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AB~~~~~

Buoy data provided clear evidence of mixed layer deepening end an

Internal wave caused by Murricene Eloise , Septeiber 1975. Logari~~~~c

taiperature profiles below an isoth~rrn~1 mixed layer were assusEd end

used to model thermocline oscillation and heat budget calculation as

Influenced by Eloise over a 21-day period . Results show that prior to

the arrival of Eloise at the buoy , the average mixed layer depth was

about 3~~i. As the winds increased due to hi.~~icane approach , the mixed

layer deepened steadily to about 42m before upwelling to appro~dmate1y

22zn. The thern~c1frie then i.z~dezwent three distinctly large oscillations

of inertial periodicity , while the mixed layer continued to deepen. The

post-storm average mixed layer depth was about 52m. Values of mixed

layer depth were concluded to be accurate to within 2xn. Vertical velo-

( . cities , calculated first by assuning zero horizontal t~ perature advec-

tion in the material derivative equation and second by finding the mass

trensport necessary to balance the heat budget , show that In the upper

SOOin of the water colusri dow~~ard vertical u~ tion of lm/hr or less pre-

vailed during storm approach , followed by upward vertical velocity as

great as 5. 35m/hr during the 12 hr i~~~diate1y following hurricane pas-

sage followed by dowrward vertical velocity ~~~ing the large the~~~cl1ne

oscillations.
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I. INTRODUCTION

By a stroke of luck , the eye of Hurricane Eloise on 23 Sept~~~er 1975

passed over the National Oceanic and Ai~xosphetic thnlnistration’s EB-lO--

a forty- foot d1 ~~~ter data buoy anchored In the Gulf of Mexico . N~n~rous

Instrux~nts , both on the buoy itself and attached to the line anchoring

the buoy to the floor of the Gulf , gathered a~~ospheric and oceanographic

data thro~4icxtt the three days before and 18 days after hurricane pas-

sage . The purpose of this thesis is to study the response of the upper

ocean to Hurricane Eloise and to report the results obta ined .

The tx~ thenisn~ that produce changes In ocean th~rm~1 structure in the

wake of severe tropical cyclones have been studied for sax~ tine. In

addition to the heat loss to the at~xosphere , the oceanic processes of

vertical and horizontal advection plus turbulent miring at the top of the

therxxccllne have been shown to contribute to cooling of the upper layers

in the ocean . Jordan (1964] reasoned that for typical mixed layer depths ,

large taxperature decreases could not be due to the heat loss to the

atucsphere but n ist originate fran the thern~cline layers throu~~ verti-

cal fluxes . Leipper [1967] reported what is probably the best-known

survey of oceanic th~rma1 response. Black and Mallinger (1972] cathined

airborne expendable bathythezvcgraph and conventi onal data to study the

effects of hurricane Ginger . Althou&~ a c~Im~t shortcanlng of the obser-

vational studies has been the sparsity of coincident before-after

sou~dings allowing deterndziaticn of the changes due to the hurricane,

Fedorov (1973] used before and after sotmdings at ocean weather station

(C~~ ) Tango to calculate the taxperature changes due to the passage of
-
~

9
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14 typhoons. Elsberry et a].. (1974] developed an ~ pirical hurricane

bo itdary layer tx~del for hurricane-ocean interaction studies . This

x~~del , which was used recently to drive a mixed layer nx,del of the upper

ocean (Elsberry et a].., 1976] to sinzilate the th~rmR 1 response induced

by a hurricane, ~ phasized the role of vertical fluxes by incorporating

a mixing-layer ntdel similar to Kraus and Turner (1967) and Derinan (1973] .

In this thesis , logarithnLc tesperature profiles as su~~ested by Tully

(1953] were used to estimate the t~xiperature structure . These profiles

were used to predict the depth of the mixed layer and to balance the

beat budget In the wake of the stonn. Oscillations of the r.hern~c1ine

predicted by Geisler (1970], doc1.I~~nted by Black (see Sheets 1974] and

n~ deled by Grigsby [1975] were observed. The heat budget was calculated

produc ing the horizontal and vertical velocities I~2cessaxy to acco’.x~t

for the observed taxperat ure changes .

II. PEOC~~URE

A. DAIA.

The buoy EB-lO, located at 27°28’N, 88°O1’W, In 1313 fath~~ of

water , gathered a~~ spberic data plus the t~~perature and hydrostatic

pressure of the water near the surface and at three sth sur face depths

In the Gulf of Mexico during the passage of Hurricane Eloise. These

data were pthlished by the ~~ A Data Buoy Office in a report titled

Data Report: &~ y ~~servations During Hurricane Eloise (Sept~ther 19

to October 11, 1975, Novether 7 , 1975) G~ithee and Johnson , 1975).

