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Abstract A realistic regional ocean model is used to
hindcast and diagnose coastal circulation variability near
Cape Hatteras, North Carolina, in January 2005. Strong
extratropical winter storms passed through the area dur-
ing the second half of the month (January 15–31),
leading to significantly different circulation conditions
compared to those during the first half of the month
(January 1–14). Model results were validated against sea
level, temperature, salinity, and velocity observations.
Analyses of along-shelf and cross-shelf transport, mo-
mentum, and kinetic energy balances were further per-
formed to investigate circulation dynamics near Cape
Hatteras. Our results show that during the strong winter
storm period, both along-shelf (southward) and cross-
shelf (seaward) transport increased significantly, mainly
due to increases in geostrophic velocity associated with
coastal sea level setup. In terms of momentum balance,
the wind stress was mainly balanced by bottom friction.
During the first half of month, the dominant kinetic
energy (KE) balance on the shelf was between the time
rate of KE change and the pressure work, whereas
during the stormy second half of month, the main shelf
KE balance was achieved between wind stress work and
dissipation.

Keywords Coastal circulation . Cape Hatteras . Momentum
and kinetic energy balance

1 Introduction

Located on the east coast of North Carolina, USA, Cape
Hatteras separates two oceanographically different regions:
the Middle Atlantic Bight (MAB) and the South Atlantic
Bight (SAB) (Fig. 1). The southwestward mean MAB shelf
flow and northeastward mean SAB shelf flow converge off
Cape Hatteras. At the same time, the Gulf Stream travels
through the area and separates from the continental slope near
Cape Hatteras.

While MAB shelf waters make occasional excursions into
the SAB, much of its transport is diverted offshore and
entrained into the Gulf Stream (Ford 1952; Fisher 1972;
Kupferman and Garfield 1977; Gawarkiewicz et al. 2009).
Churchill and Berger (1998), for example, examined the pro-
cesses of MAB shelf water entrainment into the Gulf Stream
and identified two export areas. The MAB shelf water export
in the northern zone (35.4° N–36.1° N) was due to seaward
movement of shelf water into Gulf Stream meanders. The
shelf water export in the southern zone (35.2° N–35.4° N)
was associated with seaward flow of shelf water in a strong
current (5–10 cm/s) at the edge of the Hatteras Front. The
warm salty shelf water in the SAB has a mean northward
transport and was also exported into open-ocean near Cape
Hatteras (Lee et al. 1991; Savidge and Bane 2001). Savidge
and Savidge (2014) found that the magnitude of year-round
SAB shelf water export at Cape Hatteras was as large as the
exported MAB shelf water, with large seasonal variability.

Strong meteorological forcing, such as winter extratropical
storms, also has significant impact on Cape Hatteras circula-
tion and its export process. Extensive observational studies,
such as the Genesis of Atlantic Lows Experiment (GALE)
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(Dirks et al. 1988), have been conducted to study the marine
boundary layer dynamics and air-sea interactions associated
with extratropical cyclone formation in this region. Further,
two-dimensional (Chao 1992; Xue et al. 2000) and three-
dimensional (Li et al. 2002; Nelson and He 2012)
atmosphere-ocean coupled models were used to understand
the development of the atmospheric mesoscale front and local
winds due to differential fluxes over land, cold shelf water,
and warm Gulf Stream and also to examine how the meso-
scale front feeds back to the ocean and modifies upper ocean
temperature and current fields. Strong ocean responses in-
duced by winter storms include significant changes in sea
level, across-shelf and along-shelf currents, and turbulent
mixing. Locally enhanced winds over a warm sea induce large
surface heat fluxes which cool the upper ocean by up to 2 °C,
mainly during the cold air outbreak period after the storm
passage (Nelson et al. 2014). Detailed understanding of coast-
al circulation near Cape Hatteras under the influence of winter
storms requires high-resolution space and time continuous
realizations of ocean variables, from which quantitative dy-
namics can be gleaned. In this study, we take advantage of
valuable in situ observations measured during the Frontal

Interactions Near Cape Hatteras (FINCH) program
(Gawarkiewicz et al. 2009; Savidge and Austin 2007;
Savidge et al. 2013a) and apply a regional ocean model to
study Cape Hatteras coastal circulation response to different
atmospheric forcing conditions in January 2005. Section 2
describes the ocean model configurations and model-
observation comparisons. Detailed analyses on ocean trans-
port and circulation dynamics are given in Sect. 3, followed by
discussions in Sect. 4 and conclusions in Sect. 5.

