The nested system in experiment CLIM is integrated for two years and the model
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results of the second model year are discussed in this paper. In the second experiment
(CLIM+STORM), the nested grid system is initialized and forced in the same way as in
the first experiment for the first 628 days from January 1 to September 28 of the second
model year (assuming 360 days for each model year). After day 628 (i.e., September 28
of the second model year), the wind forcing associated with Hurricane Juan described
in (3) is superimposed on the climatological wind forcing to drive the nested system in

experiment CLIM+STORM.

3. Model Results

3.1 Large-scale circulation forced by climatological forcing

We first examine the large-scale circulation and T/S distributions produced by
the nested-grid modelling system in experiment CLIM. The outer model results in this
experiment are essentially the same as the single domain model results discussed in
detail in Sheng et al. (2001), except for some small differences in meso-scale features
over the SS and slope, due mainly to the two-way interaction of the inner and outer
models. In comparison with satellite remote sensing SST data during the first half of
August 1999, the outer model generates reasonably well the large-scale distribution of
the SST in August over the northwest Atlantic Ocean (Fig. 4). Both the remote sensing
data and model results demonstrate that the SST in August is relatively cold over the
Labrador Shelf and along the continental slope from Labrador Sea to the southern tip
of the Grand Banks. The observed and simulated SST is relatively warmer in the deep
water off the Grand Banks and Scotian Shelf in association with the Gulf Stream and
the North Atlantic Current. Caution should be taken, however, when comparing the
simulated SST with the remote sensing data shown in Fig. 4. The simulated SST shown
in Fig. 4a is produced by the model using monthly mean climatological forcing, while
the remote sensing SST data in Fig. 4b are the composite of the realistic SST observed
during the first half of August 1999.

The large-scale surface circulation produced by the outer model (Fig. 4a) is in
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general agreement with observations (e.g. Loder et al., 1998). Along the shelf breaks of
the Labrador and Newfoundland Shelves, there is a narrow southeastward jet known
as the offshore branch of the Labrador Current (Fig. 4a). On reaching the northern
flank of the Grand Banks, the offshore branch of the Labrador Current splits into three
parts: a coastal branch that flows through the Avalon Channel, a middle branch that
flows through Flemish Pass to the south, and an eastern branch that passes around the
seaward flank of Flemish Cap. The middle branch and part of the eastern branch merge
over the eastern flank of the Grand Banks and form a narrow equatorward jet along the
shelf breaks of the Grand Banks and the Scotian Shelf. The outer model also produces
reasonably well the general flow patterns of the Gulf Stream and North Atlantic Current
offshore from the continental slopes of the Grand Banks and the Scotian Shelf.

To assess the performance of the nested-grid system in simulating the general
circulation in the study region, we calculated the annual mean near-surface (16 m)
currents from the second year model results and compared them with the time-mean
currents inferred from the observed trajectories of near-surface drifters by Fratantoni
(2001) over the SS and slope (Fig. 5, see also Zhai et al. (2004a)). The near-surface
currents produced by the inner and outer model agree reasonably well with the observed
currents. There are two southwestward jets on the Scotian Shelf, with an inshore jet
flowing along the coast (known as the Scotian Current) and an offshore jet flowing
along the outer shelf (known as the shelf-break jet). In the slope water region off the
southwestern SS, there is an intense eastward flow as part of the model Gulf Stream.
This eastward jet splits into two branches at about 62°W, with the main branch flowing
southeastward into the deep water and the weak branch flowing northeastward between
the main branch and the shelf-break jet in the slope water region. Both these branches

are a feature of the observations.

3.2 Storm-induced circulation during Hurricane Juan

Model results in experiment CLIM+STORM generate the total ocean response to

the combination of the parameterized wind stress of Hurricane Juan and climatological
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monthly mean COADS forcing. To examine the ocean circulation induced directly by

Hurricane Juan, we calculate the difference of the simulated currents and temperature

between the two experiments CLIM+STORM and CLIM and use these difference fields
to represent the storm-induced ocean response produced by the model.