B. T~ ’WE~AIURE PROF]LFS - - -

-y
To study the nature end extent of inflt~~ice of a hurricane on the

ocean , having the te~perature of the sea water before , during and after 
-.- -
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hurric ane passage at all depths ~~uld be optimal . But the systen avail-

able provided t~nperatures with a maxixrun frequency of only once per ha~~

end recorded then only near the surface and at three sub-surface depths--

appro ximately 50 , 200 and 500 neters . These are only n~xninal depths be-

cause of the vertical wandering of 10-12 neters due to periodic pulling

on the ucoring line by the drifting buoy in the high winds end acca~pa-

nying waves . The near-surface te~~erature value was neasured at a depth

of t~~ neters and will be referre d to throughout this thesis as the

sur face t~~~era tur e.

The firs t goal of this thesis was to estimate the t~~~era tur e at all

depths for any observational tine knowing the tex~era tur e at only the

surface and three subsurface depths . Estimates of the above cype were

made for 170 different observation timas throughout the 21-day period

bracket ing the pas sage of the storm over ~~-l0 . A t~~~era tur e structure

of the water was also estimated by the ~~AA Data Buoy Office (NDBO)

[Withee and Johnson , 1975 , page B-30) . A portion of NDBO ‘S plot is shown

in Figur e 1; the surface and three subsurface tenp era ture values are

written for each observation tine at the depth of the neasur~~ nts . The

iaothe~~~ shown in Figure 1 were dr~~n assusing a linear t~~~era tur e

change with depth. Black and Withee (1976 ] and Price [1977] used these

s~~~ data , and est imated the t~~~erature change with depth for all timas

with gradients bas~id on a single AXBT dropped near EB-].0 on the day prior

to Eloise ’ a passage over the buoy. In this thesis the positions of iso-

them, as well as the depth of the thex~x)c1ine, were calculated at each

of the 170 observation tines assiining a logaritheic tei~erature change

with increasing pressure defined by the three observed subsurface t~~~er-

a~~~e values . Each logarithmic curve was then matched to a vertical line

— .. 
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* 
representing an isothøt~~ l mixed layer having tei~erature equal to the

surface teiperature observed at the respective observation tine. This

• procedure ass~~~s the three subsurface te~çeratures were within the

thern*cline. After passage of Eloise, the na~ nal 50 m observations

were occasionally equal to the surface te~~erature , Indicating that the

mixed layer was greater than 50 m. In these cases only the t~~ lowest

subsurface observations are available to define the logarithmic tex~era-

ture profile .

1. Proced~~e For Calculating The Logarithmic Tei~erature Profile
Below The Mixed Layer At Any Given (~~servation Tine

At 0900 ~~~~~~~ , 21 Septether 1975 , the data provided by EB-lO indi-

cated that the three following subsurface tarçeratures existed at the

given pres sures :

• Tob 
_ _ _ _ _ _ _  

lfl~ )

25 . 784°C 6.427kg/ an2 1.8605
15.677 22.986 3.1349
9.055 52 .148 3.9541

where Tth is the observed t~~~erature aid p is pressure . A least-

• squares linear regression was calculated using the natural logarithm of

pressure (In p) versus Tob
Figure 2 shows graphically the best-fit curve thro~4i the three

sets of values being considered . The slope aid Intercept of the regx~*a-

sion curve for this case were calculated as -0 .125 aid 5.092 resp.c-

tivsl.y. That is, the equation relating pressure aid e~aperatm’e is

l np ” - 0 .125T+5.092 . 0.)

A similar equation was calculated for each of the 170 ths.rva-

ticxt tines using the Naval Postgraduate School I~1 360 cc~~~iter

- • 

— r



8 12 16 20 24 28 T ( ’ C)
I I I ~~~ L

T=2~~.78~4.
in p=i .860

m

t J T=1~~.677

7 in

S

T~9.0~~,• ~ in p 3.9~~

a.
c i  .

FIQJRE 2. E~ca~~1e best-fit linear regression curve obta ined
fran subsurface t~~~eraeure end pressure values. This exai~ 1e
is for the observation tine of 0900 (2ff , 21 Sept~~~er 1975 .
Curve has a elope of -0 .125 end an intercept of 5.092.
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4 
subroutIne to calculate linear regressions. The slopes m end inter-

cepts b specify the thern~c1fne te~çerature profiles throng~out the

21 days ~nder consideration . The general equation is

i n p - z i t l ’ + b .  as)

To estinete the accuracy of equation 0.) , the three valuss of

the logarithm of pressure used in the regression can be i.~sd in equa-

tion (1) to calculate the regression tw~eratures C9. The following

in.fo~~~ticxt was fotr~d:
Error —

p (3cg/an2) Tab (.°C) Tr (°C) Tr - Tab (°C)