2 Ocean model hindcast

2.1 Model configurations

A regional ocean circulation model was implemented for the
MAB and SAB (hereafter MABSAB), covering the area
between 81.89° W to 69.80° W and 28.41° N to 41.84° N
(Fig. 1). The model is based on the Regional Ocean Modeling
System (ROMS) (Shchepetkin and McWilliams 2005), a free-
surface, terrain-following, primitive-equation ocean model in
widespread use for estuarine, coastal and basin-scale

Fig. 1 Cape Hatteras study
region (main frame and black box
in inset) and MABSAB
circulation model domain and
bathymetry (inset). Schematic of
main currents in this region is
shown in the main frame, along
with location of tidal gauge
stations, across-shelf transects (1–
3), and along-shelf transects (N,
S) and locations of NDBC buoy
44014 and ADCP moorings
(5004 and 5042)
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applications. The horizontal resolution of this model was
2 km. Model bathymetry was interpolated from National
Geophysical Data Center (NGDC) 2-Minute Gridded Global
Relief Data. Vertically, 36 terrain-following layers were used.
Momentum advection equations were solved using a third-
order upstream bias scheme for three-dimensional velocity
and a fourth-order centered scheme for two-dimensional trans-
port, whereas tracer (temperature and salinity) advections
were solved with a third-order upstream scheme in the hori-
zontal direction and a fourth-order centered scheme in the
vertical direction. The horizontal mixing for both the momen-
tum and tracer utilized the harmonic formulation with 100 and
20 m2/s as the momentum and tracer mixing coefficient,
respectively. Turbulent mixing for both momentum and
tracers was computed using the Mellor/Yamada Level-2.5
closure scheme (Mellor and Yamada 1982). For open bound-
ary conditions, the model was nested inside the 1/12 degree
global data assimilative HYCOM/NCODA (Chassignet et al.
2007) output superimposed with the M2 tide forcing derived
from anADCIRC tidal model (Luettich et al. 1991) simulation
of the western Atlantic. M2 tide is the dominant tidal constit-
uent in this region (Lentz et al. 2001; Savidge et al. 2007),
largely determining regional tidal mixing and rectification.
Sponge layers were defined over 20 grid points from the
eastern and southern boundaries, where the horizontal viscos-
ity was increased linearly from values used in the model
interior to a ten-fold increase at the boundaries. Within the
sponge layer, three-dimesional tracer and momentum fields
were nudged (Marchesiello et al. 2003) to corresponding
HYCOM model fields.

With this regional model setup, we performed a MABSAB
circulation hindcast for January 1, 2004 to February 28, 2005.
This overlapped the time period of the FINCH observations
(January 15 to February 2, 2005). The model’s initial condi-
tions were interpolated from HYCOM fields on January 1,
2004. One caveat we identified during the course of
MABSAB ROMS implementation was a coastal salinity bias
in HYCOM solution. When compared with the 0.25°×0.25°
HydroBase Hydrographic climatology (Curry 1996),
HYCOM/NCODA was found to overestimate the coastal
salinity field due to the lack of fresh river water input. For
instance, HYCOM surface mean (averaged between 2004/1/1
and 2007/12/31) salinity was up to 2 (6) psu higher on the
shelf (at major river mouths) than the corresponding
HydroBase salinity values. Surface temperature differences
between the HYCOM and HydroBase were seen as well, but
to a smaller extent. Together, biases in salinity and tempera-
ture fields led to a bias in the density field, which in turn
resulted in biases in the alongshore and cross-shelf pressure
gradients. To correct for such biases, we replaced the
HYCOM three-dimensional annual mean salinity and temper-
ature fields with the corresponding HydroBase annual means.
The sea surface height slope was accordingly revised using the

geostrophic relationship, resulting in an enhanced along-shelf
velocity at the eastern boundary north of 40° N. The model
therefore produced a mean equatorward alongshelf flow,
which was consistent with the earlier studies about the mag-
nitude of the mean southward depth-averaged alongshelf flow
on the MAB (e.g., Lentz 2008).