Fig. 6a shows the storm-induced surface currents and temperature produced by the
model at 06:00 (ADT), September 28, at which time the center of Hurricane Juan was
located over deep water. The simulated current and temperature differences on the SS
and slope are negligible, indicating that the upper ocean circulation of this region has
not yet been affected by the storm at this time. In comparison, the storm-induced upper
ocean response over deep water is characterized by strong outward (or divergent) surface
currents forced by the local wind stress under the storm and significant SST cooling
(Fig. 6a). At later times (Fig. 6) we can see intense inertial currents to the right of the
storm track behind the storm, consistent with previous studies in the flat bottom case
(Chang & Anthes, 1978; Price, 1981; Greatbatch, 1983). Based on the model results
in Figure 6¢, we estimate the typical along-track wavelength of the simulated inertial
currents behind the storm to be about 900 km, which is comparable with the inertial
wavelength estimated from 27U f~!, where U is the translational speed and f is the
Coriolis parameter. The typical period of the inertial oscillations produced by the model
is about 18 hours, which is also consistent with the calculation of the inertial period of
about 17.9 hours from the latitude of the study region.

The rightward bias of the intense inertial currents behind the storm can be
explained as follows (Chang & Anthes 1978). First, the Coriolis force turns the ocean
currents in the same direction as the wind stress on the right side of the storm track,
leading to an efficient transfer of energy from the storm to the ocean. By contrast, on
the left side of the storm track, the currents are turned in the opposite direction to
the wind stress, resulting in weak currents. Second, the water parcels on the right side
of the storm are accelerated by the wind forcing for a longer time than those on the
left side of the storm (Greatbatch, 1983). The net result is that the inertial currents

on the right side are much stronger than those on the left side of the storm track
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(Price, 1981). The rightward bias of the inertial currents behind the storm leads to a
smaller Richardson number at the base of the surface mixed layer and hence stronger
entrainment and mixing on the right side of the storm track, which, in turn (Price,
1981), is mainly responsible for the rightward bias of SST cooling (more discussion is
given in the Appendix).

Hurricane Juan reached the offshore areas of the southwestern Scotian Shelf around
16:36, September 28 (Fig. 6b) and made landfall at 00:00 on September 29 (Fig. 1). The
simulated response of the SS and slope to the storm is initially very similar to that over
deep water (e.g. Fig. 6a). At later times, due to the complicated bottom topography,
coastline and large-scale background circulation in the region, the upper ocean response
has its own unique features (Figs. 6¢,d). One of the important features in Figs. 6¢,d is
the occurrence of several localized maxima of SST cooling of about 2.5°C over the slope
water region, which differs significantly from the continuous strip of SST cooling in the
flat bottom case (Chang & Anthes, 1978; Price, 1981; Greatbatch, 1983; see also Fig.
13 of the Appendix). The detailed SST cooling over the slope water region is associated
mainly with the interaction of the storm-induced circulation with the varying bottom
topography (Fig. 1) and the large variations of temperature stratification in the upper
ocean over the region (e.g. the reduced cooling near 40°N where the storm crosses the
Gulf Stream).

To further examine the storm-induced circulation on the Scotian Shelf and slope,
we examine the surface current and temperature differences produced by the inner
model (Fig. 7). The inner model domain covers the area of the inertial oscillation zone
during Hurricane Juan. Before the storm reaches the shelf break, the ocean response
produced by the inner model is confined over the deep water, with strong outward
surface currents under the storm and a cold wake with intense inertial currents behind
the storm (Figs. 7a,b) as before. When the storm reaches the shelf break (Fig. 7b),

a marked strip of warm water (ASST is about 0.5°C) occurs in front of the cold wake
due to horizontal advection. After the storm makes landfall, the cold wake reaches its

maximum (close to —3°C) at the shelf break at about 60-70 km to the right of the storm
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track (Figs. 7c,d). The strip of warm surface water is pushed to both sides of the cold
wake. The amplitude and pattern of the SST cooling on the SS and slope generated by
the inner model compare well to the observed change in SST during the storm shown in
Fig. 2. The pronounced cooling over the shelf break on both sides of the storm track, is
also seen in the satellite image (Fig. 2), and is a robust feature of the model results (see
Zhai, 2004). An important factor in explaining this feature is the combination of the
variable topography and the sharper vertical temperature gradient due to the existence
of the cold Labrador Current beneath the surface at the shelf break. The maximum
velocity in the inner model is about 2.5 m s™! and is biased to about 60-70 km to the
right side of the track, consistent with the rightward bias of SST (Fig. 7).

