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ABSTRACT 1

The current meter records collected at three sites in

the Gulf of Mexico during the passage of Hurricane Prederic

are analyzed to determine the storm-induced flow at various

ocean depths, determine the associated saergy increase and

POV

decay, and compare *hese obsarvations to similar resul*s .

from 2 numerical model. The r2cords at the <wo deeper sites

are rather unique because they are within 100 km of the hur-

ricane track. Pre-storm conditions are con*rolled by topog-
raphy, and as the stora passes there is an abrupt change in
the direction of flow and initiation of a2 strong inertial
respcnse at all levels of the two deeper sites. After this
initial surge, the residual flow tends toward the pre-stornm
direction. The horizontal kinetic energy associated wi<h
inertial motion is calculat2d. The =2nergy increase and
decay is shown to vary with depth. M

An 2mbedded mixed-layer oc2an circulation model (Adamec
et al, 1981) is forced with an idealizel storm translating f
a+ the same speed (7.5m s—1) as PFradaric. The abrupt

cresponse and strong inertial component predicted by the

. model is qualitatively similar to the obsarvationms.
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I. INRIRIDOCTION

Several studies of <the response of “he ocear *o hurri-
cane passage have been nmade by such au“hors as Fishear

(1958), Leipper (1967), Wright (1969), ©Pudov et al (1979)

ard Fedorov et al (1979). A review of <+he hydrographic,
i.2. sea-surface temperature (SST), salinity *emperature
depth (STD), and expendable bathythermograph (XBT), sur-
veys of several of these authdrs 4is given in Table I from g
Price (1981). The majority of these observations concern-

trate on the asymmetrical SST response, and the 2xpected [

ocsan mixed-layer response to hurricarce sassage of vertical 1

mixing as the hurricane approaches, followed by upwelling in b

the wvake of <the storm (see e.3. Leipper, 1967; Friese,
1977). Additionally, oscillations on the order of the local
inertial period have been noted in th2 <+emperature and
current fields in the wake of open-ocean storas. The iner-
tial response becomes complicated in the shoal waters of
continental shelves and ¢the ability ¢5> detect iner+tial
moticn is severely restricted (Mayer et 21, 1981). The hur-
ricane-induced upwelling decrzases “he mixed layer dep-=h.
The depth reaches a local nminimum about sne half inertial

period after evye passage and continues to oscillate at about

P
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the local inertial period for some peris>d after the stora
passage. Geisler (1970) presanted the reslationship between
hurricane translation speed and <the oscillatory response of
the thermocline, If the huiricane translation speed |is
greater *han the internal phass speed, typically about 2 m
s=1, and if its horizontal scal2 is comparable “o the inter-
ral FKossby radius, currents throughout the affectsd area are
controlled by a balance between the centrifugal and Corciolis

accelerations.

TABLE I

Aydrographic Studies of the Sea Syrface

amperature Responsa
+o Hurricanes (price, 1931)? * P

Hurricane
Aversgs  ceniral
Un pressure A SST,,
Study: Hurricane Method: Region (ms™?) - (mb) [y Position of* 3 SST .
Leipper (1967): Hilda (1964) extensive post-hurricane 3 90 -6 pattern is generally
hydrographic survey: Gulf of unciear, may be 50 km
Mezico . 10 left of track (Fig. §)
Fedorov et al. (1979): Extensive pre- and post-hurricane 6 980 -2 30 km to right (Fig. 3,
Ella (1968) XBT survey: mid-Atlantic same as this Fig. 1a)
Pudov ef al. (1979): Tess extensive post-hurricane STD survey: 6 940 -4 7S km to nght (Fig. 1.
9 mid-Pacific same as this Fig. 2a)
Wright (1969): Shirley (1965) | pre-, | post-hurricane XBT section: 13 938 ~3 20 km to right (Fig. 4)
vicinity of the Kuroshio
Jordan (1964): extensive pre- and post-hurricane 16 920 ~2 150 km to ri_;m
Wanda (1956) SST reports from ships of 18 91s ~1 50 km to nght
Clara (1959) opportunity: mid-Pacific (Figs. 2and 3)

}2e

#Estimates made by Price (1981) from the

r figurss no+ad

The response %o Hurricane Eloise as her eye passed over

the Na*ional Oceanic and Atmospheric Administration's Data

13
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Buoy Office (NDBO) EB-10 buoy has been studied extansively
(see e.3. Martin, 1982: Price, 1981; Black and Withee,
1976) . EB-10 was located in the central Gulf of Mexico and
collected the €first open-oczan data undszr a hurricane as
reportel by Withee and Johnson (1976). Mayer e+ al (1981)
reported a study of the passage of Hurricare Bellz2 over the
continen+*al shelf of the New ¥York Bigh* o5n 10 RAugust 1976.
These continental shelf responses differ from the opan-ocean
respenses due to the topcegraphic influences of the shelf and
large gradients in the physical properties between the shelf
water and the deep ocean water.

Burricane Prederic passed through «he Gulf of Mexico
between 11 and 13 September, 1979. The satellite da+a
depicted in Figs. 1, 2, and 3 tog2ther with whatever XBT
data collected during hurricane passage are usually the only
type of da*ta available to study these geophysically,
socially and economically important 2vents. However, duriag
+his period the Naval Oceanographic 0Offics (NAVOCEANO), NSTL
S+*ation, Bay S*%. Louis, Mississippi operated +hree da-<a
buoys which collected a unique se* of 5c2an temperature aad
current data. This +*hesis studies th2 ocear currea+

response to the passage of Hurricane Frsiaric as it passed

U




near the three data buoys. Adiitionally a comparison of the
real data to the results proviied by the three-dimensional
ocean model of Adamec et 3l (1981) is made. The harricane
forcing of the model is idealized rathar ¢than being formu-
lated to represent the actual hurricane, but a translation
speed of 7.5 m s—-1, the same as £or PFrederic, is used.

The buoy current data providel by NAVOCEANO indica<e
that the flow associated wvith <the passage of Hurricane
Frederic had a 1large inertial component af*er the stornm
passed. The rate at which the inertial flow damps, and the
rate at which it propaga*es with depth, are determined from

the kuoy data and compared to the model.