6.427 25 .819 25 .804 0.015
22.986 15.677 15.627 -0.050
52.148 9.055 9.085 0.030

The largest error in t~iperature for this observation tine is -0.05°C ,

aid is associated with the middle of the three subsurface tei~eraturs

neasur~~~ats--a abaracteristic of dr~~fng the best Linear fit thr o~*
the three points . According to ~)B0 , the accuracy of the t~aperature

sensors was 0.05°C for the surface end t~~ deepest subsurface sensors ,

and 0.2°C for the sensor located near the 50 m depth. Consequently the

1ogarith~.c profile ted~ ique fit the data at the three levels within

the expected accuracy of the t~~perature observations . A r~ re caiiplete

description of tei~erature profile errors will be given later .

t 2. Procedure For Calculating The T~~~erature aid Depth of The

J 

Mixed Layer At Any Given ~~aervation ~Tine

The next step in the procedure was to match the observed sur-

face t~~~erature with the ther~~c11ne profile given by equation (1) .

l~~ surface te~ eratixe at 0900 (2ff , 2]. Sept~ ber 1.975 was observed to

be 28 .819°C. ~ ttsr1ng this value for tesçsraeure In equation (1) gives

15
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p - 4.406 . Using this calculated press ur e value and assuning an isother-

mal mixed layer , the cax~ lete t~~~erat ur e profile can now be drain fran

the surface to the point of the deepest observation. This ccx~~lete pro-

file for 0900 (2ff , 21 Sept~±er 1975 , is sh~~n in Figure 3~ . Figure 3B

shows the s~~~ profile , except that pressure was plotted linearl y vice

1ogaritI~miicaUy.

Figure 3C shows the profile assi.znliig a linear t~içera tur e change

In depth as used by the NY~A Data Buoy Office when plott ing Figure 1.

The profile in Figure 3B appears to be a uzich t~~re realistic representa-

tion of conditions observed dai ly in the subtropical oceans . The point

of intersection of the vertical isoth~~n~l line with the regression curve

in Figure 3A or 33 is defined in this thesis as the hydrostatic pressure

at the bott an of the mixed layer , i.e. at the top of the thexi~ccl1ne .

Throu~ iout this thesis , pressure p ~~g/an2) was converted to

depth z (m) according to an appr~ thnation algorithm su~~ested by NDBO

for the subsurface (jicre then 40m) data

z — (9.75p - 10) . (2)

Hence the mixed layer depth can be foizid for 0900 (2ff , 21 Sept~±er 1975

by substituting p — 4.406 Into equation (2) giving ~~D — 33.(kn.

T~~~erature profiles extending fran the surface to the deepest

observation, as well as the respective mixed-layer depths , were calcu-

lated for all 170 observation tines as in the exaaple above. A plot of

I’LD vs t:Lne was made for studying the notion of the therxxclin e mid the

deepening of the mixed layer during the three days before aid 18 days
• after the passage of Hurricane Eloise over ES-tO . This plot will be

presented and discussed in a later section .
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FIQJRE 3. Derived t~~~erature profile fran surface to point of deepest
observation for the observation tine of 0900 (2ff , 21 Septether 1975.
Pressure is plotted lcgerit~~~caUy in A mid linearly in B; C shows the
profil, for this observation tine assused by ~ )AA Data Buoy Office . An
isothe~~~l ~~xad layer was asst~~d , i.e. a vertical line was drm~n fran
surface t~~çsraturs to point of Intersection with regression curve.
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3. Procedure For Calculating The Position of Isorh~~n~
The depth z of , e.g. , the 25°C isor-h~rm, can be f~zid for

0900 (2ff , 21 Septm±er 1975 by letting T - 25 in equation (1) and

solving for p and then substituting for p Into equation (2) . Doing

this gives a depth of 59. ~~i for the 25° isotherm at this tine . For this

thesis depths were thus calculated for the 25 , 23, 21, 18, 15, 12 aid 9°

isotherue at all 170 observation tines. A plot of isoth~m depth versus

tine was made for studying isotherm ~~tion during the three days before

aid 18 days after the passage of Hurricane Eloise over E~ -1O. This plot

will be cciipared to a similar plot made by t~ AA’ s Data Buoy Office shown

in Figure 1 above.