In comparison with the outer model results over the common subregion where the
two grids overlap, the inner model resolves more meso-scale features due to its high
horizontal resolution (Figs. 6,7). In addition, the storm forcing is much better resolved
on the inner model grid than on the outer model grid. As a result, the amplitude of
the storm-induced upper ocean response produced by the inner model is larger than
that produced by the outer model. The inner model generates more warm surface water
near the shelf break before the storm moves onto the shelf, and the cooling center in
the inner model is about 0.5 °C cooler than that in the outer model. We see that both
the inner and outer models generate the similar rightward bias of the SST cooling and
intense inertial currents in the upper ocean. Because of its higher resolution, however,
the inner model produces much stronger currents and sharper fronts in comparison with
the outer model results. The maximum velocity (about 2.5 m s™' )in the inner model is
about 50 cm s! larger than that of the outer model. The outer model results over this
common subregion are also modified through the transfer of information from the inner
mode] via the nesting technique.

The other important circulation feature produced by the nested system is the
generation and propagation of shelf waves during Hurricane Juan. Fig. 8 shows time
series from the outer model of simulated surface current differences at point 1, located

near the coast of Cape Cod and far from the storm track of Hurricane Juan. Although
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the local storm wind forcing associated with Hurricane Juan is negligible at point 1, the
simulated wave-induced horizontal currents at this point have significant oscillations
during the first 10 days after the storm and decay with time afterwards. The typical
amplitude of the horizontal currents at point 1 is about 10 ¢cm s~! during the first 5
days, with a typical period of about 28 hours, which falls in the range of typical periods
for low-mode shelf waves (Niiler and Mysak, 1971).

Fig. 9 shows the temporal and spatial evolution of the horizontal velocity differences
between experiments CLIM+STORM and CLIM along a line of points on the shelf
several grid points away from the coast. There are distinct inertial oscillations near the
storm track with a period of about 18 hours. In the region westward of the storm track,
there are slopes in the time-space domain, indicating the propagation of the shelf waves.
The phase speed of the shelf waves are estimated from the slopes of the contours in Fig.
9 to be roughly 15.4 m s 1.

The shelf waves excited by the storm can also be examined in terms of the sea
surface elevation anomaly defined as the difference in sea surface elevations between
experiments CLIM+STORM and CLIM. It should be noted that the sea surface
elevation is not calculated directly by the nested modelling system since it is based on
the rigid-lid version of CANDIE. Sea surface elevation can be diagnosed, however, from
the simulated sea surface pressure using 1 = p,/pg, where p; is the sea surface pressure
simulated by the rigid-lid ocean circulation model, p, is the reference density and g is
the gravitational acceleration. The diagnosed surface elevation anomaly presented in
Fig. 10a shows a positive sea surface anomaly extending from the Bay of Fundy to the
continental shelf off Long Island at 14:12 September 30 ADT. This positive anomaly
(i.e., peak of the shelf waves) propagates southward and arrives at the continental shelf
off New Jersey at 02:12 September 31 (Figs. 10a-f). After the positive anomaly left the
Gulf of Maine, a negative anomaly enters the eastern Gulf of Maine from the western
Scotian Shelf at about 19:00 September 30 (Fig. 10c). The center of this negative
anomaly reaches the continental shelf off Cape Cod at about 04:36 September 31 (Fig.
10g) and Atlantic City at about 11:48 on the same day (Fig. 10j). The amplitude of
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these waves is characterized by a gradual decay from the coast to the shelf-break, but
due to the scattering by the rough bottom topography and coastline, these shelf waves
are not in such a regular pattern as seen in an idealized step-wise shelf model set-up
(Zhai, 2004).