15
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II. DATA PROCEDQRES AND RESOLIS

A. BEACKGROUND

Ten current meter array records collected a“~ thrse sites
on *he continental shelf of th2 southeastern United States
(Pig. 4) during the passage of Hurricaze Prederic were pro-

vided by NAVOCEANO. As depicted in Fig. 5, the arrays con-

sisted of Manderaa spar buoys anchored %> the bottoa. The
anchor cable held ins*rumernts at three depths a+ each of the
stations one and two and at €four depths at s*a*ion +three.
The shallowest instrument depth was 19 m at station two,
while “he deepest was 457 m at sta*ion three. The bathyme-
try (Fig. S5) shows all three sti+ions ar2 on the continental
shelf, Data were provided for a continuous period froam a
fow days before the storm passajye, about 2100 Greenwich Mean
Time (GMT) 12 September 1979, wuntil a f=2w days after “he
stora passage.

Water depth a+ station on2 is only about 100 me*=srs.
Price (1981) raeported difficulties with ma*ters in a similar
coastal environmen*t because of the prasencz of very s+<rcoag

horizontal gradients and strony topographic effects on the

19
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. K. Shay, NAVOCEAND) .
currents. Mayer et al reported iatense, £fizst-mode,
inertial nperiod oscillations in water
dapth.

near-
>f about 73 wmeter
Similar observations at sites in shallower water of
about 50 meter depth resulted in only weak,

second-mode oscillations.

heavily damped,
The current net2r

records vsed in this thesis also show
a variation in response among the stations

i+h different
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bot%cm depths. At station three whera the water depth is
about 465 meters, an increase in current aagnitude starting
about 1920 GMT 12 September 1979 is very apparent in the raw
data record (Fig. 6a). This recorl also shovws an
oscillation which c¢ycles through one wavelength about once
every 24 hours (1440 minutes). rhis'ascillation decays
smoothly over about a week, and at first glance it appears
to have a period of about 22 hours. A more detailed analy-
sis cf the record shows the zsro down-cra>ssings to be very
nearly 1450 minutes apart during *he larjyest oscillation in
the record. The average period for sevan cycles during this
interval‘is 1430 minutes (23.8 hours) be+tween down-cross-
ings. The local 4inertial pariod at station +hree is 1473
minutes. Shortly after the surface response, +he rapiid
increase in current magnitude is also obvious a+ *he dspth
of 457 meters at station thres (see Pig. 6b). The average
pericd of the oscillation at *“his greater depth, 1370 ain-
utes or 22.8 hours, is less than the period near the sur-
face, but the damping of the oscillation is no%t obvious at
457 wmeters. At station one whare the bottom depth Is only
about 100 meters, the increasz in current speed is lstecta-

tle in the raw data record near +the surface (Fig. 7a), bat

"




any period of oscillation on the order of 24 hours or a
damping rate is difficult to datect. An iacrease in current
velocity on 12 Septeaber 1979 nsar the bottom a%t station one
(Fig. 7b) 1is not apparent and it can be seen +hat curren<
magnitudes are larger on 9 S2ptember than they are on 12
September. |

To determine if the observed currsnts were extraordi-
nary, some idea of the likely currents in the area of obser-
vations is helpful. A dominant feature of <the Sulf of
Mexico surface currents is the Loop Current (Pig. 8). This
is a clockwise current of about 50 to 200 cm s—1! and 90 to
150 km width (Leipper, 1970) which entars the Gulf in the
west as the Yuca‘an Current, and exits through the Ploriila
Straits as part of the Gulf 3S+%ream systen. The Yucatan
Current flovs north £rom Honduras between <the Yuca+an
Peninsula and Cuba into the central east Gulf and forms the
Wwestern section of the Loop. Furzher north the currsnt
flows east, southeast, and east again. Zlsewhera in the
northeastern Gulf, the surfacs flow is gsnerally csyclonic
along the coast until turniny southwacd near Louisiana.
Bddies are kacwn %o have detached from <*he Loop Cuarrea*

(L2ipper, 1970) and could aove intos the area of <+he

22
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instrument arrays. Leipper (1970) shows 3 systematic devel-

opment and breakdown of the Loop Current which places the
northern edge of the current further na-orth in +he spring
+han in other seasons (Fig. 9). Molinari (1978) sugaests
the northward intrusion of the Loop Curreat is not seasonal,
but that climatological results are biased by temporal saxz-
pling techriques. Hurlburt ani Thompson (1980) presented a
numerical study of Loop Current intrusions ard eddy shed-
ding. They obtained theor2tical expressions for the eddy
diameter and peretra*ion distance of the Loop cCurrant into
the Gulf and concluded that if only voarticity dynamics are
considered, the interaction hetween the Plorida Shelf topog-
raphy and the pressure field results in a balance which
stops *h2 northward penetration of the L25p Current. All of
*he cucrent acray stations ars further north than 29 deg
North, and although the waters of the Locp rcarely extend
+his far north, Huh 2t 2l (1981) -examined an intrusion of
lLoop waters as far north as the data buoys which collected
+he raw data us2d in this ‘thesis. t is no* possible =o
tell 3 priori whether or not <ha Loop curren* is ia the azTea
of the current wmet2r ac-rays during the period of

observations, but it seems unlikely.
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Figure 8. £gnic§l surface gur:ants in ths Gulf °§ Mexico
t the months o JuIz, August, September. " The
eneral location 2f *he budy arrays is indicated

y *he box. (U.S. Navy, 1965).

Another factor which might be expect2d is *he influenc=
of tcpography. The principle <¢f conservation of potential
vorticity causes the current t> €follow the bathymetric con-
tours. The proximity of the buoys <0 the coas* sugges<s
that near-shore property gradisnts between +*he shelf wa<er
and the deep water may have importan< dynamic and theracdy-
namic consequences., The DeSct> Canyon 1is also in the acea
cf cbservations and mey tend ¢to enhance czoss-shelf

circulation.
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Be RAW DATA

The NAVOCEANO data consisted of nor*th-south (v) and
east-west (u) velocity componants and tsampera+ure (T) at 10
minute intervals. Temperaturas 2above 21.5 9C w2re no*

recorded due %o theraistor limitations. Tsmperaturas above

28




21.5 9C occurred only near the surface anl complete tempera-
ture records were available only froa the deeper
instruments. Also, NAVOCEAND reportad apparent internal
clock synchronization problems in the current awme*ter record
at 64 meters depth, staticn onse.