C. CALCULATING ThE HEAT 3~Z)~~~
The procedure used in this thesis to calculate the beat budget was a

sinplified one. The problen was uoique in that the beat budget was exa-

mined over a period of time with large ~~~1itude oscillations on the

thertx cline. The tine change of heat content (cal/an2) of a colt~~i of

water ~zider the buoy 500 meters - deep aid one square centimeter In cross

section is related to the time change of average te~~erature obtained
- fran the profiles derived above. That is ,

~H~~~PCp Z~~Tav

where K - heat in cai/un2

p — density of water ’ 1 ~.n/ an3

C~ — heat cepacity of water at constant pressure ’ 1 cal/ge/°C

z - the hei~ it (cn) of the coli.i~t of water one square centimeter 1.
in cross-section 1

- average t~~~.rature (°C) of the col~mi of water, as calcu- I I
lated using the 1ogarid~~.c regression curves discussed ear- I I
liar

1 18 

____ 1’-J ~~J i1~~~ T 

_______________



In terns of time derivatives equation (3) becanes

mid will be called the storage term. If the t~~~eratixe change is mea-

sured in degrees Celsius per hour, the storage term will have uoits of

cal/an2,’hr

Fran the first ].~ z of thezi~ dynmitcs, t~~ mechani~~~ were con-

sidered as changing the heat content of the colum--the net flux of

latent , sensible and radiative heat transfer across the sea surface , and

heat flux by three dimensional advection. The fo~r,,ij 1 used (see Husby

and Seckel , 1975] for obtaining the net flux of latent , sensible aid

radiative heat (Q
~~ ) 

was

• 

- 
~~e~~~~c (4)

where , the solar insolation t e i , was measured directly by EB-].O,

aid 
- 1. 14x10~

’ (273 . l6#r~
)4

x(O.39_O.05e /2) (j_0.6C2)

