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ABSTRACT

Current meter data for six months from the Grand Bank are analyzed to study inertial currents generated
by moving storms. It is found that during periods of strong winds, but no well-defined storm system, the inertial
motion exhibits no simple relationship to the local wind. During intense storms inertial currents up to 0.5 m
s~! were observed both in and below the mixed layer. Upper and lower layer currents are roughly equal in
amplitude, but are 180° out of phase. To explain this observation, a two-layer, one-dimensional model is
developed that successfully simulates the observed inertial currents. We show that under the conditions en-
countered during the storms only baroclinic inertial motion can be generated. The pressure gradient effect is
not important, and the current below the mixed layer is produced by mass continuity. Wavelength computed
from the continuity equation is consistent with that predicted by first-order linear theory. For inertial motion
generated during periods of strong wind but no cyclone, pressure gradients and barotropic response can be

important and should not be neglected.

1. Introduction

Wind generation of inertial motion has been inves-
tigated by many authors since the pioneering work of
Veronis (1956). There are different approaches to the
problem depending on the objective of an investigation.
For ocean current research on the Grand Bank, a major
goal is to develop methods to hindcast currents on time
scales from half-day to several days in response to in-
tense storms, using available environmental data. To-
wards this goal a field program was launched in 1986
to collect current and hydrographic data in the north-
western Grand Bank where the Hibernia oil field
(47°N, 49°W) is located. This paper presents the results
of an analysis of this dataset. The objective is to model
inertial currents, during periods of intense storms, both
in and below the mixed layer using winds at a single
point. The focus of the paper is currents at near-inertial
frequency, which for simplification we shall call inertial
currents. Apart from generating inertial currents,
storms can cause deepening of the mixed layer and
drive nonoscillatory currents, which may have an am-
plitude comparable to or greater than that of inertial
currents. These are important topics in storm research
but are beyond the scope of this investigation. In this
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paper we shall remove nonoscillatory motion by fil-
tering, and treat the mixed-layer depth diagnostically
by using the mixed-layer depth derived from thermistor
chain data as input to a model.

The general properties of inertial motion in the wake
of a moving storm have been studied by many inves-
tigators using two or three dimensional numerical /an-
alytical models (Geisler 1970; Chang and Anthes 1978;
Price 1983). To simulate observed inertial currents
with single-point winds, a well-known method is that
of Pollard and Millard (1970) in which the problem
is reduced to one-dimensional form by dropping the
pressure gradient terms in the momentum equations,
and the wind forcing is assumed to act as a body force
distributed uniformly within the mixed layer. Inertial
currents produced by this class of models are confined
to the mixed layer because there is no mechanism to
transfer the inertial energy into the lower layers. In
general, there are two ways to generate inertial current
in the lower layers: (1) pressure gradients in the mixed
layer can be transmitted to the lower layers driving
currents there and (ii) mass continuity can force cur-
rents in the lower layers even if the pressure gradient
is absent or negligibly small.

Much of the work on inertial oscillation below the
mixed layer has focused on vertical propagation of in-
ertial wave energy from the surface to the ocean interior
(Kroll 1975; Tang 1979; Gill 1984; Kundu and Thom-
son 1985; Shay and Elsberry 1987; D’Asaro 1987).
Vertical propagation is a consequence of pressure gra-
dient effects and is a major contributor to inertial wave
energy in the deep ocean. However, realistic event sim-
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ulation incorporating the pressure gradient effects is
difficult because pressure gradients are determined not
only by the local wind field, but are also influenced by
conditions at great distances. Pressure gradients are also
notoriously difficult to measure.

For a moving storm the most intense inertial current
occurs at shallow depths below the mixed layer during
and immediately after the passage of the storm (Gill
1984). In this situation the pressure gradient and wave
dispersion are not important and continuity alone can
cause inertial motion below the mixed layer. This
mechanism is particularly important for the generation
of inertial oscillations in stratified shallow water. The
convergence of currents in the mixed layer gives rise
to a vertical displacement at the interface between the
mixed layer and the lower layers, which in turn creates
a divergence of currents in the lower layers by mass
continuity. Such a condition is a consequence of mass
conservation and exists independently of the pressure
gradient that results from the tilting of the interface
and sea surface. Under certain conditions the pressure
gradient terms in the momentum equations of the
lower layer become very small relative to the other
terms. The horizontal currents, however, do not vanish
as long as the convergence is nonzero (if the conver-
gence is zero the lower layers are motionless). For
baroclinic inertial motion driven by a moving storm
the pressure gradient terms become negligible if the
speed of the storm is greater than the maximum phase
speed of baroclinic inertio-gravity waves. In modeling
the inertial currents we can thus drop the pressure gra-
dient terms in the momentum equations and are left
with a one-dimensional problem.

