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Abstract A three-dimensional (3-D) baroclinic finite-volume ocean model (FVCOM) was developed to
examine the oceanic response to Hurricane Igor over the Grand Banks of Newfoundland. Hurricane Igor
generated a storm surge of almost 1 m at St. John’s and about 0.8 m at three nearby coastal tide gauge sta-
tions (Bonavista, Argentia and St. Lawrence). The surge magnitude from the 3-D baroclinic model agrees
approximately with tide-gauge observations at all four stations, slightly better than that from an alternative
3-D barotropic case. The sudden drop of sea surface temperature caused by the storm, approximately 6oC
as observed by buoys, is well simulated by the baroclinic model with a k-e turbulence closure. A sensitivity
simulation with the Mellor-Yamada turbulence closure significantly underestimates sea surface cooling. It is
shown that the sea surface cooling is mainly associated with turbulent mixing, and to a lesser degree with
Ekman upwelling. The model solution shows that the largest surge occurred between Bonavista and St.
John’s. Further analysis suggests the generation of a free continental shelf wave after the storm made land-
fall, with the peak surge propagating from St. John’s to St. Lawrence.

1. Introduction

The Grand Banks of Newfoundland, located in the northwest of the Atlantic Ocean, extend nearly 500 km
wide and 600 km long of the midlatitude. Situated southeast of Newfoundland, the Banks are separated
from it by the Avalon Channel (Figure 1). With the influence of different water masses, the cold fresh
Labrador Current and the warm salty Gulf Stream, the shallow Grand Banks play an important role in
regional climate variability and marine ecosystem function.

Occasionally from August to October, hurricanes or tropical storms passing over the Banks cause a storm
surge, along with drops in sea surface temperature (SST) and enhancement in vertical mixing. On 21
September 2010, Hurricane Igor, the most intense hurricane in Newfoundland in recent decades [Pasch and
Kimberlain, 2011], hit this area, crossed over the Newfoundland Shelf, heading north into the Labrador Sea.
SST observations on the Grand Banks showed a sharp decrease of 6!C [Han et al., 2012a]. Two strong storm
surges were captured at the St. John’s tide gauge station with a time difference of 11 h [Han et al., 2012b].
The occurrence of a phytoplankton bloom over the Banks was thought to be attributed to the mixed-layer
deepening and upwelling associated with the strong wind [Han et al., 2012a].

Historically, scientists have used observations to explore the physical mechanisms of the oceanic response
over the Newfoundland Shelf to the storm forcing. With wavelet and cross-wavelet analyses, Thiebaut and
Vennell [2010] analyzed a fast continental shelf wave with data observed from six tide-gauges located along
the Newfoundland coast under hurricanes. Han et al. [2012b] using satellite altimetry and tide-gauge data
studied storm surges off Newfoundland caused by Hurricane Igor. They found that the storm surge was
associated with a continental shelf wave generated by Hurricane Igor. However, monitoring both spatially
and temporally the effects of hurricanes and tropical storms over the Grand Banks is limited, because there
are few direct observations. Therefore, ocean modeling has become increasingly important to improve our
understanding of the physical and biological response to extreme weather events in such under-observed
regions.

Modeling studies of hurricane impacts on storm surge and the upper ocean’s responses in coastal waters
have been frequent over the past decade. [e.g., Resio and Westerink, 2008; Shen et al., 2006; Weisberg and
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Zheng, 2006a, 2006b; Westerink et al., 2008]. Weisberg and Zheng [2006a, 2006b, 2008] and Rego and Li
[2010] investigated the coastal inundation and surge propagation along a coastal embayment. Xie et al.
[2004] discussed inundation algorithms and flooding velocities using the Princeton Ocean Model forced by
an idealized Category-3 hurricane. Shen et al. [2006] simulated Hurricane Floyd’s storm tide of September
1999 in Chesapeake Bay, with a substantial data set for validation and concluded that water levels inside
the bay can be explained by the superposition of offshore surge propagation into the bay and local wind
forcing. Focusing on the Newfoundland Shelf, deYoung and Tang [1990] discussed and modeled baro-
clinic near-inertial currents on the Grand Banks induced by a storm using a two layer idealized model.
Using a linear barotropic model, Tang et al. [1998] investigated four types of wave motions with a baro-
tropic response for an idealized moving storm off Newfoundland and Labrador. Mercer et al. [2002] mod-
eled the barotropic response to a storm, determining the mechanism for a storm-generated wave effect
on coastal sea level associated with a fast moving storm passing over the Grand Banks. However, these
modeling studies were based on an idealized storm case and with an idealized barotropic formulation.
Sheng et al. [2006] modeled upper ocean response to Hurricane Juan over the Scotia Shelf using a three-
dimensional (3-D) baroclinic model. The sea surface cooling was reproduced reasonably well but the
storm surge was not.