The hurricane passed the 3ata buoys wi*h a translation
speed of about 7.5 m s~!', and as depicted in Pig. 4, the aye

passed about 100 km to the west of station three at 2200 GMT

12 September 1979 (Julian day 2595). Maximum winds of 115
kts cccurred at a radius of about 30 km from the stora can-
ter. The inertial periods for the data buoy locatioans range
from 23 hours, 57 minutes at station on2 to 24 hours, 33
minutes at station +three. That is, the inertial period a<
all of <the stations is approximately on2 day. Sipcz the
diurnal +idal period is 24.8 hours anil the semi-diyrrnal
tidal period is 12.4 hours, difficul*ies could arise in sep-
arating any inertial motion from ¢idal wmotion before <the
storm arrival, A spectral analysis would most 1likely rot
have sufficient resolution ¢0o separate iner+ial and diiarnal
motiecn. The £irst harmonic of the inertial frequency would
also be 4indistinquishable from the semi-iiurnal <ildal fre-

uency. However, the large increase in curren+s, and <hus
q
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kinetic energy, observable in the raw data records would be

easily detected in an energy spa2ctrunm.

The initial data records provided by NAVOCEANO span
non-coincident periods. Howevar, all rscords contained da<+a
from 1920 GMT 07 September 1379 to 1820 GMT 21 Septeaber
1979. The raw data records (Figs. 6 and 7) show an obvious
response to the hurricane forcing starting aboutr 12
September 1979. This hurricane forcing r2sults in increased
currents, wi+th maximum values of 130 cm s—! near the sur-
face. Comparison of Pigs. 6a and 6b shows +ha+ the forciag
respoense was *ransmitted as deep as 457 neters in less than
one half an inertial periocd. The responsz to hurricane pas-
sage is more difficult ¢to deta2ct in most of the raw data
records of staticns one and two and it is therefore not pos-
sible to estimate <+the rate at which the response is verti-
cally propagated with depth merely by looking at the raw
data record. The ability to Jetect the increase of enexgy
associated with storm passage at any station and a+ any
level is discussed in the section +titla2d "Procedures for
de+ermining relative anergies®. Al«hough +“his thesis does
not analyze the “emperature r2cords dircactly, the response

*0 hurricane passage is also apparent in the <*emperature

30

-




record (Fig. 10). The teaperature record showvs an
oscillation in *he thermocline and an apparent cooling at
the 437 a depth at station three, followed by a gradual

waraing to the end of the perini,.

10.

DEG C

STRTION 3 DEPTH 437 METERS TEMP

1 1 1 1 1 L 1 1 1 ] 1 |
SEP 8 9 10 1t te 13 14 1S 16 17 18 19 20 21
DATES DENOTE 1920 GMT

Figure 10. Raw temperature racord for 7-21_September 1979
at a depth of 437 n at station 3.

C. CATA MANIPULATION

The initial records were shortaped to iaclude only the
pericd 1920 GMT 7 September 1979 +o 182) GMT 18 September
1979. This period was the longes+t possible period includad
by all records and was a logical choice since the hurricane

eye rassed all three buoys between 2100 GMT 12 Sepember and
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0300 GMT 13 Septeaber 1979. By examining plots of the dacza

(e.g. Figs. 6 and 7) it was determinel that significant
storn effects with some pre~storm and som2 post-storm da<a
would be included in the shortened record.

Progressive vector diagrams (PVD's) vere plotted for
sach record during the above peariod. These diagrams indi-
ca*ed that the inertial motion was superposed on a mean
current which was quite different at 2ach location. The
mean current was not of primary interest and attempts were
made to remove the mean current from the records so that the
magnitude, damping period, and associated energy o the
inertial motion could be determined. In the first attemp+*,
the mean current over the first thrsze inertial periods
(pre-stora passage) was subtracted from 211 of *he u veloc-
ity coaponen+s and the v velocity components. The three
inertial period average star“sd at 1920 GMT 07 September,
which is five days before the storm centar passed the near-
est buoy. Comparison of the initial pvD's (FPig. 11) and
similar diagrams of the same 3iata with the +*hree ipertiail
period average removed (Fig. 12) was nmaile.

The initial PvD's indicate a2 genaeral traansport ia direc-

cions vhich, in most cases, are nearly the same before and
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after the storm-induced perturbation. The perturbations are
generally reminiscent of inertial motion, i.e. oscillations
with a period equal to the local inertial period. PVD?s of
purely inertial motion would transcribe 13 simple circle for
each inertial period. The circles would overlap if more
than one 1inertial period wers plot*ed. Where *ths firs+%
three days of a record were similar to th2 mean flow, remov~-
ing the three inertial period average from +the record
resulted in more nearly overlapping circular PVD's. Remov~-
ing the three inertial period average was not effective in
isolating the inertial component of the flow when the first
three days of the record were not obviously in the general
transpor%t direction. Therefore, the mean current was chang-
ing significantly during/following the storm at many o the
current meter locations. A mor2 effective method of isola+%-
ing the inertial component from each of <he records was

required.