Another way to understand storm-generated inertial
currents in the lower layer is to consider the reference
frame of an observer moving with the storm. For a
wind field without a coherent spatial structure, a dis-
turbance caused by the wind stress will propagate away
from the area at the speed of baroclinic inertio-gravity
waves via pressure gradients. These gradients can be
transmitted to the lower layer to generate current there.
For a moving storm the disturbance is confined to one
side of the observer because the storm is moving faster
than the speed of the disturbance. The ocean below
the leading edge of the storm is thus seen by the ob-
server as a vertical wall beyond which there is no inertial
motion. The current in the mixed layer generated by
direct wind forcing is forced to move vertically along
the wall by the requirement of mass continuity, a
mechanism familiar from coastal upwelling. The con-
tinuity constraint thus generates a current in the lower
layer. The effect of pressure gradients created during
this process is small in comparison with that of mass
continuity except at great depths or long after the storm
is passed when wave dispersion becomes the dominant
mechanism for energy propagation.

The mathematical formulation of the idea described
in the previous paragraphs is given in section 2. Great-
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batch (1984 ) derived a set of equations similar to those
in section 2, but in a reference frame moving with the
storm.

Vertical displacement of the sea surface caused by
storms can also produce convergence and pressure gra-
dient. But because the speed of a storm is usually
smaller than the maximum phase speed of barotropic
inertio-gravity waves, the pressure gradient terms can-
not be neglected in the barotropic momentum equa-
tions (Greatbatch 1984). Under the assumption of a
steadily moving storm or front (in the reference frame
moving with the storm), the barotropic response is
nonoscillatory (Geisler 1970; Kundu and Thomson
1985). Thus, no barotropic inertial wave is generated.
In our data analysis we shall invoke the assumption of
a steadily moving wind field whenever a localized in-
tense storm with a well-defined track is identified.

To summarize the discussions of the previous para-
graphs the oceanic response to a well-defined intense
storm in the inertial frequency band is the generation
of baroclinic inertial currents in and below the mixed
layer. The pressure gradient terms in the momentum
equations can be neglected and, thus, the current time
series can be computed from a one-dimensional model
by time integration of the forcing at the observation
point. The only other situation in which a one-dimen-
sional model is valid would be where the wind field
has a spatial scale greater than the barotropic defor-
mation radius (Pollard and Millard 1970). For all other
time-space structures of the wind field both baroclinic
and barotropic inertial motions can be generated, but
realistic simulation of observations is not straightfor-
ward. In section 2 we will show that Pollard and Mil-
lard’s equations can be rederived within the theoretical
framework we use in this paper, i.e., in terms of vertical
modes.

Section 3 describes the Grand Bank field program
and the dataset. In section 4 we use the 170-day dataset
to test our one-dimensional simulation model. We will
divide the data into two periods according to the wind
field patterns. During the first 150 days there were no
distinctive and localized storms. In the second period,
the last 20 days, three intense storms in succession
passed the current meter array. We shall show that in
the second period our model gives results in good
agreement with the observations both in and below the
mixed layer. In the first period, with no well-defined
moving storm, the agreement is poor. In section 5 we
use the continuity equation to show that horizontal
wavenumber, inertial current, and vertical displace-
ment are related. An estimate of the wavelength is made
from the current meter and thermistor chain data, and
compared to the theoretical value. Section 6 summa-
rizes the fundamental results of this study.

2. Theoretical framework

In this section we shall develop a model suitable for
numerical simulation using observed winds. We as-
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sume an infinite stratified ocean, with a flat bottom,
forced by a wind stress. The equations of motion are
given by

AR
g—;: g—;+%g—=0 (3)
%—%wNz—o (4)
2 4 g0=0 (5)

where the x-axis is along the storm track, p, and p are
the mean and perturbation density respectively, N is
the Brunt-Viisild frequency, (F*,F”) is a body force
distributed within the mixed layer of thickness /, which
satisfies