Most of the above studies are based on either two-dimensional (2-D) depth averaged model or a 3-D baro-
tropic model. Weisberg and Zheng [2008] showed an improvement of storm surge simulation in their 3-D
barotropic model over a 2-D depth-averaged model in the Tampa Bay, Florida. From our knowledge, studies
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Figure 1. Hurricane Igor track (black thick line) and bathymetry (200, 1000, and 3000 m) over the Newfoundland Shelf. Tide-gauge stations
(red triangles) include St. John’s, Bonavista (BN), Argentia (AR) and St. Lawrence (SL). Locations of buoys are depicted in black (for tempera-
ture) and blue (for currents) squares. TB and CB indicate the Trinity Bay and Conception Bay, separately. AC is the Avalon Channel. Red
square is the location where the model current and sea level are shown in Figure 15.
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on coastal ocean’s response to hur-
ricanes based on 3-D baroclinic
models are limited. In this study,
we will apply a state-of-the-art
finite-volume coastal ocean model
(FVCOM) [Chen et al., 2003] to
understand the baroclinic ocean
responses to Hurricane Igor over
the Grand Banks. Our main objec-
tives are (1) to establish a 3-D high
resolution baroclinic ocean model
that can realistically simulate
storm-induced oceanic responses
and (2) to investigate features of
storm surge, sea surface cooling
and mixed-layer deepening and
impacts of baroclinicity and turbu-
lence parameterization. In section
2, we will describe the model
setup, boundary conditions, forcing
data, initial conditions and solution
procedure. Section 3 will present
comparisons between the model
and observations and further
describe circulation and hydrogra-
phy. Section 4 discusses the mech-
anisms underlying storm surge and
sea surface cooling associated with

the storm and their sensitivity to model dynamics, parameterization and forcing. Finally, in section 5, we
will present the summary and conclusions.

2. Circulation Models, Forcing, Initial and Open Boundary Conditions

2.1. FVCOM (3.1) Ocean Circulation Model and Mesh
The FVCOM model [Chen et al., 2003] used in this study combines the advantages of horizontal grid flexibil-
ity and computational efficiency. Thus, this model is highly suitable for the present study area with an irreg-
ular complex coast line, reaching from shallow waters to the steep topography of the shelf break. A hybrid
s-coordinate is chosen to better resolve the surface isopycnal layers and bottom topography [Chen et al.,
2011]. To account for the effect of atmospheric pressure on sea level, an atmospheric pressure gradient
term is added into the momentum equation. A k-e second-order turbulence model from General Ocean
Turbulence Model (GOTM; available at http://www.gotm.net) is used in the present study. No normal flow
to solid boundaries is applied at the lateral boundaries.

The storm surge effect is forced directly by wind stress and atmospheric pressure, but also is influenced by
the continental shelf geometry and bathymetry. Thus, any storm simulation should include a domain large
enough to contain the meteorological forcing fields and remote effects through coastally trapped wave
propagation. The current model domain covers the southern Labrador Shelf including the Grand Banks,
Newfoundland Shelf and the adjacent deep ocean (Figure 1). With 33,863 unequally spaced nodes and
64,480 elements, the horizontal resolution is typically 5 km over the shelf and 1–2 km along the coast and
shelf edge (Figure 2). Vertically, 41 levels are nonuniformly distributed with a transition depth of 80 m. The
first layer depth is within 1 m of the surface both for the shelf areas and the deep ocean. We use topogra-
phy from the Canadian Hydrographic Service for the shelf part and etopo5 for the deeper ocean (www.
ngdc.noaa.gov). The bathymetry has been smoothed to minimize the pressure gradient errors [Mellor et al.,
1993] with a volume conserving technique within each triangle. This technique limits the depth difference
for three vertices at each triangle [Foreman et al., 2009]. On the basis of Courant-Friedrichs-Levy (CFL)
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Figure 2. Mesh with 33863 nodes over the Newfoundland Shelf and Grand Banks. The
resolution is around 1–2 km along the coastal and shelf edge. The Shelf and Banks are
covered by 5 km unstructured triangular.
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numerical stability condition, model equations are solved with an integration time step of 1 s for the exter-
nal mode and an internal to external mode ratio of 10.

2.2. Forcing and Hurricane Igor Wind Model
The model is forced by winds, heat fluxes and air pressure at the sea surface. We used spatially variable wind
stress, air pressure, relative humidity, cloud cover, air temperature, dew point temperature and short-wave heat
flux from NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, (www.esrl.noaa.gov/psd) over the entire computational
domain. The North American Regional Reanalysis (NARR) project is an extension of the NCEP Global Reanalysis
which is run over the North American Region. The NARR model uses the very high resolution NCEP Eta Model
(32 km/45 layer) together with the Regional Data Assimilation System (RDAS), with output 8 times daily. The
heat flux data were calculated from MATLAB code including different functions to calculate the long-wave radia-
tion, latent heat flux and sensible heat flux. A revised equation from Li et al. [2006] was used to calculate the
albedo, including the white cap effect [Monahan and MacNiocaill, 1986], while modified code from the Tropical
Ocean and the Global Atmospheric Program (TOGA)-Coupled Ocean Atmospheric Response Experiment
(COARE) [Fairall et al., 1996] was used to calculate the sensible and latent heat fluxes. The formulation of Fung
et al. [1984] was used to estimate longwave radiation based on sea surface temperature from monthly mean
temperature [Geshelin et al., 1999] and air temperature, dew point temperature, cloud cover and wind speed.