D. ISOLATING THE INERTIAL MOTIDN

In a further a*tempt *o isd>late th2 large inertial con-
poaent that was obvious in <“he original racords, a runniag
average over <+the inertial period was computed each three

hours and *hen subtracted from the ini*ial PVD records. The
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averaging technique is necessarily applied at +¢he ceptral
point of each inertial period, and as a result the half-
periods at the beginning and end of the records were lost.
However, the transient responsa is not great at +these times
and the information lost is inconsequential. Next, the
average iner+ial period record is 1linearly interpolated
batween 3-h values to obtain tha same auaber of data points
as the initial PVD data. PVD's of th2 running inertial
period average data (e.g. Fig. 13) show that the majori+y of
the inertial flow in the raw data is remd>ved by the ruaning
average. The running inertial period averaged DPVD's show
the general <transpor: direction as well as some fea-<ures
vhich should be noticeable in a model of the ocean rasponsa.
A surge to the northeast, onshore, is noticeable 3in 4ha
reccrd of Fig. 13a, and ther2 is some indica*ion that the
post~storm currert is greater than pre-storm, i.e. the hori-
zontal displacement hetween inertial peri>d marks is greater
after the storm surge than before. The best example of
these faatures in any of th2 racords is shown in Pig. 13h.
A surge %0 the west followed by a countarzlockwise loop back
into the pre-storm flow direction is evidant. Additiorally,

the post-storm flow is of much greater magnitude *“han tae
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pre-storm flow. These diagrams wvers obviously a better rep-
resentation of the mean flow throughout the record than the
previously computed three inertial period averages. These
PYD*s also show that the mean current was indeed influenced
by the bottom topography. Comparison of Fig. 4 and repge-
sentative P¥D's at stations one, two and three (Figs. 14 and
15) show that the mean flow follows ths bathymetsic con-
tours. The current nmoves rapidly toward the northwest a*
station one during and for some time following the period of
hurricane passage (Pig. 14a). 1 counterclockwise loop which
would be associated with inartial motion is not seen as it
is in the staticn +two record (Fig. 14b). Comparison of
Figs. 13b and 15 shows the flow is along the contours but in
opposite directions at the 251 and the 437 or 457 nmeter
depths. Also, a shoreward surge similar to that a* the
near-surface level of station three (Fig. 13a) is seen at
least one inertial period later near *he bottom (Fig. 15).
The *endency to return to the pre-storm flow direction is
much slower at <*he near-bottom records aad is not complete
by the end of tha record.

The running inertial-period averages are then subtrac+eq

from the initial PVD data point-by-point and PYD's of ¢he
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resultant da*a are plotted (FPig. 16). Examination >f these
resultant PVD's shows that station thr2e exhibits the most
obvious inertial response, possibly due *o less coastal or
bottom influence. The resultant P¥D's for stations one and
two (not shown) also shov large inertial responses. The
station one record still exhibits a strong flow whichk is
non-inertial. The station two recorl shows that the
majority of the non-inertial mdtion is removed.

It is not possible from these plots to determine pre-
cisely when the response to the hurricane forcing first
begins at each depth. Since the rate at which the energy is
transaitted vertically is of interest, ths next procedure is
to calculate the energy associated with each inertial period

at all available levels.

E. PROCEDURES FOR DETERMINING RELATIVE ENERGIES

The PVD's which were computed in the above steps indi-
cate the average of the current record is not zero. Aalso, a
br2akdowvn of these records into inertial periods indicate
this nonzero mearn current which does exist is not constaat
+hroughou* the record. An intaractive computer prograa wvas
daveloped *o remove the mean <current from a record consis=z-

ing of inertial flow superposed on a m=2an current. The mean
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velocity is calculated as the 3distance between the stacting

and ending points of the recori divided by the duration of
the record. An equal por<ion of this msan current is sub-
tracted from each ¢ten minute interval of the recori. The
mean current is removed from the record s>ne inertial period
at a time rather than for an an%tire record since %he mean
current is not constant throughout the entire record.

A circle of radius R was fit to sach of the inertial
pericd records. The circle coordinates (x,y) are compu+ed

using a mean velocity. Given that

X =R cos(8)
Y =R sin(@

The mean velocity is computed as the tim2 darivative of the
position as:

a = dx/dt = -R sin(®) 46r31t

vy = dy/dt = R cos(@ d46/1t
vhere

d@rdt = -2 m /(N dt)

and N represents the number of points us2il to make the cir-

cle, Successive x and y coordinates of the circle are *hen

conputed as:

x1 = x0 ¢ (u it)
Yyl = y0 ¢ (v 4%)
43




The starting position is x = 0. and vy = -1., i.e. at 270
degrees of a 360 degree circle centered at (0.,0.), and the
successive positions are created in a clockwise fashion.
The radius of the circle is adjusted using an error mini-
mization progran. This program calculates the distances
between the positions required o create *he circle and the
positions used to compute the PVD's, and selects *h2 circle
which gives the smallest sum of positional distances. One
fourth of the maximum dimension of the plotted da*a is usad
as the initial radius for the ainimizatior subroutine.
While the radius is held constant, the sum of the difference
batween an "avarage error" and an "iadividual position
error" is computed and dividad by the number of differences.
This error difference is used {n the following calculations.
The distances be“ween all points of the computed circle and
the data are first compared to locate the data point and <the
circle point which are closest. These points are used as
the starting positions for the distance 2rror coaputations.
The %average error" is the average of the distancas between
*he consecutive points of the 3ata and the computed circle.
The "individual position error" is ¢the distance between a

point on the circle and a data point. The error difference
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for c¢ne radius 1is stored and, the radius is slowly incre-
mented to twice the original magnitude, storing the error
difference at each increment. The radius corresponding to
the minimum value of error diffarence is used to create the
circle which best fits the plotted 1ata.

The circle created using this adjusted radius is used as
the best fit, It is then possible to =2stimate the ensrgy
per unit mass associated with each iner+tial perisi. The
inertial velccity (V=fR) associated with the circle radius R
and coriolis parameter £ is computed. One half of +the
square of this velocity is assumed to be the energy per unit
mass. The circle fitting error differenc2 computed as above
is divided by the radius of the fitted =ircle and refarred
to as the relative RMS error. The energy values are plottad
versus the iner+ial period at each 1lev2l at each station
(See Figs. 17 and 18). The radius for 2ach iner+ial period,
the relative RMS error of fit*ing the circle and the mean
current removed from each inertial period are listed in
Table II for the records from station one a*+ a depth of 49 n
and from sta+ion three at a depth of 21 a. Also, the aini-
mization program is tested using exact «circles as input

data. The resultant errors for given radii are alss list2d

us




in Table IXI. The exact circle error shows the error is near

zero when the motion is circular. The 2rror is found to be
a smaller percentage of the radius, i.e. the relative RMS
error is smaller, at station three ¢than at station one.
This supports the previous results of ths motion being more
nearly circular, and thus mors inertial, at station three
than at station one.