The other interesting features in Fig. 10 are two wave trains of sea surface
anomalies, with a negative anomaly train along the storm track and a positive anomaly
train at about 200 km to the east of the storm track (there is also a third, weaker
positive anomaly train to the left of the storm track). Along the negative train, there
are three separate negative anomalies at 14:12 September 30 ADT (Fig. 10a), with the
largest anomaly over deep water, an intermediate anomaly at the shelf break and the
smallest anomaly at the coast. At later times, the intermediate anomaly propagates
northward and generates a shelf wave as it impinges on the coast (Figs. 10b-d, g-j).
At later times again (starting at 02:12 ADT), the large negative anomaly over deep
water spawns a new intermediate negative anomaly that propagates northward and the
process repeats itself. Similarly, a large positive anomaly stands over deep water to
the east of the negative anomaly and spawns the smaller-size positive anomalies that
propagate northward and generate shelf waves as they reach the coast (Figs. 10e,f).

The other interesting phenomenon produced by the nested system is the onset of
inertial oscillations after more than 10 days at locations along the pathway of the Gulf
Stream far from the storm track, where there is also no local storm forcing. There are
two competing hypotheses concerning the mechanism for this phenomenon: linear wave
dispersion of inertial-gravity waves from the storm track (e.g., Gill, 1984) or advective
processes. Zhai et al. (2004b) have demonstrated the importance of geostrophic
advection for carrying the near-inertial energy to regions remote from the storm track
by using a diagnostic model run in which the baroclinic dispersion of inertial-gravity
waves is excluded.

In order to extract energy at the near-inertial frequency, a bandpass filter centered
at the local (41°N) inertial frequency is used. The kinetic energy of the surface currents,

given by (u? 4+ v?)/2 (where u and v are the horizontal velocity differences) is computed
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after the bandpass filter is applied. The near-inertial energy is initially biased to the
right of the storm track at day 6, due to the rightward bias in the storm-generated
currents (e.g., Price, 1981) (Fig. 11a). The near-inertial energy is then advected
gradually by the Gulf Stream to the east at the latitude around 41°N (Fig. 11b,c,d).
The near-inertial energy decays as it is advected horizontally, due to dissipation and
the vertical propagation of the energy. The time scale of the horizontal advection is
consistent with the velocity scale for the Gulf Stream in the model. The shelf-break jet
also advects the near-inertial energy to the southwest along the shelf-break as seen in
Fig. 11.

The near-inertial energy generated by the storm is initially confined in the surface
mixed layer. It gradually propagates downward in the following ten days mainly on the
right side of the storm track, where there exists a larger energy source in the surface
mixed layer (Figs. 12a-c). The vertical propagation of the near-inertial energy can be
interpreted using the concept of modal interference and separation as described in Gill
(1984) and Zervakis and Levine (1995). The total near-inertial energy decreases with

time due to dissipation and only a small amount is left at day 18.

4. Summary and Discussion

We studied the upper ocean response on the Scotian Shelf and slope to Hurricane
Juan (2003) using a nested-grid ocean circulation model developed by Zhai et al.
(2004a). The nested system consists of a fine-grid inner model covering the Scotian Shelf
and adjacent slope and a coarse-grid outer model covering the northwest Atlantic Ocean.
The newly developed two-way nesting technique based on the smoothed semi-prognostic
method (Zhai et al., 2004a; Sheng et al., 2004) is used to transfer information between
the outer and inner models over the common subregion where the two grids overlap.
In comparison with the coarse-grid outer model, the inner model generates a stronger
response, sharper fronts, and more meso-scale structures due to its higher horizontal

resolution and better resolution of the storm forcing on the fine model grid.
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The nested-grid modelling system yields a reasonable upper ocean response to
Hurricane Juan. Before the storm reaches the Scotian Shelf, the simulated upper ocean
response in the deep water is characterized by strong divergent currents forced directly
by the local wind forcing under the storm, a rightward bias of SST cooling, and intense
inertial oscillations behind the storm. The amplitude and distribution of the cold wake
produced by the model compare well with the observed change in SST estimated from
satellite remote sensing SST data before and after the storm. After Hurricane Juan
moves onto the shelf, continental shelf waves are excited and propagate with the coast
on their right. These waves can easily be seen in the sea surface elevation field computed
from the model, and in the temporal and spatial evolution of the horizontal currents.
The phase speed of the shelf waves estimated from the model results is about 15.4
m s~!. The other interesting phenomenon produced by the model is that the inertial
oscillations are gradually advected eastward in the ocean interior by the model Gulf
Stream. The advective mechanism for dispersing the inertial energy could be important

for understanding mixing in the ocean as argued by Zhai et al. (2004b).
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Appendix: The Vertical Mixing Scheme