We focused on model hindcast results near Cape Hatteras
in January 2005 to understand coastal circulation responses to
two drastically different atmospheric forcing conditions. In
situ observations from NDBC buoy 44014 (Fig. 2) showed
that the wind was weak and generally northward (upwelling
favorable) between January 1 and January 14. The mean east-
west and north-south wind components during these 2 weeks
were ∼0.1 and 1.8 m/s, respectively. Both air and sea surface
temperatures were relatively constant, around 11 °C. In con-
trast, from January 15 to January 31, there were four consec-
utive winter storms (downwelling favorable) passing through
the area with wind speeds up to 15 m/s, which was represen-
tative of windiness at Cape Hatteras (Savidge et al. 2013b).
The mean east-west and north-south wind components during
these 2 weeks were 1.7 and −6.6 m/s, respectively. Compared
to the first half of month, air temperature decreased by as
much as 20 °C, whereas sea surface temperature decreased by
up to 5 °C. In the following discussions, we refer the time
between January 1 and January 14 as period I, and the time
between January 15 and January 31 as period II to contrast
coastal ocean responses.

Comparisons of model-simulated ocean surface tempera-
ture, salinity, sea surface height, and surface velocity fields
between January 7 (representing period I) and January 22
(representing period II) show very different ocean states
(Fig. 3). Significant shelf-wide water temperature decreases
were seen in period II, especially in the southernMAB region.
As a result of storm wind forcing which favored downwelling,
low salinity coastal waters were pushed both southward and
shoreward. Concurrently, coastal sea levels rose in both the
MAB and SAB, which corresponded to strong surface veloc-
ity variations. On January 7, we saw significant cross-shelf
flows, whereas on January 22, surface flows on both theMAB
and SAB were moving southward. Strong storm forcing in
period II also affected the Gulf Stream, by significantly re-
ducing its surface velocity.

2.2 Model-data comparisons

To better evaluate model hindcast skills in January 2005, we
compared model solutions against observations from the fol-
lowing sources: National Ocean Service (NOS) sea level data,
which provided hourly measurement of water levels; and
FINCH survey data from January 2005, including high-
resolution temperature, salinity, and moored acoustic Doppler
current profiler (ADCP) velocity observations.

Ocean Dynamics (2015) 65:1–15 3



A number of statistical measures were used to quantitative-
ly assess the model performance, including the correlation
coefficient (R), the root mean square root error (RMSE), and
the skill score. In particular, we defined the skill score follow-

ing the method in Hetland and Dimarco (2012): skill ¼ 1− σ2m
σ2c
,

where σm
2 is the model error variances and σc

2 is the climatol-
ogy error variance. For a perfect model that reproduces the
observation exactly, the model skill is 1, and if the model error
is statistically similar to the deviation of the observations from
climatology, the skill is 0.

Fig. 2 Time series of surface
wind, surface air temperature, and
sea surface temperature measured
by NDBC buoy 44014 in January
2005

Fig. 3 Snapshots of simulated sea surface temperature (SST), sea surface salinity (SSS), sea surface height (SSH), and surface velocity on January 7 (a)
and January 22 (b) 2005
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Point-by-point comparisons of coastal sea level were made
at several stations in the domain for hourly time series as well
as 36-h low-pass filtered renditions (Fig. 4) to examine wind-
driven Ekman and shelf wave dynamics (Gill 1982; Brink
1998). Such a validation shows that the model was able to
resolve hourly sea level variations reasonably well. At the
95 % confidence interval, the correlation coefficients between
the two hourly time series (unfiltered and filtered) were both
above 0.86 at all these stations, and the model skill scores
were between 0.7 and 0.8. The model also reproduced the
spatial distribution of tidal phase and amplitude well, and the
results were consistent with previous study on the tide near
Cape Hatteras (Pietrafesa et al. 1985; Savidge et al. 2007).
Reasonable comparisons were also found in the subtidal sea
level comparisons. Except for Beaufort, NC, correlation coef-
ficients were all larger than 0.6, and model skills were larger
than 0.45. Beaufort station is in a complex bayou behind the
Outer Bank and Atlantic Beach, and we speculate that the less
accurate subtidal sea level comparison is due to complex
coastal geometry, which cannot be accurately resolved by
the current resolution of the model.

A towed undulating vehicle system (ScanFish) was used in
the January 2005 survey by the FINCH program (details of
data processing appeared in Gawarkiewicz et al. 2009). This
instrument provided high-resolution water column tempera-
ture and salinity measurements along the ship’s track. To
compare with ScanFish T/S data collected on January 20,
25, and 29 (Fig. 5), we interpolated model-simulated temper-
ature and salinity fields at the same sampling locations used by
the FINCH survey. Because the model output was archived
every 12.42 h (M2 tidal period), whereas the ScanFish T/S
data were instantaneous measurements, we expected some
temporal aliasing issues in this comparison. Nevertheless,
comparisons show that the model was capable of capturing