Usually, the wind field generated from the atmospheric model substantially underestimates the maximum
sustainable wind of a storm. A more effective way to create hurricane winds in storm surge modeling [e.g.,
Peng et al., 2006a, 2006b; Weisberg and Zheng, 2008] is to reconstruct the wind field by fitting the analytical
cyclone model from Holland [1980]. The radial distribution of wind relative to the storm centre and the max-
imum wind speed are specified such that:
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Where r is the radial distance from the hurricane centre, VH is the axisymmetric 1 min sustained wind speed as
a function of the radius r, qa is the air density (51:15kg=m3), Pamp and MCP are the ambient and minimum cen-
tral atmospheric pressures, respectively, e is the natural base logarithm, RMW is the radius of maximum winds,
Vmax is the maximum sustained wind speed, and B determines the shape of the storm wind filed,
1:0 < B < 2:5. We use a constant value of 1.1 for B. A practical and approximate way of converting VH to the
10 m winds is to multiply a constant factor [Phadke et al., 2003]. Instead, here we used another approximate
approach, i.e., fitting the Holland model directly to 10 m wind data. The wind representation was determined
from the NOAA Igor tracking report [Pasch and Kimberlain, 2011] and 3 hourly forecasting data (www.nhc.noaa.
gov/archive/2010/IGOR.shtml). The report provides storm centre location, pressure, maximum 10 m wind speed,
and forecasting data including the 64 knot wind radius in four directions (NE, NW, SE, SW) every 3 h. Based on
the above equations (1) and (2), we calculated the maximum wind radius in each direction using the 64 knot
wind radius data with the centre location provided by the Igor summary [Pasch and Kimberlain, 2011]. Then, the
averaged maximum wind radial distance in four directions was treated as the RMWto construct the horizontal
wind fields, neglecting asymmetry. The RMW and Vmax are further interpolated linearly to provide values every
1 h. Then 1 min axisymmetric winds are generated every hour. The axisymmetric wind is rotated for an inflow
angle. The inflow angle was difficult to determine precisely. A common practice is to apply a constant inflow
angle. Tang et al. [1998] used 35o as the inflow angle suggesting that it was too large near the storm centre.
Zhang and Uhlhorn [2012] estimated the averaged inflow angle to be 22:662:2o for the 10 m wind based on
observations. In the current study, we selected 25o as the inflow angle based on these two studies. Figure 3
compares reconstructed 1 min wind speeds from different B values with 1 min observations at St. John’s,
Bonavista and Argentia. The winds with B51.1 have the best agreement with observations. The 1 min sustained
winds are also converted to 10 min winds by multiplying a factor of 0.89 as a sensitivity case.

The 1 min (baseline) and 10 min sustained winds from the hurricane model are further blended with the
NARR winds as follows: hurricane model winds within one RMW, NARR winds outside 4 RMW, and distance-
based linear transition between the former and the latter between one and four RMWs.
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Wind stress is computed every hour by:
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2.3. Initial and Boundary Conditions
The model sea level and velocity were initialized from zero. The initial temperature and salinity conditions
were generated from the historical monthly mean temperature and salinity data [Geshelin et al., 1999] at
standard z-levels. The model reaches an approximate dynamic equilibrium after running for 15 days. The
model was integrated for 15 days with the July climatological condition and restarted from 1 August to 15
October 2010. The results from 1 September to 15 October were analyzed to examine the Igor influence
over the upper ocean.

Tidal heights for the five major semi-diurnal (M2,S2and N2) and diurnal (K1 and O1) constituents based on
Han et al. [2010] were specified along the open boundaries. Nontidal sea level at the lateral open bounda-
ries was obtained from the climatological monthly mean solution of Han et al. [2008] and specified. The
inverse barometric effect was adjusted at the open boundary [Jones and Davies, 2004; Sheng et al., 2006].
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Figure 3. Comparison of 1 min sustained wind speeds reconstructed from the hurricane model using different B values with observations
at St. John’s, Bonavista, and Argentia.
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The temperature and salinity along the open boundaries were interpolated from Geshelin et al.’s [1999] 1=
6o by 1=6o climatological, monthly mean fields at each time step.

2.4. Model Validation Metrics
Besides commonly used correlation coefficient and root-mean-square (RMS) difference, another quantita-
tive metric, the Willmott Score (WS) [Willmott, 1981], was used to evaluate the model sea level and sea sur-
face temperature [e.g., Liu et al., 2009]. The WS is defined as:

WS512MSE= < ðjm2 < o > j1jo2 < o > jÞ2 > (4)

where m and o represent modeled and observed variables respectively, <o >is the mean value of the
observed variable, MSE is the mean square difference between model and observation. WS51 means the
exact agreement, the closer to 1 the better agreement.

3. Model Validation

3.1. Tidal and Nontidal Sea Level
Harmonic constants of leading M2, S2, N2, K1 and O1 constituents derived from coastal tide gauges and bot-
tom pressure gauges were obtained from Han et al. [2010]. Harmonic analysis including these five constitu-
ents and major over-tides (M4, M6, MS4) was applied to the model solution from 1 September to 15 October
2010. For the five tidal constituents, the RMS error between observed data and model solution was 3.5 cm
in amplitude and 8.3!in phase compared with 2.4 cm and 14.2! from Han et al. [2011]. The horizontal distri-
butions (not shown) of five constituents are consistent with previous study and detailed description and fig-
ures could be found in Han et al. [2011]. Observed hourly sea levels were obtained from the Canadian Tides
and Water Levels Data Archive (www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/twl-mne/index-eng.htm) at St.
John’s, Bonavista, Argentia, and St. Lawrence (Figure 1) for 2010. Harmonic analysis with 35 tidal constitu-
ents (including the aforementioned 8 constituents) was applied to detide tide-gauge data [Pawlowicz et al.,
2002]. The detided tide-gauge data were compared with the model results.