— 3.l67Cd(O.98e~~
e ) W  , aid

- 2
~~~~ p

(
~w Ta~~

• ~there e is the saturation vapor pressure (th) of the a~~~sphere ata the hei~~t of ten meters calculated using the Coff-Gratch
foiiivil ation of the Clausius-Clapeymi equation with the dew’-
point t~~çerature as the entering arg~.~~~it

e is the saturation vapor pressure (nb) of the atl]csphere at
~ the sea surface calculated similar to e except using sea

_~~~ simface teiçerature as the entering arg~~ent
Cd is the natdj~n~~sional drag coefficient equal to (0.63 +

O.66*W)*lO~~, (~~~.th aid Bank., 1975]
Ta is the telçerature of the air In degrees Celsius

is the tw~,srature of the water In degrees Celsius
• W is the wind speed In meters per second
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and C , (the fraction of sky covered by clouds) ,
is 0.80 fran 1200 (2ff 20 SEP to 1800 (2ff 22 SEP .

1.00 fran 2100 (2ff 22 SEP to 1200 (2ff 23 SEP.
0.85 fran 1.500 (2ff 23 SE? to 1200 (2ff 24 SE? ,
0.75 fran 1500 (2ff 24 SEP to 1100 (2ff 25 SE? , and
0.50 fran 1200 (2ff 25 SEP to 1200 (2ff 26 SEP .

Herein Q~ 
(ca]./an2/hr) is called the surface flux term.

The 500-meter deep colum was then divided into five layers ,

each 100 meters deep , aid vertical and horizontal velocities were calcu-

lated that satisfied the heat budget. The first att ~~~t to obtain these

velocities was the ciiun~~ly used assui~ tion that the material derivative

of t~~perature was zero aid that there was no horizontal t~ perature

gradient. Starting with the equation

(~ )

setting VR • 7r - 0 , aid solving for w gives

(5a)

Both 3T/at aid aT/az were directly available fran the 170 t~~~era-

ture profiles obtained as discussed earlier . The values of w were

tiws caiçuted at 100 , 200 , 300 , 400 mid 500 meters . These values of w

were related to the vertical mess flow rate into or out of each layer
of the co1ta~ by the equation

(6)

where is directed positive ~.çward in accordanc. with the positive

- 

•

-: 

~



4 
Fran the continuity equation the horizontal mess flux into or

out of the colum was calculable fran the vertical mass fluxes . The net

horizontal mass flow nust ccoçensate for the difference in vertical mass

fluxes. Let

r1r
PVH dZ (7)

where — the horizontal transport of mass per ~x~it width of vertical
surface

VH 
- the horizontal velocity ,

ZB and 
Zr 

— the depths in meters at the bottan aid top of the colum .

For inca~ ressible flow in a constant-density fluid ,

r Zr zr
J V . Q VH d z+J  p~~

Z3

Cathined with equations (6) and (7) , the above equation gives

~t - M  - M  . (8)
LI

Horizontal mess flow is defined as positive if directed out of the

coluiri .

There was sa~~ question whether the w’s obtained using equa-

tion (5a) could be accurate , since the asaus~ tion of zero horizontal

tesç.rature advection seei~d tmlike].y. This was checked by using the

calculated vertical velocities aid the storage mid surface flux te~~~
in the heat budget . The total heat flux CfliF) across all faces of a

water co].t.ai due to three-dimensional advection was defined as

‘flif - M~~CpT~ - M ~~C~~~ - ~~~~~~ 
(9) L



where Tav is the average taxçerat ur e of a 10Cm-deep colum of water

with cross-secti on equal to one square centimeter , T3 aid TT the

texperatures at the bott on aid top respectivel y of the s~~~ 10Cm-deep

colum , and M~~~, M
Zr 

aid M1~ are the mass tr ansports across the

bottan, top arid horizontal faces , respectively , of the colum . Sthsti-

tuting equation (8) into (9) aid add ing the storage and surface flux terme

give the full equation used in analyzing the heat budget ,

- ~Cpz 
5f 

- C~M~~ ~ B - Tm,) + C
P

M
Zr 

cr~, - TT) - Q~~~~
.

Rearranging provides the equation

M~~~- [ ~~~ ~~~~~~~~ 
-~~ . J / Crav - T B) (10)

C~~~Ining equation (10) with equatia (6) gives

w - - - M~~(T.VJ~ - T~ ,) - (T~~ - TB) /p (lOa)

~r&~i1e was considered to be , by the kin~~~tic boundary con-

dition , equal to zero at the sea surface , 
~~ 

was considered to be

equal to zero at all depths except the surface. Because the

mid are mean quantities averaged over the time incr~~~it between

ths.rvatix~ , the ~~ttrthuticn of ti.~bulerit i~~tions on analler time

scales is r~ t considered .

As an ewar,’le consider the problex of calculating the vertical

velod~ty of 100 m as giv~~, first , by equation (5a) aid s.ux~d by equa-

tion (b a) for th. observation ti~~ (tob) of 1500 (2ff , 23 Septasber 1975 :
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1. Calculation of Vertical Velocities Assuning Zero Horizontal
Tix~,era tur e Advect ion

The values of slope m , intercept b , pres sure at the bott an

of the mixed layer p~~~ aid MI.D in the following table were obtained

fran the respective regression curves plus equati ons (la) aid (2) , while

the surface t~~~erature Tsfc was obtained fran the pthlished buoy data

for 23 Septexber 1975 .

tob m b ~1LD Tsfc TlOCm
(2ff 

_____ _____ 
kgJan~~ (tn) (°C) (1C)

1200 -0.152 5.345 3.331 22 .47 27 . 226 19 .205
1500 -O . ].53 5.334 3.280 21.98 27 . 166 19.072
1800 -0.145 5.25 3 3.733 26.40 27 . 166 19.532

The ntv~rator of equation (5a) , refers to a single level , say

10Cm, ar id is evaluated at 1500 (2ff , using a centered finite difference ,

as

(19.532 - 19.205)°C/6hr .

The den~ rinator in equation (Sa) was approximated by using the 1500 (2ff

regression t~~ erature profile over an incr~~~it one mater above aid below

the 100 meter level. Thence the calculated value of vertical velocity

w was -0.91m/hr. Similar calculations produced the values for this

method’s vertical velocities at each of the deeper levels. The left-

hand set of arr ows in Figure 4 shows the values calcu lated.

2. Calculation of Vertical Velocities Not Assuth~g Zero Horizontal
T~~~erature Advection

To solve for the mass transport at the 100 meter level for 1500

(2ff 23 Septather 1975 usIng equation (10), we nuat calculate the aver-

age te~~erature In the tçper 10Cm of the ocean in the vicinity of the

bi~~y for each of the three observation tim~e listed in paragraph 1
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w (xn/hr ) M e /p (m/hr)

100 $
0.91 1.L~.6

200 t
0.61 0.03

0.1~
I 1  

_ _ _ _ _ _ _  _ _ _ _ _ _ _

Q~ 30C

0.61

1.~ 6

T
2.j30 1 .~ 5

50c t
FIQJRE 4. Vertical velocities at 10Cm depth incr~~ nts in the left
co1~xan were obtained using equation (5a) , i.e. assuning zero hori-
zcntal tençerature advection. Values of M / p in ri~ it colusri were
obtained using equation (10a) , i.e. not ass&Lng zero horizontal

f tas ,era tur e advection. These vertical velocities are for the obser-
vati on time of 1.500 (2ff , 23 Septether 1975.



above . Assi.me the general equation is

~~av~O-’~l0Cm — 

~~sfc~ 
+ (100-MLD) (T

~ ,)H > ~~~~
] /100 (11)

The average t~xper atu re for any layer of water having a logarith-

mic t~~~erature profile and lying between pres sure surfaces 
~B aid

~r is given by

~~ ~~~~ 
~~~ T(p) dp (12)

Cathining equation (la) with (13) gives

- (in P-b) ~~

~~~~~~~~~~~~~ ~~~~~~~~~~ 
p~r

(ln 
~~~~~~~~~ 

(13)