The vertical eddy viscosity and diffusivity coefficients in the ocean surface mixed
layer (SML) are parameterized in terms of a scale velocity. For the wind-driven SML,
the scale velocity is usually assumed to be either the wind stress friction velocity, u,,
(e.g. Chang and Anthes (1978) and Greatbatch (1985)), or AV (e.g., Price et al., 1978),
which is the magnitude of the mean velocity difference across the base of the SML.

Parameterizing mixing in terms of u, implicitly assumes that breaking waves at the
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surface are responsible for the turbulence that erodes the base of the SML, whereas a
parameterization based on AV assumes that the important turbulence is generated by
shear instability at the base of the mixed layer itself. Linden (1975) argued that the
rate of entrainment across a density interface, produced by a stirring grid, should not
be related directly to the velocity of the stirrer (corresponding to breaking waves at the
surface), but to the turbulent velocity at the interface. This is because the mechanical
energy density decays with depth, and a smaller fraction of the energy input is available
for mixing when the layer is deep and the interface further from the energy source
(Thompson & Turner, 1975). Price et al. (1978) argued that AV is a better scale
velocity by simulating observed oceanic cases of ML deepening. As is shown later, the
choice of AV, rather than u,, plays a key role in producing the rightward bias of the
upper ocean response to a moving hurricane.

In Price’s layered model (Price, 1981), the rate of entrainment at the base of the

SML ()., is given by

1 5x107*R,™ (R, <1
RS <@> _ (B <1) (A1)
AV \ dt m 0 (Rv > 1)
where R, is an overall Richardson number, defined as
R, = gAph/po(AV)? (A2)

where Ap is the density difference across the base of the SML and AV is the
corresponding difference of the bulk velocity. Since the storm-induced currents are
usually stronger to the right of the storm track than to the left, (Al) and (A2) imply
more entrainment on the right side of the storm track than the left. Price (1981)
suggested that this mechanism is responsible for the bias to the right of the track of the
sea surface temperature response.

The default vertical mixing scheme used in CANDIE is Csanady’s (1982) formula
for the vertical eddy viscosity in the SML, which depends on u, rather than AV, and

Large et al.’s formula (1994) for vertical mixing in the interior of the ocean, with the
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vertical eddy diffusivity set to be equal to the vertical eddy viscosity (i.e., the Prandtl
Number is set to 1). To simulate the ocean response to a moving storm, we modify
the default mixing scheme based on the suggestion of Price et al. (1986). First of all,
the SML thickness is diagnosed from the vertical temperature distribution of the water
column. Beginning from the top z-level, the scheme searches for the first level £ at
which the temperature exceeds that at the level below by a prescribed value (0.4°C in
this study). The scheme then sets the mixed layer depth to be at the base of level k.
Within the SML, a very large vertical mixing coefficient is used so that currents and
temperature in the SML are essentially vertically homogeneous. At the base of the
SML, the eddy viscosity coeflicient is dependent on an overall Richardson number as
defined by (A2). A smaller overall Richardson number corresponds to larger vertical
mixing at the base of the SML and hence more cold water is entrained into the SML.

The parameterization is

1 R, <0
vivy = (A3)
02R,™ R, >0
where v is the vertical eddy viscosity coefficient at the base of the mixed layer, R, is the
overall Richardson number and v,; = 10* cm?s~!.
Below the SML, the vertical mixing is parameterized as a function of the gradient
Richardson number R, (the ratio of local buoyancy to vertical shear forcing, i.e.,
R, = N?/((8,U)* + (9,V)?)) as suggested by Large et al. (1994). The parameterization

in Large et al. (1994) is written as

1 R, <0
v/’ =< [1—(R,/Ro)?)> 0<R, < Ry (A4)
0 R, > Ry

where v is the vertical eddy viscosity coefficient, v° = 50 em?s~! and Ry = 0.7. This
scheme results in a rapid increase of the vertical mixing coefficient as R, decreases below
the threshold value of Rj.