The results of hourly nontidal sea level were shown in Figure 4 (blue and red line), with the model mean
sea level adjusted to match the observed relative to the chart datum over the period from day 264 to day
270. The inverse barometer effect was included. Simulated results agree well with observed water levels in
these stations with a correlation coefficient above 0.9, including both storm-induced and other variability.
During Hurricane Igor, sea level at these four stations, with the exception of Bonavista, showed two peaks.
The first peak at St. John’s was on year day 264, 15:30pm when the storm centre made landfall near Cape
Race (see Figure 1), while the second one at this station was on year day 265, 02:30am when the storm
centre traveled farther north, about 530 km northeast from St. John’s (Figure 4). The second peak at St.
Lawrence was 6–8 h later.

The RMS differences between the observed and simulated hourly values were averaged to be around
10 cm at the four tide-gauge stations, which nevertheless was relatively small compared to an average
surge magnitude of 83 cm (Table 1). The averaged Willmott Score stayed as high as 0.90. The differences for
the peak amplitude and timing were shown in Table 2. On average, the absolute amplitude difference was
8 cm (about 10% of the average surge magnitude) and the time lags were 1.3 h. Even though the model
slightly over- or under-estimated the peak surge, it did capture the local surge’s evolution and reproduce
the low frequency sea level before and after the storm very well.

The model results at Argentia and St. Lawrence also show strong oscillations at a period of about 5 h
(Figure 4). Placentia Bay has a longitudinal length of 130 km and an average depth of 125 m [Ma et al.,
2012]. By treating it as horizontally triangular the natural oscillation period is estimated to be 5.4 h. Thus the
strong short-period oscillations are probably associated with a storm-induced seiche. It is possible that the
tide gauges did not capture the seiche well because of their locations. This also explains why the model
peak surge is higher than the observed at the Argentia and St. Lawrence tide-gauge stations.

On year day 265, 02:40am, Jason-2 had a pass across the Grand Banks when the sea level was close to the
second peak at St. John’s. Model simulated sea level anomalies along the track were interpolated and com-
pared with satellite observations from Han et al. [2012b] (Figure 5). Over the central Grand Banks
(42oN245:5oN), computed sea level captured the observations well. A sea level dip was found between
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44:5oN to 45:5oN both in the observations and the model results. However, a large sea level difference
existed inshore (Figure 5b) due to the model delay of the peak at St. John’s (Table 2). After 2 h, the model
inshore elevation anomaly reached 0.6 m.

3.2. Sea Surface Temperature
The baseline model sea surface temperatures were compared with buoy measurements (http://www.meds-
sdmm.dfo-mpo.gc.ca/isdm-gdsi/waves-vagues/index-eng.htm) in Figure 6 (blue and red line, respectively).
One buoy (C44251) was deployed inshore and the other two were located along the shelf edge in the
southern part of the Grand Banks (Figure 1). When the storm passed over, the sea surface temperature
dropped by around 6oC. The simulated temperatures agree well with those observed. The correlation coeffi-
cients from day 264 to Day 270 were all above 0.9. The averaged RMS error between the observed and
simulated temperature stayed around 1.6oC. The averaged Willmott Score was 0.83, indicating good agree-
ment for both mean temperature and variability. The hurricane induced average temperature drop from
the model was comparable to the observed drop within 1 oC . By comparing the temperature before and

Table 1. Validation Statistics Between Model and Observed Nontidal Sea Level Anomalies (cm)a

Tide-Gauge Station

RMS Difference (cm) Willmott Score (WS)

BC-1 BC-10 BT-1 BC-1 BC-10 BT-1

St. John’s 9.5 10.5 10.2 0.91 0.88 0.90
Bonavista 9.1 9.9 9.2 0.90 0.87 0.90
Argentia 12.4 11.7 13.0 0.87 0.86 0.86
St. Lawrence 10.6 12.2 11.3 0.91 0.86 0.90
Mean Absolute 10.4 11.1 10.9 0.90 0.87 0.89

aBC-1 is the baseline 3-D baroclinic model, BT is the 3-D barotropic case, and BC-10 is the 10 min sustained wind case.
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after the storm, we found that the surface temperature did not return to the original level after the storm
(Figure 6). In general, the net heat flux at the surface becomes weak for this region in late September.
Therefore it is unlikely for the sea surface temperature to recover following passage of the storm. Sheng
et al. [2006] simulated sea surface cooling of 3.5!C over the Scotian Shelf during Hurricane Juan. Wada
[2005] reproduced sea surface cooling of 4!C south of Japan during Typhoon Rex.