A good fit between the positions of the generated circle
and the positions from the real data with the inertial mean
removed is obtained for the r2cords of station three where
the water is deepest and thz coastal influence is least
(Pig. 19a). The agreement in positions between the +wo

curves at station one is generally less since these recorids

are2 affected more by *he botton, and by tidal motion which
is not necessarily removed. dbviously non-inertial motion
remained in the station one record (Fig. 19b). Example

plots of the record after all means were removed are shown
in rFig. 20. The figures show nearly overlapping circular
moticn 2xcept for different radii. Plots of the erergy val-
ue: versus inertial periods are given in Fig. 17 for the
level nsarest the surface at 2ach of the <three sta%ions.

Energy values of 4000 at station 3 correspond to an
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true circle to the manipulated data accounts for some of

this dif ference. When the data points arz not circular, the
circle is adjusted to some value 1less than the largest

dimension of *the plotted data. When the 3ata form a circle,

~*he largest dimension of the plottad data and the dimension -

of the circlie nearly coincide. Por stations two and three,
a sharp increase in kinetic ene2rgy is izdicated in Pig. 17
during the £if+h inertial pariod. These energy values
remain high for two to three iner*ial periods btefore rapidly
decreasing toward the pre~storz levels. Similar plots for
the next deepast level a¢ 2ach station are shown in
Fig. 18a. At stations one and two the ensrgy peaks rapidly,
falls off rapidly and then increases to the end of the
record. At station three, a slower increise is nc+ic=2d4, and
is fcllowed by a nearly constant value ¢to the end of the
record. A slower increase in 2nerxgy is fourd (Fig. 18b) a+
+he 437 m and 457 2 levels at station three. The emnergy
values do not appear +o have peaked by the end of ¢the
racord. Since the records of Pig. 18 2re within 20 m of
each other, it would be reasonable t> assume the recoids
would be nearly :identical. Tha difference could be due <o

bot+oca reflection of energy since the 457 a instrument was

e
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positioned only 8 meters from <+the bottonm. At the very
least, the procedures used to Jdetermine the energy associ-
ated with the inertial motion should produce results accu-
rate to within a factor of twd and should also indicate the
trends. No confidence is plac2l in the d=2tails of the fluc-
tuating values. Hovever, the large p2aks and 1long *ernm

increases shown in the enerqgy —records are <+hought to be

significant.
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Figqure 19.
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Figure 20.
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A. BACKGROUND

Adamec et al (1981) tested an emnbz24ded mixed layer-
ocean circulation model. This =model =mbedded Garwood's
(1977) model for predicting mired 1layer depth and jumps in
“emperature and velocity at the base of the mixed layer in a
six~-level, primitive equation spen-ocean model developed by
Haney (1981). These authors remarked in +their coaclusion
that additional <ests, "incluiing comparisons with observa-
tional iata", were being planaz4d. This thesis constitu<es
an important step in those plans becauss >f the availability
of suitable observational data. The mod=21 used in the 1981
study is expanded to simulate the thrsz-iimensional ocearn
respense to a translating hurricane-type forcing field.
This model forcing represents an axisymmetric hurricane
*ranslating at a constant speel of 7.5 a s-1t, The model
ocean basin is a 960 km squar2 with six layers of varying
depth between the surface and a free-slip bottom at 400 a.
The horizontal resolution is 15 km on a 65 by 65 grii. The
level depths and thickaess=zs are represanted in Pig. 21,

The time step used in the 1981 study, 4530 s, is incr=ased tc
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600 s. A brief explanation of the mod2l as used 4in *this

thesis is given below.

B. MODEL PORMULATIONS AND BOUNDARY CONDITIONS

The governing equations ar2 +*he primitive Navier-Stokes
equations, the contiruity equation, the hydrostatic 2quation
and the equation of state (se2 Adamec 2t al, 1981). The
hydrcstatic assumption is appli2d, and the ocean is assumed
incomprassible with density being a2 linear function of temp-
erature only. The coriolis force varias appropriata to the
latitude of the domain from 2598 +o5 33.60°N. The change in
coriolis parameter (£f) with latitudes is comput=d as a finit
difference at each north-south grid point.

There are no fluxes of mass, nmomentum or heat across the
bottca (fla%t) or side (vertical) boundaries. Also, <+he
rigid 1i4 approximation (¥ =0 at 2z = 0) 1is made, which
requires the vertically averaged motion be zero. Applying
this approximation to the Naviar-Stokes =qua*ions provides
prediction equations for the vertical shear currents (see
Adamec e+ al, 1981). Vertically averaging the con+tinuity
equation over the mixed layer and applyiay w =03 at z =0
vyields a2 prognostic equation £5r the vertical wveloci+ty a+

+he base of the well-mixed 1layer, u(-b). The en*rainmen+
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velocity is predicted by the mixed layer model. Togetasar

vith w(-h), this yields a pragnostic aguation for mixed

layer depth.

The axisymmetrical portions of the hurricane forciag ace
shown in Pig. 22. The taﬂgential and radial s*tresses are of
the same form. They are calculated from a prescribed wind,

which 4increases linearly froam the s*2r1 2ye wall *o +the

]

radius of maximum winds, and then decr=2ases as £—!'7/2 to :
360 km and then linearly o r = 450 km. The radius 92f maxi-
mua winds is 45 km and the inner boundary of the eye wall of
the storm is 4.5 knm. This wind profile ressults in a wind
stress curl which 1is zero insidie the ey2 wall, increasing
linearly from zero a* the eye wall +o a maximum at 45 knm,
zero from 45 to 360 km, and negative from 360 km *o the
boundary of +the wind stress (about 450 km). The maximun
tangential strass corresponds to a maximum wind speed of S0
m s—-1t, The small value of radial stress (~12.9 iPa max) is
due to cross isobaric flow of about 209,
Below the mixed layer, vartical diffusion is applied ¢o
the momentum or tempera*ure egua+<ions with a vertical eddy
viscosity or eddy conductivity coefficent (both equal *o 3.5 \

ca 8~2 at all depths below the surface aixed layer). 1In the
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normalized by the vgfue of ths function at the
radjus of maximum winds. Thes tangential and
radial stress components have the same form
(solid line) with maximum values of 35.9 and
-12.9 dpra, respectively. _The surface heat flux
dashed) has a maximum valus of -840 W n

Adamec et al, 1981 .

pnizxed layer, however, the above formulation is no%
apprcpriate. The depth of tha mixed layer is +*he boundary
between intense +urbulence and the much 1less +turbulent

-

waters beneath.