major spatial features in the along- and across-shelf tempera-
ture and salinity distributions, such as the warm, salty Gulf
Stream water seaward of the shelfbreak, and cold, fresher
MAB water on the shelf. The model underpredicted the strat-
ification over Diamond Shoals on January 20, where there was
warm, salty bottomwater between 100- and 1,000-m isobaths,
likely a result of Gulf Stream intrusion (Gawarkiewicz et al.
1992; Lentz 2003). Subsequent T/S comparisons on January
25 and 29 are better than those on January 20. The temperature
RMSE was around 1 °C, and salinity RMSE was around
0.7 psu. One model deficiency we note was that the simulated
salinity at the offshore tip of the southernmost cross-shelf
transect was 1–2 psu fresher than observed, suggesting that
the model had more freshwater export into the Gulf Stream at
this location than was actually the case.

The FINCH program also collected velocity observations
from two acoustic Doppler current meter moorings (mooring
5004 and 5042; see Fig. 1) at 30-m depth in the last week of
January. A 36-h truncated FFT low-pass filter was applied to
both observed and simulated east-west and north-south veloc-
ity components at these two locations. Because the local
isobaths change orientation moving from MAB to SAB,
strong along-shelf flows were seen in the north-south velocity
component at mooring 5004 and in the east-west velocity
component at mooring 5024 on January 24 and 28–29 in
response to storm forcing. Comparisons (Fig. 6) show that
such temporal variations were resolved by the model.
Quantatively, we calculated that the correlation coefficient
was around 0.7, and the model skill varied from 0.25 to 0.6.
Finally, FINCH observations showed that the core of MAB
shelfbreak jet had a velocity of −0.51 m/s (moving equator-
ward) and its relative vorticity was of o(1) normalized by the
Coriolis parameter (Gawarkiewicz et al. 2009). The model
resolved the MAB shelfbreak jet quite realistically, with a

Fig. 4 Comparisons of observed
(blue) and simulated (red) sea
levels at four stations near Cape
Hatteras. The left column shows
the hourly time series
comparison, while the right
column shows comparisons of
36-h low-pass filter renditions. R
values representing the
correlation coefficient (95 %
confidence interval) between
observation and simulation are
given in each panel
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maximum velocity around −0.50 m/s, and had a same order of
relative vorticity as the observation (not shown).

Due to the presence of different water masses, ocean fronts,
and the boundary current, hydrographic conditions and circu-
lation dynamics in our study domain are very complex and
challenging to simulate. Our model had done a reasonably
good job in reproducing observed features both qualitatively
and quantitatively. This led confidence for the circulation
dynamics analyses discussed in the following sections. We
investigated the along- and across-shelf transports, momen-
tum balance, and kinetic energy budgets to characterize ocean
responses to drastically different atmospheric forcing between
the first and second half of January 2005.

3 Circulation dynamic analyses

3.1 Transport analysis

To compute the along-shelf transport in January 2005, we
selected three across-shelf transects in the vicinity of Cape
Hatteras (Fig. 1 inset). Transects 1–3 were perpendicular to
cross-shelf lines at Virginia Beach (36.9° N), Cape Hatteras
(35.4° N), and Cape Lookout (34.6° N), respectively. All three
transects were between the coastline and the 100-m isobath

(which was considered the boundary between the shelf and
slope). The cross-shelf distances of three transects were
112.2 km (transect 1), 27.3 km (transect 2), and 58.0 km
(transect 3), respectively, and the corresponding subsurface
areas of these transects are 3.16×106 m2 (transect 1), 0.90×
106 m2 (transect 2), and 1.93×106 m2 (transect 3), respectively.

Earlier study by Kim et al. (2001) based on velocity obser-
vations during the Ocean Margins Program (Bauer 2002)
estimated the mean southward along-shelf transport from
February to May 1996 at a nearby 36.7° N transect to be
0.17 Sv. Our simulated along-shelf transport values (based
on 36-h low-pass filtered velocity) at the three transects were
much larger (Fig. 7), producing monthly mean transports of
−0.42 Sv (alongshore to the southward), 0.35 Sv (alongshore
to the northward), and 0.41 Sv (alongshore to the northward)
at three transects, respectively. We note that significant in-
creases in southward (or decreases in northward) transport
occured at all three transects in period II, in response to strong
downwelling favorable storm wind forcing. In period I, the
mean alongshelf transports at the three transects were −0.01,
0.59, and 0.57 Sv, as opposed to −0.79, 0.14, and 0.26 Sv in
period II. The large southward transport in period II from
transect 1 compared favorably with the total shelf transport
estimated from FINCH observations, Gawarkiewicz et al.
(2009) reported 0.61 Sv over the shelf and 0.27 Sv in the
shelfbreak jet for a total southward transport of 0.88 Sv.