Equation (13) can be used to get the average tE~~erature fran

the bott an of the mixed layer to the lOOm depth , which for 1200 (2ff ,

23 Septeiber turns out to be 22.422°C . This value can then be used in

equation (II) to get the average ten~,erat ur e for the layer 0-lOOm , which

is 23.501°C in this ~~r~le. In an analogous way, the average t~~ era-

ture for the 1.~per 10Cm of water at 1800 (2ff , 23 Septether 1975 is found

to be 23.849°C . Using this information and equation (3a) finite dif-

ferenced about 1.500 (2ff , 23 Sept~ ber 1975 , the change In heat content

of the 10Cm co1i.~~i is calculated as

AM 
— 

AT
~~~~~~~~~~~~~~~~~~~ ~~~Z(~~ )12001~~~ (2ff

- 
. 
_ _ _  

~~~~~~ 
(23.849-23.501)°C 

- 580ca1/an2/br
an

- 
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The stn face flwc term calculated fran equation (4) ~~~~ 45 ca]./an2/t~

The only renam ing variables needed to solve for the mass transport at

10Cm are and TB for 1500 (2ff . These are available

fran , respectively , equation (11) and the regression ct.~ve c~~~uted for

1.500 (2ff aid are equal to 23 . 378 aid 19.072°C. Since is assi.~ ed

to be zero at the ocean surface, equation (10) can now be solved for

H :

M — 
-580-45

zB 23.378 - 19.072

— -146 ~n/an2/hr, which, for the co1~m~ one

square centimeter In cross-section corresponds , since p was fixed at a

value of one In equation (lOa) , to a downward velocity of 1. 4&n/hr . This

is the ~~ nward velocity necessary to advect the heat to produce the change

observed In the logaritimic t~~~erature profiles . For the mass transport

values at the 20Cm aid all deeper levels, the value of In equation

(10) is zero. The value for in the l00--20Cm layer is simply the

value of In the 0--lOOm layer imediate ly above and the Tav is

obtained fran equa tion (13) . The right-hand set of arr ows In Figur e 4

shows the values of vertical velocity calculated using equation (lOa) at

each level for the observation time ii~der consideration .

In stlTTnal -y , the vertical velocities at levels of lOOm incr ~~~~ts

were calculated for 1500 (2ff 23 Septwber 1975 t~ ways, firs t using

equation (5a) aid then using equation (IDa) .

Only the right-hand set of values in Figur e 4 satisfies the heat

budget , and may be cczipared with the left-hand set to estimate the

effect of ~~~tting the horizontal heat flur as in equation (5*) . A

similar set of calculations , using both the equation (5a) method and the

- - 

- - 

— 

2 
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equation (lOa) method was made for each of the 55 observation times fran

1300 (2ff , 20 Septether to 1200 (2ff , 26 Sept~~~er 1975, which is when the

meteorological sensors on the buoy were turned off . Due to the finite

differencing sch~~ in time, this period was expanded , for averaging

purposes , to 1230 (2ff , 20 Septether to 1330 (2ff , 26 Septether 1975—a

span of 145 hr.

III . RESULTS

A. RESULTS OF ThE MDCED LAYS. D~~’N ~~JDY

Table 1 is a list of the estimated values of NLD versus time for

the period 1200 (2ff , 20 Septerber to 1200 (2ff , 26 Septether 1975 . The

col~~~ in Table 1 headed UrG gives the day of Septether by the first

two digits and the (2ff ho~~ by the last two digits. Fig~.tr e 5 shows the

s~~~ variables graphically for the period 1200 (2ff , 20 Septeiter 1975

to 1.200 (2ff , 11 October 1975 . The ordinat e in Figt~e 5 is positioned

at the time of passage of Eloise over ~~-10--030O (2ff , 23 Septether 1975 .

Notice that accord ing to this graph , the average depth of the mixed

layer was roughly 33 meters prior to sto approach aid deepened grad-

ually as the hurricane winds increased. An tpwelling of the th~r~~cline ,

i.e. a decreasing of mixed layer depth began at the time of hurri cane

passage . At 1500 (2ff , 23 Septether 1975 , or about 12 hr after eye

passage , the I’ID reached a ~~niia.~ of 21. 9~~ as calculated fran the re-

gress ion teiperatixe profile for this observation time. Following that

time the !~LD swtng through at least three dist inct oscillati ons with

nearly perfect inertial cycle periodicity ( the Inertial period at the

latitude of E~-l0 is 26.0 hr) . These oecillations are superposed on a

conth~ied deepening trend ore finding an equi1ibrit~ vacillatia~



with a cathined inertial-diurnal period centered aro~~d a depth of about

5~~. Thus the net ~~xed layer deepening due to storm passage was about

19m. Notice in Fi gur e 6 the axplitude of the first three wave peaks

following passage of the eye of the storm aver EB-10. AU three of

these oscillations of the the clthe are si~ iificait 1y larger in ~~~1i-

tude thai those either before or after the storm. If the average expli-

tude of the post-storm oscillations is s~~tracted fran the amplitude of

the three largest , the axiplicude of each successive oscillation decreases

by roughly e 1 of the prior value. Also, as shown in Figure 6 , if an

appro’thna tion of the zero crossing is c~a~n through the oscillations , a

rough curve of e~~t is produced. The rate of daxçetthg of these large

oscillations is important for predicting the duration of the storm wake

and for verification of rninarical mEdals .