C. ENTRAINMENT AND MIXED LAYER MODEL FORMULATION

In the mixed layer, prognostic equations for ths aixed-
layer average (bulk) values >f <the vertical component of
turbulen* kinetic energy and the total turbulent kinezic
energy are derived using the bulk, sacond-order closure
methcds of Garwood (1977). Computation of <the entrainment

buoyancy flux allows calculation of tha downward fluxes of
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heat and momentum associated with entrainment at <he base of
the wmixed layer. ;

The above mixed-layer formulation allows the fraction of ;
turbulent kinetic energy available for nixiné at *he base of
+he mixed layer to be other than a constant. This turbulent

kinetic energy is diagnostically dependent upon <he surface

buoyancy flux and the surfaca friction velocity (known

boundary conditioas). It is thus possible *o couple *+he
diagnostic mixed-layer formulation with “he prognostic ocean
circulation model in a numerically feasible fashion.

Both increases and decreases in mixed layer depth must

be considered in any mixed layer model. The easier 5f these
*wo events tc formulate is the increasiny mixed layer depth
case, The method requires detarmination of ¢he entrainment
heat flux and +hen imposing this heat flux on tha given
teaperature profile. Added vertical r=solution near +he
base of +he mixed layer is given sinc2 the base is not
required to coincide with any 2f€ “he pra2scribed model lev-
els. This increased vertical —ztesolu*ion is very important }
since +“he <*thermocline profile determines <he potential
energy 2€f *he upper ocean. The dynamics of the mix2d layer
and the ocean circulation are dependen: sn this potential

€nargy.
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Pormation of a 1new, shallower aixed layer occurs
vhenever the turbulent wmixing is not able to penetrate all
the way ¢to the previously established 3epth of the mized
layer. This layer reformation occurs when warmiag of the
surface layer occurs with no increase in the wind shear to
sustain the mixing. Numerical formulatisn of this event is
difficult because <the previous s<tructure a*+ the interface
can not readily be preserved. Thus energy budget probleas
may aris< when deepening to the prior mixa2d layer depth does
occur. This model uses a numerical procedure (see Adamec gt
al, 1981) that preserves potantial =2ns2rgy to ensure the
deepening rate is as correct as possible when the layer
again deepens to the earlier mixed layer depth. This fea-
+yre of the model is not teste2] here because the solar flux

is zero throughout *the simulation.

D. DYNAMIC STABILITY CONDITION

I+ is assumed that the mixed layer is dynamically unsta-
ble and the underlying water column is normally dynamically
stable. However, dynaaic instability of the underlying
water column can sometimes occur. In this model, vertical
fluxes of heat and momentum bhetween levzls are imposed so

that the gradien+t Richardson number remains greater than or

|
|
!
t
t




equal to a critical value. This generalization of the more
comamoen convective ad justment is referred to by Adamec et 3l

(1981) as "dyrnaaical adjustment".

gbnEEOUPLING OF THE DYNAMICAL AND MIXING PROCESSES IN THE

S
The mixed 1layer and the dynamic portion of the model,

which is a level model that predicts the average of a quarn-
tity in a layer, are coupled in two phases. rirst, advec-
tive and diffusive changes in the upper ocean are calculated
in the dynamic part and put int> a form useable by the mixed
layer model. Then, the surface flux and 2ntrainment changes
are calculated by the mixed layer model and transmitted to
+he dyrnamic part of the model. A special treatment cf the
level vwhich contains the base of the mixed layer is required

(see Adamec et al, 1981).

F. COMPARISON OF THE MODEL AND THE DATA

The model provides a four-4imensional space-time view of
the ocean response to a moving hurricana. The data provided
by NAVOCEANO is *two-dimensional, ¢time and depth, at +hree
different stations. All three locations are to the right of
the stora track beyord the radius of maxiaum winds of *he

stora. The differences in instrument depths and the limited
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rumaber of stations do not allow the extansion of <the jata
into a third dimension, The comparison 5f the data and *he
model, then, is an attempt to:

e coapare the general gh sical characteristics of <he
model results to see if they are reasonable in light of
the observed data results,

e choose a_ data set from tha model which is similar to
%%a raw data in number, 3Ja2pth and location relative to
8 s*ornm,

e compare this data to the NAVOCEANO data to show whether
or not the waodel is providing a realistic rasponse to
the simulated hurricane forcing, and

e examine the four-dimensional model results for charac-
teristic ocean response to hurricane forcing which
could not be observed at the data stations.

G. GENERAL CHARACTERISTICS OF THE MODEL

The initial position of ths hurricans is + grid point
(23, 16). Since the grid spacing is 15 km, grid point
(23,16) corresponds to a distance in <he x direction of 33C
km and in the y direction of 225 ka. Molel ou*pu% includes
north-south and east-west velocity components, ¥y and 1u ;
temperature, T ; and mixed layer dep*h, H. The initial val-
ues of these quanties are given in the following table.
The quanti*ies u, v, and T ars extractz=d at both three hour
intervals for the en+tire grid at all six l=vels and at ten
minute intervals for selected grid points and levels. The

mixed layer depth (MLD) <is stored at three-hour intervals.
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TABLE I[II '
Initial values of model output variables ]
|

T at lavel
4 ¥ 8 1 2 3 4 s [] »
H {cm s—1) (m) (°C) 4
0 o 30, 30.0 29.2 28.1 23.4 18.4  13.1 '

The results predicted by the molel at 356 and 43 h at level 1

are presented in Pigs. 23a--31 and Figs. 24a--4, respec-
tively. Using the storm translation speel of 7.5 m s-1, the
distance of the storm from th2 bottom of the grid is given
in Table IV, Th2 storm center has tracked off “he grid by
hour 24 and the southern boundary of thes storm has passed
the edg2 by hour 438.