Fig. 5 Three-dimensional temperature and salinity comparisons between
the model hindcast and FINCH ScanFish survey data on January 20th
(top panels), 25th (middle panels), and 29th (lower panels). Locations of

observations (ship tracks) are shown in the left column. The RMSE unit of
temperature is °C and salinity is psu
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Because of flow continuity, variations in along-shelf trans-
port induced corresponding cross-shelf transport changes.
Using the 100-m isobath as the shelf-slope boundary, we
defined the line connecting the two offshore end points of
cross-shelf transects 1 and 2 as the along-shelf transect N, and
similarly the section connecting the offshore end points of

cross-shelf transects 2 and 3 as along-shelf transect S (Fig. 1).
Time series of computed cross-shelf transport were quite
different between transects N and S (Fig. 7) in January 2005,
with monthly mean cross-shelf transport values at transects N
and S being 0.77 and 0.05 Sv, respectively. This suggests that
transect N was the major shelf water export site during the

Fig. 6 Time series comparisons of simulated and observed north-south
and east-west velocity components. Observations were taken by FINCH
ADCP moorings (5004 and 5042) in the last week of January 2005. R

values representing the correlation coefficient (95 % confidence interval)
between observation and simulation are given in each panel
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study period. The flow convergence caused by the northward
flow across transect 2 in period I and the southward flow
across transect 1 in period II was well-correlated with the
offshore transport across transect N, consistent with earlier
seasonal convergence calculations (Savidge and Bane 2001;
Savidge and Savidge 2014).

We can decompose the along-shelf velocity into geostroph-
ic and ageostrophic components. At transect 1 (Fig. 8), the
along-shelf geostrophic velocity component can be computed

as vg ¼ − 1
fρ
∂p
∂x from the model, and the ageostrophic velocity

component is the difference between the total along-shelf
velocity and geostrophic velocity. As expected, the along-
shelf velocity was dominated by its geostrophic component
in both periods. The geostrophic velocity in period I had an
interesting layered structure on the inner shelf (∼75.8° W) due
to the presence of a freshwater plume, with a baroclinic
structure in which the surface flow moved southward while
the bottom flow moved northward. This was different on the
mid-shelf and outer-shelf, where water over the entire column
flowed southward or northward. The northward flow on the
outer-shelf was presumably related to the influence of Gulf
Stream meanders. There, the ageostrophic component was
much weaker than its geostrophic counterpart. The
ageostrophic component was primarily located in the surface
and bottom boundary layers and was generated by surface and

bottom stresses by virtue of Ekman balance. In period II, when
strong southward, downwelling-favorable winds significantly
built up coastal sea level, the corresponding geostrophic cur-
rents became much stronger and flowed uniformly southward
over almost the entire shelf. The ageostrophic component
drastically increased too. The bottom ageostrophic currents
flowed northward, counteracting the southward-flowing geo-
strophic velocity. The contributions of geostrophic and
ageostrophic components will be further studied in Sect. 3.2
below.

3.2 Momentum analysis

Based on in situ observations, Lentz et al. (1999) divided the
shallow portion of the North Carolina shelf into three dynam-
ically distinct regions based on momentum budget differ-
ences: the surf zone, the inner shelf (between the surf zone
and the 13-m isobath), and the mid-shelf. It is found that for
the mid-shelf, the along-shelf momentum balance was domi-
nated by along-shelf wind stress, the pressure gradient, and
bottom stress. The cross-shelf momentum balance was pre-
dominantly geostrophic, which was also validated in the SAB
shelf (Lee et al. 1989). Here, we performed a similar momen-
tum analysis based on model hindcast solutions. Vertically
integrating the horizontal momentum equation gives

Z ζ

−h

∂u
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dzþ
Z ζ
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dzþ
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Fig. 7 Time series of simulated
along-shelf transport (Sv) at
transects 1–3 (upper panel) and
cross-shelf transport at transects N
and S in January 2005. Positive
values represent the alongshore
northward (or across-shelf
eastward) flow and negative
values represent the alongshore
southward (or across-shelf
westward) flow
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where Du and Dv are the horizontal mixing, Km is the
vertical eddy viscosity coefficient, h(x,y) is the bottom depth,
and ζ(x,y,t) is the surface elevation.