3.3. Horizontal Temperature Distribution and Mixed Layer Depth
Figure 7 shows the 8 day averaged horizontal sea surface temperature distribution from the model and
from satellite remote sensing data (pathfinder.nodc.noaa.gov) [Casey et al., 2010]. The 8 day periods are
from 14 to 21 September and from 22 to 29 September, respectively. The satellite sea surface temperature
was shown for the same time period. Before the storm, the satellite surface temperature showed an evident
north-south gradient over the Grand Banks. The temperature was high, up to 20 oC in the south and low to
12 oC in the north. After the passage of the storm, the satellite surface temperature dropped significantly,
around 6 oCover the Grand Banks but held a similar north-south gradient. Compared with the satellite tem-
perature, similar spatial patterns before and after storm were clearly found from the model solutions. A
large discrepancy between model results and satellite observations existed over the southern Grand Banks
after the storm passed by. The model temperature is 14 oC while the satellite temperature is 11oC. The aver-
aged mixed layer depth around the inshore buoy (C44251), calculated based on the model results (Figure
8), showed that the mixed layer deepened substantially following the passage of the storm, increasing from
19 m before the storm to around 27 m afterward. The mixed layer depth is defined as the depth where a
density change of 0.125 kg m23 from the sea surface value has occurred.

Table 2. Storm Surge Peak Statistics (Model Minus Observations) for the Highest Peaka

Tide-Gauge Station
Observed Peak

Surge (cm)

Peak Difference (cm) Peak Lag (h)

BC-1 BC-10 BT-1 BC-1 BC-10 BT-1

St. John’s 94 26 218 215 2 2 2
Bonavista 79 212 210 28 2 2 2
Argentia 85 12 23 8 2 2 2
St. Lawrence 75 2 213 22 0 0 1
Mean Absolute 83 8 11 8 1.5 1.5 1.8

aBC-1 is the baseline 3-D baroclinic model, BT-1 is the 3-D barotropic case, and BC-10 is the 10 min sustained wind case.
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Figure 5. (a) Jason-2 satellite ground track (Red) and (b) sea level anomalies between model and satellite observations. Black thick line in
(a) is the storm track. AP: Avalon Peninsula. AR: Argentia. Red triangles depict the location of tide gauge stations.

Journal of Geophysical Research: Oceans 10.1002/2014JC010322

MA ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 1283



3.4. Surface Current
Surface currents were compared with observations at a station located in the mouth of Placentia Bay where
buoy collected surface currents (0.5 m below the sea surface) are available. Half-hourly data were extracted
from the Smart Bay Project (www.smartbay.ca). Data from 1 August to 31 December 2010 were de-tided for
the 5 major constituents and 30 other minor constituents [Pawlowicz et al., 2002] and smoothed with a 3 h
low pass filter (Figure 9). In general, model calculated currents compare reasonably well with buoy observa-
tions especially during Hurricane Igor. From year day 264 to 266, surface current significantly increased to
around 0.6 m/s and the direction changed suddenly from positive to negative (positive is eastward and
northward). The peak currents were reached at year day 264, 19:55 when the storm centre moved to the
northeast of Trinity Bay. Significant inertial oscillations were generated at a period of about 17 h. Detailed
statistics were calculated between the observed and model currents. The RMS differences are 15 cm/s in
both the eastward and northward components. Therefore, the model simulated the variability of surface
current well during Hurricane Igor.

4. Discussion

4.1. Sensitivity Simulations Without Stratification, With Mellor-Yamada Turbulence Closure, or With
10 min Sustained Wind Forcing
Weisberg and Zheng [2008] found the importance of using a 3-D barotropic model instead of a 2-D depth-
averaged one for storm surge in Tampa Bay, Florida. They attributed the 20% underestimation of surge in
the 2-D model to the overestimation of bottom stress. Here we extend their work to examine the difference
between our baseline 3-D baroclinic model and an alternative 3-D barotropic case (BT-1) while keeping
wind forcing and sea level open boundary conditions the same. The results are shown in Figure 3, with
detailed statistics in Tables 1 and 2. The 3-D barotropic model is almost as good as the baroclinic model in
terms of the RMS difference and Willmott Score (Table 1). The statistics for the peak storm surge shows the
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Figure 6. Hourly sea surface temperature from observation (red), baseline model with k-e turbulence closure (blue), sensitivity case with
MY2.5 (green), and sensitivity case with 10 min sustained hurricane winds (black dash) at (a) C44140, (b) C44138, and (c) C44251. Vertical
black dashed line indicates the landfall time.
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slightly lower skills of the 3-D barotropic model. The barotropic model underestimates the observed surge
to a greater degree than the baroclinic model, especially at St John’s. This difference may be attributed to
the increased bottom current (Figure 10) and thus bottom stress in the 3-D barotropic model. The storm
surge, as a temporal and spatial integral of the surface slope, depends strongly on the bottom stress and
thus bottom current [Weisberg and Zheng, 2008].