B. RESULTS OF ThE I$Yr~~~.I POS~~ ON STUDY

Figure 7 is a graph of seven isotherms within the tbe cline ~zIng

the three days before and 18 days after Hurricane Eloise passed. In

caxparing this graph with Figure 1--NDBO ’s version assuming linear

taiperature gradients--it can be seen that overall , the general trend

of the upper isothenna is the sax~ , each graph having three distinct

oscillations followed by a net deepening after hurricane passage . One

notes in Figure 7 that the isotherm depths are relativel y ixiifo prior

to hur ricane passage . The first three u~~elling cycles are dist inct

and nearly i.miform throughout the upper tbe cline. Following this

period the oscillations are maich smaller in the upper t~h~irn~cline, in

agre~~~it with the estimated mixed layer depths In Figure 5. However,

the oscillations continue with considerable axplitude at greater depths.

It is important to note that over the entire period the mean depth of
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DTG ~ D(m) MLD(m)
2012 31.03 2309 36.44
2013 33 . 26 2312 22.47
201.5 33 . 68 2315 21.98
2018 30 .12 2318 26 .39
2021 31.74 2400 41.90
2100 34. 14 2403 49.31
2103 33 .27 2406 50.14
2106 33.59 2409 48.90
2109 32.95 2412 43.83
2112 31.70 2415 35.05
2115 33.75 2418 35 .41
2118 33.05 2421 40.42
2121 33.41 2500 44.91
2.200 34.27 2503 52.02
2203 34.20 2506 53.67
2206 37.55 2507 53.74
2.209 35.60 2508 53.56
2.212 36 . 60 2509 53.16
2215 35 .47 2510 52.30
2218 35 . 29 2511 51.20
2221 35 . 77 2512 50.12
2222 35 . 35 2515 46 .20
2223 37.16 2518 39.53
2300 38 .47 2521 42 .24
2301 39.31 2600 43.37
2303 41.85 2603 46.92
2306 39.08 2609 54 .04

2612 53.34

TALE 1. Depth of mixed layer with time. Left-hand colimi gives the
day of Septether by the firs t two digits aid the (2ff hour by the last
two digits . Values of mixed layer depth in the right-hand coluxri were
fouid by entering the respective regression equation with the surface
taipera tur e to get the pressure at the bott an of the mixed layer , and
then converting fran press ur e to depth in meters .
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Time (hours)
-100 100 200 300 ~0O

0

~ ,~~~~—1S00 GIlT 23 SEP 7S

H !\Jç~1~1 ’ ~!
FI~JRE 5. Graph of mixed layer depth vs. time. Ordinate shows depth
in meters and is positioned along x-axis at time of hurricane passage .
The average ~ xsd layer depth was roughly 3~n prior to storm approach.At hurricane passage a 121w period of t~~el1ing began , followed by
three distinct oscillations of the thexncc line. Average depth of the
mixed layer after these three distinct oscillations was ro~~ i1y 5~~ .
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Tin~~~~zs)

-100 100 200 300 400
_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _  I

g

1 •

FIQJRE 6. Decay of internal wave ~~~litude and mixed layer d.epaning
rate. A rough apprmdmetion of the average poet-storm axplitude of
ther~~cline oscillation was sthtracted fran the axplitude of the three
distinct oscillations l~~~diate1y after hurricane passage. The re-
meining langth of the ~~a~iard atrcIcu , indicated by the three arrc~~ ,
w~~ the~j_measured. The values were faaid to decregs. by roi~~ ly e ~of the former value. Also a ro~~ t appro~dn*tion of the zero crossing
(heavy b1ack~~ine) s**gssts that the rate of deepening of the mixed
lay.ris e
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FIQJRE 7. Graph of isotherm depth vs. time.
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each isotherm does not change si~~ificantly, which is equivalent to

stating that the mean taiperat ur e in the coltai does not change si~~ifi-

cantly. Neverthe less , there is a net depression of the isotherme for

thout 10 days following hurricane passage . In this period there nzist be

a net dowrs~ard vertical motion. Further investigation of these isotherme

and the meaning of their changing position in tii~~ applies to the prob-

len of balancing the heat budget , the results of which are discussed

next .