If we define the depth-averaged velocity as

u� ¼ 1

hþ ζ

Z ζ

−h
u dz

v� ¼ 1

hþ ζ

Z ζ

−h
v dz

vertically integrated nonlinear advection as

Ax ¼
Z ζ

−h

�
u
∂u
∂x

þ v
∂u
∂y

þ w
∂u
∂z

�
dz

Ay ¼
Z ζ

−h

�
u
∂v
∂x

þ v
∂v
∂y

þ w
∂v
∂z

�
dz

vertically integrated pressure gradient as

Px ¼
Z ζ

−h
−
1

ρ0

∂p
∂x

� �
dz

Py ¼
Z ζ

−h
−
1

ρ0

∂p
∂y

� �
dz

and vertically integrated horizontal mixing as

Dx ¼
Z ζ

−h
Du dz

Dy ¼
Z ζ

−h
Dv dz

and apply both the surface and bottom conditions, we can
rewrite the depth-averaged momentum equations as

∂u�
∂t

þ Ax

hþ ζ
− f v� ¼ Px

hþ ζ
þ τ sx

ρ0 hþ ζð Þ −
τbx

ρ0 hþ ζð Þ þ
Dx

hþ ζ

∂v�
∂t

þ Ay

hþ ζ
þ f u� ¼ Py

hþ ζ
þ τ sy

ρ0 hþ ζð Þ −
τby

ρ0 hþ ζð Þ þ
Dy

hþ ζ

ð2Þ

The left side of the above Eq. (2) includes the acceleration
term, nonlinear advection, and Coriolis force term, and the
right side of the equations includes the pressure gradient term,
the wind stress term, bottom stress term, and the horizontal
mixing term. Each term in this diagnostics was calculated e at

Fig. 8 Sectional views of time-averaged along-shelf velocity, along-shelf geostrophic velocity, and along-shelf ageostrophic velocity at transect 1 in
period I (a) and period II (b)
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the model’s sigma level and subsequently depth-averaged
before the analysis.

To highlight differences in momentum balances be-
tween the two periods, we time averaged each term over
period I and period II (Fig. 9). For both u- (east-west
veclocity component) and v- (north-south velocity
component) momentum equations, the two largest terms
were the Coriolis term and the pressure gradient term, and
they generally balanced each other. The residual after

calculating the sum of Coriolis and pressure gradient force
terms constitutes the ageostrophic momentum, which was
balanced by local acceleration, nonlinear advection, surface
and bottom stress, and horizontal mixing. The depth-
averaged momentum term was larger on the shelf than
in the deep ocean. The temporal mean acceleration terms
in period I and period II were small. The nonlinear
advection terms were relatively noisy, containing many
small-scale variations. Their largest values were seen in

Fig. 9 Spatial views of temporal mean depth-averaged u-momentum
balance in period I (a) and period II (b) and v-momentum balance in
period I (c) and period II (d). Shown from left to right are the acceleration

term (accel), nonlinear advection term (hadv), summation of Coriolis and
pressure gradient term (cor+prsgrd), wind stress term (sstr), and bottom
stress term (bstr)
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the SAB along the Gulf Stream and at the entrances of
shallower estuaries. The effects of wind stress and bottom
stress were most clearly present on the shelf. Note that the
shelf-wide surface wind stress in period II increased up to
5 times of that in period I. Because of the quadratic law
used by the model, the bottom stress was proportional to
the square of bottom velocity. The largest bottom stress
was seen to be associated with the Gulf Stream in the
SAB. In period II, strong storms led to much larger
bottom velocity in the alongshelf direction (Fig. 9d), and
subsequently significantly enhanced bottom stress. The
shelf-wide ageostrophic balance during period I was
achieved between nonlinear advection and bottom stress,
whereas the balance during period II was accomplished
jointly by nonlinear advection and surface and bottom
stresses.

3.3 Energy analysis

Energy conservation is one of the most fundamental laws of
nature. Energy in the ocean can be classified into two major
parts: mechanical and internal energy. Mechanical energy
consists of two parts: kinetic energy (KE) and gravitational
energy. On the global scale, wind stress and tidal forcing are
the two most important sources of mechanical energy that
drive ocean circulation. Although the mechanical energy flux
is 1,000 times smaller than heat flux, it controls the strength of
ocean circulation (Huang 2004). MacCready et al. (2009)
showed that mechanical energy budget analysis provides an
insightful means to explore tidal- and wind-induced mixing in
estuaries and shelf areas. We applied the same method to
characterize the nature of Cape Hatteras shelf circulation in
periods I and II of January 2005.