The default turbulence closure for the vertical eddy viscosity/diffusivity in the FVCOM is the 2.5-level Mellor-
Yamada turbulence model (MY2.5). Han et al. [2011] reported that the heat flux could not penetrate deep
enough when MY2.5 was used in an FVCOM simulation of the seasonal circulation over the Grand Banks. As
a result, the model mixed layer depth was too shallow in summer. Thus, we used a second-order k-e model
in GOTM for our baseline simulation in the present study. Here we further compare the model SST during
Hurricane Igor from the k-e and MY2.5 turbulence closures, respectively. Table 3 and Figure 6 clearly show
that the model SST change from the k-e closure agrees well with observations, but that from the MY2.5 clo-
sure does not, indicating that the former can realistically represent the mixing effect. The mixed-layer depth
from the MY2.5 closure is much shallower than that from the k-e closure.

As in some previous studies [Morey et al., 2006; Weisberg and Zheng, 2008], we used 1 min sustained hurri-
cane winds as the forcing for the baseline simulation shown in the preceding section. As a comparison the
results from a sensitivity run forced by the 10 min sustained hurricane winds were also provided here.
Overall, the sensitivity case has larger RMS differences and lower Willmott Score than the baseline model
(Table 1) against tide-gauge sea level variations. It underestimates the peak storm surge at all tide-gauge
stations (Figure 4 and Table 2). The sensitivity case has essentially the same RMS differences and the

Figure 7. Eight day averaged model sea surface temperature from (a) 14 to 21 September and (b) 22 to 29 September and satellite sea sur-
face temperature from (c) 14 to 21 September and (d) 22 to 29 September. Black line is the Igor track and the black dots are the buoy
locations.
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Figure 8. Model mixed-layer depth averaged over an area (from 53 to 54!W and from 46 to 46.5!N) near the inshore buoy location. Black
dashed line indicates the landfall time.
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while red line is the observed. Black dashed line indicates the landfall time.
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Willmott Score against buoy-observed SST (Table 3). The sensitivity case agrees better with observed SST
decrease at the nearshore buoy location, but underestimates sea surface cooling at the two offshore buoy
locations (Table 3 and Figure 6).

4.2. Sea Level and Continental Shelf Wave
Figure 11a shows the surface circulation pattern and sea level distribution on 21 September (year day 264),
12:00 pm when the storm centre was located at the shelf edge, south of Newfoundland. The winds at this
time pushed the water from southern Grand Banks to the coast. Combined with inverse barometric effect, a
surge was formed at St. John’s, Argentia and St. Lawrence when the storm centre moved close to the
Avalon Peninsula (Figure 1) and made landfall. As the storm centre passed the Avalon Peninsula and moved
offshore, coastal sea level along the southern coast receded and the winds pushed the water away from the
coast toward the outer Grand Banks (Figure 11b). These changes are also seen in the hourly tide gauge data
(Figure 4). As the storm traveled farther north, on 22 September (year day 265), 02:00–03:00 (Figures 9c and
9d), the direct storm effects over the Grand Banks became weaker. However, we still observed a significant
second surge peak at St. John’s at 22 September, 02:40 and at St. Lawrence several hours later.

Both the model solution and observations revealed a stronger second peak at St. John’s. In contrast there
was only one peak at Bonavista. The source for the second peak can be traced to the higher sea level in
Trinity and Conception Bay (Figure 11d). This sea level setup propagated equator-ward along the coast, and
caused the second peak surge at St. John’s, Argentia and St. Lawrence. To quantify the effect of sea level
setup within the two bays, a numerical experiment without them was carried out to examine their impacts
on the storm surge magnitude. To do so, the two bay areas were covered with land. The model results with-
out the two bays showed that the second peak at St. John’s decreased by 5 cm, but still stronger than the
peak at Bonavista. This experiment suggests that the existence of the two bays influenced on the surge
magnitude at St. John’s. However, the dominant reason to generate the stronger second peak at St. John’s
is attributed to an inshore Ekman setup when the storm centre was located northeast of St. John’s.

Another important feature associated with the storm is the generation and propagation of coastally trapped
waves. For example, Morey et al. [2006] attributed an anomalously high storm surge along the Florida coast
of Apalachee Bay during Hurricane Dennis to a topographic Rossby wave. Chen et al. [2014] showed a
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Figure 10. Bottom current speed from the baseline baroclinic model (BC-1) and the sensitivity barotropic case (BT-1), averaged over an
area from 52 to 53!W and from 47 to 49!N in the vicinity of St. John’s.
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Table 3. Sea Surface Temperature Comparison Between Model and Observations at Buoy Locationsa

Buoy Number

RMS Difference (!C) Willmott Score (WS)

Temperature Decrease (!C)

Obs

Model

k2e21 k2e210 MY2.5-1 k2e21 k2e210 MY2.5-1 k2e21 k2e210 MY2.5-1

C44140 0.9 1.1 4.2 0.92 0.81 0.35 6.3 4.2 2.7 1.8
C44138 2.4 2.4 6.0 0.67 0.66 0.29 6.3 5.2 4.0 1.8
C44251 1.4 0.6 2.0 0.89 0.97 0.78 5.2 7.5 5.6 2.9
Mean Absolute 1.6 1.4 4.1 0.83 0.81 0.47 5.9 5.6 4.1 2.2

aThe results shown are from the baseline model (k-e-1), the 10 min sustained wind case (k-e-10), and the MY2.5 turbulence closure
(MY2.5-1).