TABLE IV
Hurricane distance from bottom o9f grid a+ six-hour intervals

DISTANCE HOUR
330 0
492 6
654 12 '
816 18 :
978 24 H
1140 30 !
1302 36 |
1464 42 I

Several important features are noticeable in Pigs. 23 i
and 24:

e The current flelds at 36 ard 48 hours are "put .g

o)
phase", g *he areas of, westerly currents at hour 3
ly easterly a+ hour 48,

are genefa
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° esultant notion is circular over pearly *h2 entire
¥°“r§ i g apparent rota%i par?od gf abou+ 24

‘ |
i ‘ e Current velocities in the mixed laysr range froa neg- !

ative values of about 70 cm -t t0 positive values of
[ about 80 cm s-t,

e A i

| e The mixed layer deepens preferentlalli to the right of )
i the storm, and ranges from minimum values of about 30 m ‘
to maximum values O0f almost 60 m.

e A ridge of cold, upvwelled water lies in the waks of +the i
storm. This r1&ge 1s .shown best in the level 3 temper- .
ature _contour of g 5. Suparposed oa this coli
:*dqe is an upwelllng/ ownwelling vake with ap inertial

d, Up velllng is in the _arzas of _ minimum MLD's
32; in P1 b and aownwalllng is in the area of
Raximunm uLD 0 in Fig. i Minipum MLD's are
reached at +he en of the upwel ing_  cycle_and maximum

MLD's are reached at the 2nd of the lownwelling cycle.

These results are consistent with the results derived from

the NAVOCEANO data, which shows that the primary ocean
current response to hurricane passage whan no mean current l
exists is circular motion at th2 local inz2r%ial perisd. The
raversal in flow direction every 12 hours is particularly
evident in <+he u velocity component records for 1lavel six

shown in Pig. 26. The model predictions describe the ocean

response over the entire grid, rather +han just at some

selected poirts, Trajectories are plott2d at several loca-
tions perpendicular to the storm track (s=e PFig. 27). The

surface~-layer trajectory that bagan on the left side of the

cack (Pigs. 27a) clearly shows the surje <o *he lef:t as

E ‘ the storm approaches, strong ina2rtial motion followicg stora

\_ e




passage and a net transport to the south. The trajectory

along the storm path (Pig. 27b) shows a surge to the lef+,

recovery toward the right and a small net displacement. The
trajectories that began on th2 vight (Figs. 27c and 274)
show a2 net deflection northward and to the —righ¢. These
trajectories show that differant transport profiles are
expected at different locations relative to the storm. This

feature is not obvious in the NAVOCEAND data due %o the 1

limited number of locations o2f the observations.

H. SELECTED POSITION AND DEPTH DATA [

b

A data set similar to the NAVOCEANO data set was derived
by extracting model variables at ten minute intervals at the
three positions and depths shown in Table V. These time
series of model variables (Figs. 28 and 29) are rlotted sim-
ilarly to the rawv data plots of Pigs. 6 and 7. The observad
(Pigs. 6} and predicted (Fig. 28) 4u-components show very
similar variations although the model data are much
smoother. Also, al-hough the magnitude of the velccity com-
ponent at level 2 of Pig., 28a is somewhat smaller than the
21 m magnitude shown in Pig. 6a, the magnitude at level 6
(300 m) of Pig. 28b is much smaller <than <+*he 437 a nmagni-

cude shown in Pig. 6b. The implication is that not enough
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Figure 25.
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e

energy is being vertically transaitted by the model. Both
+he model motion and the observad flow are inertial and nei-

ther has completely damped by the end of nine days. The

model u components of the velocity at lavals one and six are
exactly 180 degrees out of phase (Pig. 30a). That ii, the
velocities of the surface and bottom model layers ars in ¢he
opposite directioms. The NAVOCEANO v2locities are also
exactly out of phase immediately aftar stcrm passage,
although they become more in phasa latar in the record (see
Fig. 30b). Por any given level of the 2odel, the u and ¥
variations are 90 degrees cut of phase.
TABLE V
Positions and depths for model tgn inu %nterval da*a and

] te
corresponding NAVOCEANO data.

DISTANCE
oM

INERTIAL FR MID NAVOCEAND
GRID PERIOD STORYM CENTER LAYER INSTRUMENT
POSITION MODEL NAVOCEANO MODEL NAVOCEANO DEPTH DEPTH
ey _ours) | (kmd ) ()
30,33 24.50 24.54 105 100 37.5 49,
75.0 64.
150.0 92.
29,35 24. 30 24.34 90 85 19.0 19,
' 150.0 178.
300.0 324,
31,39 .95 3.9 ] 19. 1.
' 23 2 0 20 125 75.8 231'
150.0 437.
300,0 457,

[}
|
[}
[}
[]
!
]
1
]
[}
[}
[]
]
]
|
]
[}
[}
{
[}
[}
]
[]
[}
]
|
]
]
]
t
}
[
[}
[}
]
[}
[}
]
[}
1
]
]
[}
[}
[}
[}
|
]
]
[}
]
t
[}
[}
[}
[}
[}
!

Three-hour running averages by inertial period were con~

puted for the ex*racted model 3Jata using the same technique
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as used for the NAVOCEANO resul ts. A direct comparison of
Figs. 13, 14 and 15 to the extracted molel results runaing
inertial period averages is mads in Pigs. 31, 32, 33. The
model near-surface residual flovws are very similar to each
other (Figs. 31a and 32a), as are the 1lower level results
(Figs. 31b, 32b and 33). Net transport to the north is
indicated in all records of th= model. The NAVOCEANO data
indicates net transports that are closely tied to the local
topography, which is absent in the model. The NAVOCEANO
results also show opposite current dirsctions for nsar-sur-
face and mid depth. These observations provide intsresting
exanples of results not shown in the model, and which
require addtional investigation to explain.