0
f;. (F*, F¥)dz = h(r*, 77) (6)
where 7* and 7” are the x- and y-component of the
wind stress. We can write u#, v and p as the sum of a
baroclinic and a depth independent barotropic mode:

u(z)=u'(z)+ U (7)
v(z)=0v(z2)+V (8)
p(z) =p'(z) + P+ gpsf 9)
0
f w'(z)dz=0 (10)
-H
0
f p'(z)dz=10 (11)
-H

where { is the surface elevation. After vertical integra-
tion of (1) to (5) and some algebra we can decouple
the barotropic and the baroclinic modes and obtain
two sets of equations:

Wy g%, ™ (12)
at ox pxH

%+fU=—gg§+p:yH (13)
%&%’5 1%%%0 (14)
%_ﬁ)'=_i% p_G*% (15)
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av’ —1ladp’ G7Y
—+fu=—-—+— 16
ot ° px 0y pyh (16)
ou' v ow
—+—t+—= 17
dx dy oz a7
a2pr 5
azaz+”*Nw_0 (18)
where H is the water depth and
G(z) = (G*, G?)
h
F(z)——71, 0>2z>—h
_ H 9
=< (19)
- FIT, ~-h>z>—H.

In deriving the barotropic momentum equations we
have neglected terms of order n/H where 7 is the dis-
placement in the interior.

The model response to a moving storm depends on
the phase speeds of the inertio-gravity waves, C, (n
= () barotropic, n > 0 baroclinic) and the translation
speed of the storm, U;. Inertial waves can be generated
only for U, > C,. For U; < C,, the oceanic response
is nonoscillatory (Geisler 1970; Kundu and Thomson
1985). The storms we study have translation speeds
(5-10 m s~!) much smaller than the barotropic gravity
speed ((gH)'? ~ 30 m s™') and much greater than
the baroclinic gravity speeds (<1 ms™'). Consequently,
only baroclinic inertial waves are generated. The baro-
tropic response is a nonoscillatory current having a
horizontal scale of the external deformation radius,
which is approximately 300 km for a water depth of
90 m. In a real ocean the system can deviate from a
steady state because of the changing form of storms
and a nonuniform translation velocity. In this paper
we shall focus on a period in which well-defined storms
moved at steady speeds, during which the inertial mo-
tion is expected to be predominantly baroclinic.

For a general wind field (where we refer to wind
structure that is not in the form of a steadily moving
cyclone), both barotropic and baroclinic inertial waves
can be generated. The contribution from each mode
will depend on the horizontal scale of the wind field.
From the dispersion relation of inertio—-gravity waves

w=f(1+ Nk2)/? (20)

where X is the external or internal deformation radius
and k is horizontal wavenumber. We can see that, if
the wind scale is much smaller than the external de-
formation radius, then only baroclinic inertial waves
are generated. If the scale of the general wind field is
greater than the barotropic deformation radius, then
both baroclinic and barotropic modes are possible.
The variables in the baroclinic equations (15)-(18)
can be decomposed into vertical modes (Gill 1984).

(', V', p') = 2 (Un, Vn, Dn) Bn(2) (21)
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§=2 H¥a(2) (22)
where the displacement { is defined by
af
== 2
Y (23)

and the summation is from 1 to oo (baroclinic modes
only). The equations for mode » are

ou, o __ 1w GF
o o= 0y OX  d4h (24)
(A) (B)
Bv,, 1 apn Gny
Ffity = — ——— + = 25
ot S ps Oy pxh (25)
(C)
du, dv, 1 dp,
ax Ay pClP (26)
(D) (E) (F)
and ®,(z) and ¥,(z) satisfy
av, g
=L 7
dz an Qn (2 )
ae, -
e,
| 7 2 (28)
G,* and G, are the source terms given by
0
f ®,(G*, G¥)dz
(G Gy === (29)

0
f ¢, dz
-H

The phase speed of the eigenmode C,, is determined
from (27) and (28) or
PY, | N2
dz> G2
subject to the boundary conditions ¥, = 0 for z
=0,—H.