Figure 11. De-tided model surface circulation and sea level distribution at (a) 21 September 12:00 (day 264); (b) 21 September 17:00; (c)
22 September 02:00 (day 265); and (d) 22 September 03:00. Black thick line is the Hurricane Igor track. Red spots are the storm centre at
the corresponding time.
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continental shelf wave was generated off New Jersey during Hurricane Sandy. Han et al. [2012b] suggested
the generation of a continental shelf wave when Hurricane Igor passed over the Grand Banks. The propaga-
tion of a shelf wave excited by the storm can also be seen from the storm-induced sea surface elevation
(Figure 12a). The surface elevation anomaly (Figure 12a) showed a relatively high sea level anomaly in
Trinity Bay and Conception Bay at 22 September (year day 265), 03:00. The model showed that this anomaly
propagated southward and arrived at St. John’s around 22 September 05:00 (Figure12b). However, the tide-
gauge observation at St. John’s indicated this high anomaly around 22 September, 02:30. This demon-
strated the delay of 2 h in the calculated sea level. At about 22 September, 09:00, the high anomaly left the
Placentia Bay to farther west.

To further quantify the storm induced shelf wave we analyzed the observed and simulated sea levels at
Bonavista, St. John’s and St. Lawrence. The time period is from 23 September, 01:30 to 27 September, 01:30,
2010, the same as that used in Han et al. [2012b]. Observed post-storm sea level indicates that the dominant
period of oscillation is 48 h or 0.5 cycle per day (cpd) at St. John’s. A similar oscillation was also found at St.

Figure 12. Temporal evolution of the de-tided sea surface elevation (SSE) from the model after the second peak at St. John’s at (a) 03:00,
(b) 05:00, (c) 07:00, and (d) 09:00 on 22 September (day 265).
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Lawrence, but not at Bonavista. Sea level at St. Lawrence lags that at St. John’s by 7–8 h. The propagation
speed of sea level is estimated to be 14–16 m/s (Figure 13a), consistent with previous results for the
Canadian Atlantic shelves based on the numerical model and sea level observations [Tang et al., 1998;
Sheng et al., 2006; Thiebaut and Vennell, 2010; Han et al., 2012b]. Han et al. [2012b] estimated the averaged
shelf-wave speed to be %10 m/s. Compared with the observations, our model results show similar wave
characteristics both in the propagation speed and wave frequency (Figure 14). Some difference was
observed at St. Lawrence where the model frequency was 0.7 cpd.

Overall, the simulated sea level agrees well with observations in the subinertial band. After separating the
high- and low-frequency signals of sea level at St. John’s bounded by the inertial frequency, we found that
the correlation coefficient between observed and model results was 0.8 for the subinertial band; but insig-
nificant for the other band. Similarly, Bonavista and St. Lawrence stations had high correlation in the subi-
nertial frequency. Thus, the model and observed sea level difference is mainly in the high-frequency band
above the inertial frequency, which is in part associated with uncertainty in representing the storm high fre-
quency wind forcing.

By analysing the time series of model depth-averaged current at a location off St. Lawrence (Figure 1), the
storm-induced free-wave oscillations were also examined. The magnitude of the depth-averaged horizontal
current speed at this location reached 20 cm/s during the storm period (Figure 15). The oscillation had a
dominant period of about 0.7 cpd (Figure 15b), consistent with that of the sea level oscillation at the same
location (Figure 13d).

4.3. Entrainment and Upwelling
Price [1981] and Wada [2005] suggest the sea surface cooling during the hurricane is primarily caused by
entrainment and upwelling. These papers also introduce two nondimensional numbers: the Burger Number
and the Rossby number, to demonstrate the evolution of storm effects on surface cooling Here we follow
their definition for the Burger number (B):

0 5 10 15
0

0.2

0.4

0.6

0.8

Time Lag (hour)
C

or
re

la
tio

n 
C

oe
ffi

ci
en

t

(a)

0.5 1 1.5 2 3 4 5
10

−6

10
−4

10
−2

Frequency (cpd)

m
2 /c

pd

 

 

(b)

St.John’s
St.Lawrence
Bonavista

Figure 13. (a) Lagged correlation coefficients (open circles: significantly different from zero at the 99% confidence level; cross: insignifi-
cant) between the tide-gauge sea level anomalies at St. John’s and St. Lawrence, with the latter lagging the former. (b) Power spectral den-
sity of the tide-gauge sea level anomalies at St. John’s, Bonavista and St. Lawrence, along with the 95% confidence interval (vertical bar).
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B5
g’hl

4f 2 R2
max

(5)

where g’ is the reduced gravity and hl is the mixed layer depth after cooling. The Burger number represents
the scale of turbulent mixing. We first determine the mixed-layer depth. The difference between the
mixed–layer density and that in the rest of water column is used to calculate the reduced gravity. Instead of
the Rossby number, we introduce an Ekman Pumping Index (E):

E5
curlð s!Þ
qo UHf

(6)

where UH is the storm translation speed. We calculated the Burger number and the Ekman Pumping Index
from the model results at the inshore buoy location (C44251, Figure 1).