In order toc make a more quantitative comparison between
the model and the NAVOCEANO inertial oscillations, the model
results from +the selected stations shown in Table V were
treated in the same manner as the NAVOCEAND raw da<*a. Cir-
cle radii, rela+ive RMS error and mean current removed are
listed (Table VII) similarly to Table II. Relative RMS
errors are similar to those for station “hree (Table IT)
although maximum circle radii acre not as large. Resul+«ant

calculations of energy (cm2 s-2) varsus inertial period are
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plotted (Figs. 34 and 35) similarly to the emergy plots of

Pigs. 17 and 18. These figures show that the major differ-
ences in the model and the NAVOCEANO data, at least in a
qualitative sense are in the rate of propagation of energy
with depth. It appears that less energy is propagated ver-
tically in the model <compared to the observations. The
energies in Figs. 35a and 35b are much smaller in comparison
*o the values in Pig. 34 than are the similar results of the
observed data. Also, there is no slow increase in the hori-
zontal kinetic energy near the bottom in the model as
observed in the ¢two deepest NAVOCEANO records. The level
four records in Pig. 34a suggest that ana2rgy is being con-
tinually propagated into the layer because the enerqgy levels
do nc* appreciably decay. Detailed calculations are neces-
sary to establish the energy flux mechanisms from the model

data.
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IV. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

A. SUMMARY

The NAVOCEANO data praovided several physically
significant results. The currents measured by the
instrumants were affected by :*opography and by *he stora.
The flow tended +o0 be along th2 bathymetry contours except
that the storm imparted a surge ¢to the flow consistant with
wind stress associated with the storn. The station orne
records do not depict easily ijentifiabls inertial motion.
Station one is in shallow watar of about 100 meters, and
shoreward motion to mid-depth is evident prior to the storm
passage. An offshore flow is svident from about the time of
the storm passage for a duratisn of about two ipe-tial peri-
ods. The +*endency at each sta%ion is for the post-storm
flow to return to the same diresction as the pre-storm flow.
Energy input by the storm has g2nerally dissipa+ted by a fac-
tor of e—-1 after three or four inertial perioads, and the
post-storm flov magnitude is grsater than the pre-storm mag-
nitude. The horizontal kinetic energy associa+ed with iner-
tial motion in the near-surfacs water iacreased amsre ¢than

+wo orders of magnitude as the storm passed and %hen decayed

over six or seven inertial periods. At +he deepest
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instrument levels, the kinetic energy associated with iner-

tial maotion increased slowly and had not peaked seven iner-
+ial periods after storm passag2. The mil-level instruments
recorded eitker a sharp peak after storm passage or a less
rapid increase and little decay to the end of <he record
depending upor location. The near-surface and near-botton
flows are about 1809 out of phase for at least five or six
inertial periods after storm passage.

The mixed layer-ocean circulation modsl results are very
similar in many respects to the NAVOCEANO observa*ions. The
model does not irclude bathymetry, and therefore bathymetric
effects are not reproduced. The model does show, however, a
storm-induced sucqge, inertial motion daaping over several
inertial periods at the surface and bottom 1layers and dif-
ferent magnizudes in pre-storm and post-storm flow. Tha
sodel predictions indicate an almost instarntaneous pear-in-
ertial s2rergy propagation rate with depth. The flow at the
sucface and at depth have +he same form, increasing in mag-
ri+ude 3nd decaying at very n2arly the same ra*e at each
level. A: 2id levels 2f the model, the kinetic energy level
remains nearly constant, The current oscillations in the

mixed layer and in the bottom layer ars 1809 out of phase.
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Trajectories of the model <results show that the net dis-

placement at some stations is nearly z=ro while at other
stations the net displacement is tens of kilometers. Also,
the direction of surge and of the residual flow is dsperdent
on location relative to the storm track. The model shows a
zone of upvelling/dovwnwelling in the wake of the storm which

has a near-inertial frequency.

B. CONCLUSIONS

The bathymetry of the ccean is very important in detera-
ing the direction of flow of currents at all levels. This
par+ of the flow is not includ=sd in this ocean circulation
model and mus:t be subtracted from the real ocean data if
consistent comparisons of model results and current observa-
*ions are to be made, The effect of th2 storm is to drive
the average motion in a direction consistent with the wind
field of the storm. Changes in direction occur over a very
short time period and are obszrved at all dep+hs. As “he
storm passes, inertial motion resul«s due %0 a balance
between the cen*rifugal and coriolis accelerations. The
kinetic energy associated wit this motion remains nearly
constant near the surface for ¢wo to thr2e ipertial periods

and decays over an additional *three to four inertial periods
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to a post-storm level greater than the pra-storm level., The

available data do not show the energy lavels returning to
the fpre-storm level before the end of the record. There is
an okvious time laqg of the storm which increases with depth.
The exact time of the initial 2ffect at any particular depth
is difficult to measure since the magnitade of the velocity
does not instantaneously increase, but increases slowly with
the onset of the storn. Nonetheless, ths downward propaga-
tion of this enerqgy is nct instan+*aneous but requires on %he
orier of one-half inertial period to propagate one-half kil-
ometer., The energy propagates to a depth of about 450 m in
one-half of an inertial period. At this depth «h2 energy
increases for at least seven to eight inertial periods. The
nixed layer-ocean circulation model closely simulates the
inertial motion and damping rates near the surface. The
vertical propagation of energy is not, however, very similar
to the NAVOCEANO observations. The ®model does provide
insight into the three-dimensisnal ocean and is impressive
in distinquishing between results at locations varying with

Tespect to the storn center.
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C. RECOMMENDATIONS

The primary differences between the NAVOCEANO data and
the model results are in the vertical propagation of kinetic
energy associated with storm passage. Purther research is
required to isolate <the mechanism of energy propagation so

that i+t can be included in the model formulation.
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