The density profile in the study area (see section 3)
was put into Eq. (30), which was solved for the eigen-
values C,,. For the first three modes C, = 0.50, 0.17
and 0.10 m s,

For storms moving at 5-10 m s™!, U, > C, for all
the baroclinic modes. The d/d¢ and d/dx terms in (24)-
(26) are related by U;. The relative magnitudes of the
terms in the momentum and continuity equations are
(where the letters (A)-(F) refer to the terms in (24)-
(26))

+ v,=0 (30)

G ClU;
(A):B):(C)=tigzighy (D
(D): (E):(F)=1: 221 (32)

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 20

where L is the dimension of the storm. For the Grand
Bank storms studied here, U; = 5-10 m s™!, L = 500~
1000 km and thus U/ fL ~ 0.05-0.2 while (C,/ U,)?
~ 0.0025-0.01 (for n = 1). Consequently, for a first-
order estimate of the inertial currents the pressure gra-
dient terms in the momentum equations and the cross
track derivative term in the continuity equation can
be neglected, though ignoring the cross-track term is
less well justified. Under these approximations the cur-
rents and displacement can be computed by summing
over all the baroclinic modes. The result is simply the
original baroclinic equations, (15)-(17), without the
pressure gradient terms

o’ , _ G¥

E—fv Y (33)
o’ ,_ GY

§+fu = ok (34)
ou'  ow

_.+_=

ox 9z 0, (33)

if we assume the stress is distributed uniformly in the
mixed layer

(1 —h/H)r, 0>z>—h
T" —-h>z>—H.

Under the condition [C,/U;]* < 1, no barotropic
inertial current is generated as discussed earlier

U=V =0 (in the inertial frequency band). (37)

We note that outside the inertial frequency band baro-
tropic currents of significant amplitudes can be gen-
erated by a steady moving storm. An immediate result
of (36) and (37) is that inertial currents in and below
the mixed layer are 180° out of phase; a result we shall
verify from the data. Equations (33)-(37) are the
equations to be used in our data analysis.

The parameter range of the Pollard and Millard
model is different from our model. Their model is valid
if the scale of the wind field is greater than the baro-
tropic deformation radius. Under this condition, both
barotropic and baroclinic inertial currents can be gen-
erated. To obtain Pollard and Millard’s equations from
the modal equations, we sum the barotropic and baro-
clinic equations (12), (13), (15) and (16) without the
pressure gradient terms and use (36). The result is

du T
——fo=— 38
ot psh (38)
o 7
—+ fu=-— 39
o1 Ju ol (39)
for the mixed layer, and
u=v=20 (40)
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below the mixed layer. By a scale analysis we can show
that the pressure gradient terms in (12)-(16) are neg-
ligible if the scale of the wind field is greater than the
barotropic deformation radius, (gH)'/?/f. For clari-
fication a comparison of the two models is given in
Table 1.

The derivation of Egs. (33)-(35) involved neglect-
ing friction. In reality the number of modes is limited
by friction and only the first few modes contribute.
The total current can be obtained by solving the mo-
mentum equations (21), (24), (25) and (30) with the
pressure gradient terms neglected and a mode number
dependent friction added. There is not sufficient ver-
tical resolution in our dataset to warrant modal de-
composition, and, hence, the simple inviscid equations
(33)-(37) will be used, which can be shown to be
equivalent to a two-layer model. The purpose of our
analysis in terms of vertical modes is to determine the
conditions under which (33)-(37) are valid and the
connection between our model and Pollard and Mil-
lard’s model. We note that in the inviscid model the
vertical structure is determined by the stress distribu-
tion F(z) and the mixed-layer depth only. The density
distribution has no effect on the current profile unless
the pressure gradient terms become important, which
is the case if C,, = Uj or at times several inertial cycles
after the passage of the storm at great depths. The sit-
uation we analyze in this paper is a succession of storms
passing a fixed observation site on the continental shelf.
The weak pressure gradient effect from one storm is
masked by the forced inertial response of the next
storm.

3. Field program and density and current fields

a. Data description

Six months (Apr-Oct 1986) of current meter and
thermistor chain data were collected on the northern

TABLE 1. Comparison of the Pollard and Millard (1970) model
and model used in this paper.

Pollard and
Millard This work
Wind field General Steady moving storm
Condition of validity L> @ f (CJU)? <1
(n= 1:2’ v, 00,
baroclinic)

Barotropic inertial Yes No

current
Baroclinic inertial Yes Yes

current
Governing equations (38)—(40) 33)-(37)
Inertial current in Yes Yes

mixed-layer
Inertial current below No Yes

mixed-layer
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FIG. 1. Area diagram with inset showing geographic location; depths
are in meters. Current meter mooring (781, 782, 783) and oil rig
(wind measurements) locations are shown. Wind measurements from
Rig 1 were used for the period 110-180, Rig 2 days 180-272 and
Rig 3 days 272-290. The dashed line in the inset indicates 47°N.