Following MacCready et al. (2009), we omitted the hori-
zontal mixing term (which was negligibly small). Multiplying
u and v to the corresponding momentum equation, we have
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The two equations of Eq. (3) can be combined as
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Next, volume integrating this equation gives
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where the KE is defined as

KE ¼ 1
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Following the method of MacCready et al. (2009), the term
on the left side of the Eq. (5) can be derived as the KE storage
and KE advection terms, and the second and third terms on the
right side of the equation can be derived as wind stress work
and dissipation terms. That is
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Then, the vertically integrated mechanical energy equation
can be rewritten as
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representing the balance between KE storage (or the

time rate of the KE change) on the left side, and the
sum of the advection of the KE (first term on the right
side), horizontal pressure work (PW, second term on the
right side), wind stress work (third term on the right side),
and dissipation due to the bottom friction and vertical
mixing (fourth term on the right side). To check our
caculations, we added all the terms in this KE equation
together. The residual was not exactly 0 due to numerical
round off error but was indeed several orders of magni-
tude smaller than each of the KE budget terms.

Each of the KE budget terms were calculated from the
model output history and diagnostic files. Figure 10 shows
the spatial distributions of time- and depth- averaged KE
budget terms for period I (Fig. 10a) and period II
(Fig. 10b). In period I, the time rate of KE change was
in general positive, and in period II, the time rate of KE
change was in general negative. The largest values of
advection work (ADV) and PW occurred in the Gulf
Stream area, and they generally balanced each other. In
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both periods, the wind stress work was positive on the
shelf, suggesting that the large-scale mean winds blew in
the same direction as mean shelf current. Winds were
much stronger in period II, resulting in much larger wind
stress work on the shelf. By the opposite argument, be-
cause the mean wind flowed in the opposite direction of
the Gulf Stream, the wind stress work was negative in the
Gulf Stream area (Fig. 10b). The dissipation work was
negative in both periods, and the largest values were seen

in the Gulf Stream area. Similar to the wind stress work,
the dissipation work was larger on the shelf during period
II than period I.

To understand how the shelf circulation KE budget
varied over time, we now focus on the region shallower
than 100 m. This part of the coastal ocean has an area of
5.3×1010 m2 and a volume of 8.9×1011 m3. Temporal
variations of the MAB and SAB shelf area-averaged KE
budget are shown in Fig. 11. High-frequency variations in

Fig. 10 Spatial view of the time- and depth-averaged kinetic energy budget terms in period I (a) and period II (b). Shown from left to right are the KE
storage term (KE change), nonlinear advection work (ADV), pressure work (PW), wind stress work (Wind), and dissipation work (Dissipation)

Fig. 11 Time series of the MAB
(a) and SAB (c) shelf (shallower
than 100 m) area averaged depth-
integrated kinetic energy term
budgets, and their corresponding
subtidal term budgets on the
MAB (b) and SAB (d) in January
2005. Term notations are the same
as in Fig. 10. Also shown is the
time series of the residual term,
which was several orders of
magnitude smaller than the other
terms, indicating that the KE
budget analysis was robust
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both the KE change term and PW were related to the M2

tidal sea level change. In period I, the dominant terms were
KE storage, PW, and dissipation work, whereas in period
II, the wind work and dissipation work became the most
dominant terms. As shown earlier, both wind stress work
and dissipation work got amplified in period II, and as
expected, they constituted the major energy balance during
the stormy second half of January 2005. Throughout the
month, the area-averaged ADV played a small role in the
shelf KE budget. For the subtidal KE budget, the KE
storage term became much smaller, and the dominant terms
were PW and dissipation work in period I and wind stress
and dissipation work in period II. The dominant KE bal-
ance terms were the same on the MAB shelf and on the
SAB shelf, though the amplified magnitude of the wind
stress work and dissipation work from period I to period II
were smaller on SAB shelf than on MAB shelf. This is
because the mean current on the SAB shelf is northward
and is against the southward wind stress; therefore, wind
stress work was offset on the SAB during the winter storm.