When the storm centre was approaching to Newfoundland in the morning of 21 September, the ocean was
well stratified, with a large Burger number (Figure 16a). One to 2 h before landfall, the Ekman upwelling effect
started to pump colder water from subsurface. The turbulent mixing also picked up. Thus the density differ-
ence between the mixed layer and the lower water column decreased and the Burger number began to fall.
At 15:00, the turbulent mixing and upwelling effects reached the sea surface and SST started to fall. The
Ekman upwelling weakened at 16:00 (Figure 16b). The SST fell by about 2!C from 15:00 to 17:00. While the
Burger number continued to fall, the SST fall paused for 2–3 h. Afterward, SST fell again together with the
Burger number. The SST adjustment ended at 03:00 22 September, while the Berger number did not end until
5 h later. When the MY2.5 turbulence closure is used, the Burger number is much lower and shows little
change during the storm.

Although the Burger number and Ekman pumping index show when turbulent entrainment and Ekman
upwelling take place, they do not provide information on their relative importance. The two processes both
contribute to sea surface cooling but their influences on the mixed-layer depth are opposite. The former
deepens it and the latter uplifts it. We have calculated the Ekman pumping velocity and cumulative
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Figure 14. (a) Lagged correlation coefficients (open circles: significantly different from zero at the 99% confidence level; cross: insignifi-
cant) between the model sea level anomalies at St. John’s and St. Lawrence, with the latter lagging the former. (b) Power spectral density
of the model sea level anomalies at St. John’s, Bonavista and St. Lawrence, along with the 95% confidence interval (vertical bar).
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distance for an area around the buoy location (Figures 16c and 16d). The net cumulative upwelling distance
is estimated to be 5 m. With the simulated mixed-layer deepening of about 8 m, the turbulent entrainment
deepened the mixed-layer by 13 m. Therefore, the turbulent entrainment is the dominant process over the
Ekman upwelling in inducing the sea surface cooling.

5. Conclusion

A 3-D, baroclinic, finite-volume ocean model was developed to study the upper ocean responses to
Hurricane Igor over the Grand Banks of Newfoundland. Reconstructed hurricane winds were applied to
force this ocean model to explore the dynamics of midlatitude coastal waters.

The 3-D baroclinic ocean model reproduced the sea surface elevation before and after the storm reasonably
well. Especially, the two surges generated by the passage of Hurricane Igor were well captured. Both the
model and observations showed two surges at St. John’s, Argentia and St. Lawrence. The first surge was
attributed to the direct local wind forcing and the second one was the result of the equator-ward propagat-
ing continental shelf wave generated by the storm. Compared with hourly observations, the model sea sur-
face elevation had an RMS error of 10 cm on average from day 264 to 270 . The model underestimates
storm surge magnitude at St. John’s and Bonavista. The model overestimation of the surge at Argentia and
St. Lawrence is related to storm–induced seiche which seems not well captured by tide-gauge observations.
For the highest surges, the average model-observation magnitude difference was 8 cm, with a model time
lag within 1.3 h. Sea level at the three stations was separated into high- and low-frequency components
bounded by the inertial frequency for further analysis, which indicates poor and good agreement with
observations for the former and latter respectively. In the future, by applying the observed hourly and high-
resolution wind data in the hurricane model [Rego and Li, 2010], we should improve the reconstructed local
winds so that the ocean model could generate more accurate high-frequency sea level.

The model surface temperatures were compared with observations at three buoy stations over the Grand
Banks. Both model and observation showed a significant decrease about 6oC in the sea surface tempera-
ture. The RMS difference between the model and observation from day 264 to day 270 was about 1.6oC.
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Figure 15. (a) Vertically averaged current at a location indicated in Figure 1 and (b) its power spectral density of the total current speed.
(c) Sea level anomaly and (d) Power spectral density.
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Furthermore, the calculated horizontal distribution of the sea surface temperature was compared with satel-
lite observations. The model reproduced well the southward increase of temperature observed before the
storm and the sharp decrease afterward.

The model sea surface current was compared with observations at a point located in the outer
Placentia Bay. The correlation coefficient between the model and observations was 0.7. The model
was able to generate the observed variability of surface currents. In particular when the storm
passed over Newfoundland, the calculated surface currents well captured the strong southwestward
flow of 0.7 m/s.

The storm induced shelf wave was examined by analysing the sea level at tide-gauge stations and currents
at a point far away from the storm centre to prevent direct storm wind effects. Both observation and model
results showed a propagation speed of 14–16 m/s and 0.5–0.7 CPD, consistent with the continental shelf-
wave estimation from Han et al. [2012b]. We further analyzed the vertically averaged currents in the outer
Placentia Bay. The results highly support those from sea level data. The storm excited waves propagate
equatorward along the Newfoundland coast. These waves can not only be observed from the sea surface
elevation field but also from the horizontal currents.

An examination of Burger number and Ekman pumping parameters indicates that the entrainment due to
turbulent mixing is the dominant process to cause the salient drop in SST. Upwelling associated with the
wind stress curl plays a small supplementary role only.

The present study provides new insights into simulating ocean’s response to hurricanes. It is found that a 3-
D barolcinc model simulates storm surge slightly better than an alternative 3-D barotropic model. The dif-
ference may be attributed to smaller bottom current and thus friction in the 3-D baroclinic model. It is
shown that sea surface cooling is well simulated with a k-e turbulence closure, but is significantly underesti-
mated with the commonly used MY2.5 closure.
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shown in (a) and (b).
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