end of the Grand Bank (de Young and Tang 1988)
about 330 km east of Newfoundland (see Fig. 1). An
array of three subsurface moorings was deployed with
separation distances from 10 km (781-783) to 22 km
(782-783). Three guard buoys, large spherical surface
floats, were moored in a triangular pattern around each
mooring in order to prevent mooring loss to fishing
boats. Aanderaa current meters, Aanderaa thermistor
chains, and one VACM current meter were used (30
minute sampling). At each mooring site three current
meters were deployed, nominally at 20, 30, 60 m (see
Table 2 for mooring details). The most shallow in-
strument (20 m) was deployed on a separate mooring
leg to isolate the deeper current meters from wave ac-
tivity in the surface layer. The surface Aanderaa current
meters were equipped with paddle wheel rotors, which
reduce the effect of rotor pumping (Hammond et al.
1986). A compass swing (Keenan 1979) was conducted
for each current meter both pre and postdeployment.
A thermistor chain was placed on each of the deep
mooring lines nominally at 30-70 m depth with 5 m
vertical spacing. At mooring 781 a second thermistor
chain was deployed at the top of the shallow leg to
provide 1 m resolution over the 22-32 m depth range.

CTD surveys were conducted at the time of deploy-
ment ( 15-28 April 1986) and recovery (8-21 October
1986) of the current meter moorings. The CTD data
were collected with a Guildline Model 8705 digital
CTD system. The CTD was used as a vertical sampler
with a rosette water sampler attached. CTD calibrations
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TaBLE 2. Current meter and thermistor chain mooring information for 1986 deployments. Partial records are indicated by brackets.
Approximate times of complete records are indicated in the last two columns.

Mooring depth Current meter Thermistor chain Start End
(m) Position depths (m) depths (m) (h, day) (h, day)
781 46°51.54°N 18, 20, 30, (60) 22,23,24. . .32 18:00 17:00
(90) 48°43.06°W 22,32,37,42. . .77 i1 286
782 46°40.84°N 20, 30, (60) 21,26,31...77 21:30 21:00
(90) 48°37.56°W . 111 286
783 46°53.62°N 24, 34, 64 25,30,35,40. . .75 16:30 13:00
(107) 48°35.70°W 112 286

were checked at sea by using reversing thermometers
and the collection of water samples, which were ana-
lyzed using a Guildline Autosal 8700. The estimated
errors in the CTD data are T+ 0.01°C, S + 0.01 and
o, = 0.01. For density we will use o, unless otherwise
noted.

Atmospheric data collected at a nearby oil drilling
platform were obtained from the Atmospheric Envi-
ronment Service. Two oil rigs in the area occupied dif-
ferent positions over the 173 day mooring period. The
oil rigs were 40-130 km from the center of the mooring
array (see Fig. 1). Data from the nearest rig were used
when more than one dataset was available.

b. Density field

The density field on the Grand Bank has a strong
seasonal component (Keeley 1981; Drinkwater and
Trites 1986). A strong thermocline and associated
pycnocline, which exist in summer, are gradually
eroded by convective and mechanical mixing. By early
winter water on the top of the Bank is nearly vertically

homogeneous. Strong horizontal gradients are confined
to the shelf edge during this period. Figure 2 shows
typical cross-shelf sections of density and temperature
along 47°N (see Fig. 1) for August 1986. Cold water
is present at the shelf break and in the Avalon Channel
next to the coast. Both water masses have been iden-
tified as Labrador Current Water (Lazier 1973). Vari-
ations in the transport of the Labrador Current have
not been clearly established (Thompson et al. 1986)
but may be partially responsible for the temporal evo-
lution of the 7-S profile (Petrie and Isenor 1985) on
the Bank. By early summer a vertical density gradient
is present that persists until late fall or early winter. A
density profile, the average of 48 CTD casts taken over
24 hours on 10 October 1986, shows a well-developed
mixed layer (0-30 m) together with a strong, fairly
broad pycnocline (Fig. 3a). The Brunt—Viisilid fre-
quency for this density profile was used to compute
the flat-bottomed normal modes for the Grand Bank
(Fig. 3b). Normal modes were computed from Eq.
(30), which was solved numerically using a shooting
method. The zero-crossing for mode 1 is at 48 m, about
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FIG. 2. Transect of (a) temperature and (b) ¢, along 47°N for 10-13 August 1986. The data were provided courtesy of S. Akenhead
of the Northwest Atlantic Fisheries Center, St. John’s, Newfoundland. The vertical dashed line indicates the mooring site.