4 Discussions

Numerous model sensitivity experiments (using different at-
mosphere forcing products and open boundary conditions)
were performed, indicating that hydrographic conditions, sea
level, and coastal circulation near Cape Hatteras are sensitive
to the exact locations of the Gulf Stream and its meanders.
With regards to the Gulf Stream meander, Savidge (2004)
showed that the energetic meanders of 3–8-day period, 180–
380-km wavelength propagated downstrean along the Gulf
Stream at speeds of 40–55 km/day. The coastal sea level
variations along the US mid-Atlantic coast were found to be
influenced by variations in the Gulf Stream on timescales
ranging from a few months to decades from observations
(Andres et al. 2013; Ezer et al. 2013) and climate models
(Yin et al. 2009). In this study, the location and magnitude
of model simulated Gulf Stream agreed reasonably well with
satellite altimetry observations (not shown) in the month of
January 2005; no obvious Gulf Stream meander was identi-
fied, and the shelf circulation was largely determined by local
forcing associated with winter storm passage. Examining the
model’s ability in simulating the Gulf Stream and its meanders
over a longer timescale is an ongoing effort, and wewill report
our finding in a future correspondence.

Several features of the model solutions could be improved
for greater accuracy. Compared with Hatteras Front observa-
tions (Savidge et al. 2013a), while the model was able to
resolved the Hatteras Front with consistent front width and
temperature and salinity gradients, the vertical mixing in the
model appeared to be too strong, compromising the model’s
skill in resolving the detailed subsurface front structures (not

shown). Comparisons with the FINCH ScanFish hydrograph-
ic data showed that the model missed warm, salty bottom
water over Diamond Shoals. This feature was likely related
to Gulf Stream water subsurface intrusion. Future effort in
improving model’s skill will include assimilating sea surface
height from satellite altimetry and other in situ observations
(e.g., HF Radar, ship hydrographic observations) to better
constrain model fields. The newly available four-
dimensional variational (4DVAR) data assimilation technique
has been successfully applied in MAB circulation studies
(e.g., Zhang et al. 2010; Chen et al. 2014). Another way to
improve the model is to refine the analysis of surface forcing
by considering air-sea coupling during strong winter storms,
such as those that occurred in period II. Nelson and He (2012)
coupled ROMS data with the Weather Research and Forecast
model. Air-sea coupled model simulations were performed for
the same January 2005 period and showed that the ocean
played an important role in shaping coastal wind and heat
flux fields, which in turn affected the shelf water stratification
and velocity fields. Additional information on ocean
processes near Cape Hatteras would also help to refine
model predictions. Ford (1952) first reported that MAB shelf
water can be entrained by the Gulf Stream east of Cape
Hatteras. Our model simulation clearly showed the presence
of this kind of entrainment (Fig. 3). These entrained shelf
waters mixed with the Gulf Steam, but details of their mixing
processes and the fate of these shelf waters deserve further
study. Other unanswered questions are how often and how
much of the MAB shelf waters move into the SAB. Pietrafesa
et al. (1994) suggested that the MAB waters “often” pass by
Cape Hatters and enter the SAB. Our preliminary surface
particle trajectory calculation (not shown) in January 2005
suggested that the MAB waters that entered the SAB were
also entrained in the Gulf Stream, in a way similar to the
surface circulation pattern suggested by Gray and Cerame-
Vivas (1963). The three-dimensional ocean Lagrangian trans-
port pathway near Cape Hatteras is therefore another impor-
tant topic needing to be further explored.

Regardless of subtle solution differences in all the model
sensitivity experiments we have done, comparisons of trans-
port/momentum/energy budget analyses associated with each
model experiment show that the patterns and trend in the
dominated balances stay the same, suggesting that the under-
lying circulation dynamics we discussed in Sect. 3 is robust
and meaningful.

5 Summary

We used a realistic regional ocean circulation model to
hindcast the circulation near Cape Hatteras, North Carolina,
in January 2005. Model results were compared with observed
coastal sea level, temperature, salinity, and velocity data.
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Reasonably good agreement was found, indicating that the
model has intrinsic prediction skill for regional circulation.
With time- and space-continuous model solutions, we per-
formed analyses of along- and cross-shelf transport, momen-
tum, and energy balance diagnoses to quantify coastal ocean
responses to different atmospheric forcing conditions in Jan-
uary 2005. The model results show that the first half of month
(period I, January 1–14) was characterized by light, upwelling
favorable wind, whereas the second half (period II, January
15–31) was characterized by consecutive storms with strong
southward, downwelling favorable winds. In terms of shelf
water transport, during the stormy period II, both southward
along-shelf transport and cross-shelf transport significantly
increased. The along-shelf transport change was mainly due
to the geostrophic velocity change associated with the coastal
sea level setup. In terms of momentum balance, wind stress
was mainly balanced by bottom friction and the residual of the
Coriolis and pressure gradient forces. During period I, the
dominant KE balance on the shelf was between the time rate
of KE change and PW, whereas during the stormy period II,
the main shelf KE balance was achieved between wind stress
work and dissipation work.
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