To identify the relative importance of vertical mixing and upwelling in lowering the

SST (see Greatbatch, 1985), we run the model without advection and compare it with
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that with advection in an idealized model setup. It is found that vertical mixing plays a
dominate role in the SST change including the rightward bias (Fig. 13). It should be
noted that if the vertical mixing is parameterized in terms of wu,, since the wind stress
forcing used here is symmetric about the storm track, the corresponding SST response
in the case without advection is also symmetric about the storm track. The fact this is
not the case in Fig. 13 demonstrates the importance of using the velocity scale AV to

parameterize the vertical mixing used in the model, as in Price (1981).
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Fig. 1: Storm track of Hurricane Juan compiled by the National Hurricane Center
(Courtesy of Chris Fogarty of the Meteorological Service of Canada).

26



Change in SST during Juan (Sept 27 to Oct 01)

GrADS: COLAJICES 2003-11~-04~18:02

Fig. 2: The change in sea surface temperature (SST) associated with Hurricane Juan
estimated from satellite remote sensing SST data on September 27 and October 1, 200/
(Courtesy of Chris Fogarty of the Meteorological Service of Canada).
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Fig. 3: Bathymetric features within (a) the outer model domain of the Northwest Atlantic
Ocean and (b) the inner model domain of the Scotian Shelf and slope. Abbreviations are used
for the Labrador Sea (LS), Newfoundland Basin (NB), Grand Banks (GB), Gulf of Maine
(GOM), Cape Cod (CC) and Atlantic City (AC).
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Fig. 4: (a) Simulated sea surface temperature (SST) on day 585 (i.e., August 15 of the
second model year) produced by the outer model, and (b) satellite remote sensing SST data
composite over the northwest Atlantic Ocean during the first half of August 1999 (Courtesy of
the Biological Oceanography Division of the Bedford Institute of Oceanography).
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Fig. 5: Annual mean near-surface (15 m) currents (solid arrows) and temperature
produced by (a) the outer and (b) inner models of the nested grid system. The observed
currents (open arrows) are the gridded time-mean near-surface currents during the 1990s

inferred from trajectories of 15 m-drogued satellite-tracked drifters by Fratantoni (2001) on a
1° grid. Contour intervals are 1°C.
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Fig. 6: Sea surface temperature (SST) and currents (arrows) associated with Hurricane
Juan at different times produced by the outer model. Contour intervals are 0.4° C. The black
dashed line represents the storm track and the solid diamond symbol shows the center of the
storm.
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the inner model. Otherwise as in Fig. 6.
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Fig. 8: Left panel: part of the outer model domain (the storm track of Hurricane Juan
is indicated by the dashed line and point 1 chosen here is indicated by the circle). Upper right

panel: time series of the horizontal velocity differences at point 2. Lower right panel: spectrum
of the horizontal velocity differences at point 1.
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Fig. 9: Temporal and spatial evolution of the horizontal velocity components at points on
the shelf near the coast in the outer model. The dot-dashed line represents the position where

the center of Juan hits the coast.
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Fig. 10: Temporal evolution of the sea surface elevation (SSE, An) calculated from sea
surface pressure produced by the outer model. The SSE response is the SSE difference between
the model results in experiments CLIM+STORM and STORM. Contour intervals are 1 cm.

The black dashed line represents the storm track.
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Fig. 11: Temporal evolution of the near-inertial energy at the sea surface in the outer
model (unit: m? s72). The dashed line represents the storm track. The 0.1, 0.05, 0.01, 0.002
contours are drawn.
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Fig. 12: Vertical transect showing the temporal evolution of the near-inertial energy in
the outer model (unit: m? s=2) in the upper 400 m. The dashed line shows where the hurricane

center intersects the transect. The same contours are drawn as in Fig. 11.
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Fig. 13: Sea surface cooling associated with the passage of a moving storm produced by
the ocean model in an idealized model setup with a) vertical mixing and temperature advection
and b) vertical mizing only. “x” denotes the position of the storm center at the time of the

snapshot. The dotted line represents the storm track.