C. R~~L1S OF ThE HEAl BUDGET STUDY

Figure 8 shows the calculated logarithmic taiperature profiles for a

pre-stort n (solid line) and a typical post-storm (dashed line) observa-

tion time down to the 200m level. As eiçected , there was a cooling and

deepening of the mixed layer . The warnxLng of the water coli.~rt below the

mixed layer stpports the net isothe rm lowering cbservable in Figur e 7

and is suggestive of heat transport by dowrs~ard vertical velocities . It

was desired to solve the heat budget to calculate these vertical velo-

cities. But an oscillating thcri~,clIne requires averaging vertical

velocity over an integer rn.ither of cycles , otherwise the heat budget is

obscured by apparent heat storage . Hence it was decided to solve the

heat budget in fa.~’ parts (see Figure 9),  the firs t part being the

nearly three-day period of storm approach , the second part being the

period of tr~~~tdota i.~ ax1ling fran the time of hurricane passage i.z~til

1330 (2ff , 23 Ssptaxb.r , d~ third part being the period fran 1330 (2ff ,

23 Septaxb.r to 1630 (2ff , 25 Ssptsiber (a 511w period at a latitude

where inertial cycles are 26. ~~r , chosen b.ca~sa of the distinctiveness

of the periodicity) , end ~~ fo~zth part being the period fran 1630 (2ff ,

25 Septather ~.mtil 1330 (2ff , 26 Sspt~~~er—Ix1s and ~x~e-hal.f hours after
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the meteorological sensors on the buoy were turned off . The total length

of averagin g time was 1451w. Vertical velocities for each of the 55 th-

servat ion times during this 1451w period were calculated two ways, using

equation (5a) , and using equation (lOa) . Table 2 shows the values ob-

tained thro~4t equation (5a) uoder the colt~~s headed w and the values

obtained throu~~ equation (lOa) tr ~der the colusms headed ~~~~~ The

values are given for five depths for all 55 observation times considered.

The mean values for each of the four parts of the heat budget were cal-

culated by wei~~ting each value with the appropriate time interval in

the far-ti~~t coluin , which is one-half of the time span between the

previous and the sii sequent observations.

Figure 10 shows schax~ ticafly the mean values over the entire period

listed in Tab le 2 for the five levels considered. The correspon ding

horiz ontal mass transports were obtained using equation (8) . rnd ividual

values of w vs. at all depths in Table 2 together with the in-

formation stpplied by Figur e 10 illustr ate the following points regarding

the four parts of the heat budget .

1. Part C~ie

During this period the vertical velocities deduced by both

methods are ~~ieral1y similar in sigu and maguitude . Larger vertical

motions are foLmd by both methods during the 24 hours prior to the end

of the period (time of hurricane passage) , particularly at lower levels .

these values are several times the mean values over the period , which

are g~~~rally dowiward.

2. Part 1~~
This period was selected to illustrate the rapid ~~~~lling jus t

after hurricane passage. Average values of Sm/hr for this 12-hour 
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period are not tmc~~~~i. The w values fran equati on (5a) without

horizontal t~~~eratur e advecticn effects Included have a more ~xiiform

vertical profile (left side of Figure 10 , Part 2) than those calculated

fran equation (1.Oa) . However, as noted before , the values on the left

side of Figure 10 do not satisfy the heat budget .

3. Part Three

During this period the thernocline region is oscillating fran

its hi~iest t~~ard excursion . It may be noted In Table 2 Part 3 that

the positive and negative vertical motions are not in phase after about

0300 (2ff , 24 Septexber 1975 . As indicated in Figure 10 Part 3 , the

lower level mean vertical motion beccxi~s upward at 500m whereas the

levels nearer the surface are still experiencing downward vertical motion .

4. Part Four

This portion of the record contains the third oscillation of the

thernocline following the hurricane passage . It appears that the var-

tical motion oscillation at lOOm is about 90 degrees out of phase with

that at 500m by 0900 (2ff , 26 Sept~~~er 1975 . Rather large me-an verti-

cal. notion values (Figure 10 Part 4) are shown at several levels be-

cause not a cai~ lete inertial cycle is included in the period . The

vertical structure of alternating inflow and outflow with depth on the

ri~w side of Figure 1.0 Part 4 contrasts with the more uoifo~~ly

varying inflow/outflow vertical structure deduced fran vertical motion

as calculated via equation (5a) .

D. ~2~ lk DISCUSSION

According to Withee and Jth~son (1976] , the data were accurate to

within 0. 1k~’Jas~ in pressure , representing about one meter in depth , and
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• w (rn / hz’) 
— 

M~ /p ( rn /hz’)

~~ 0.lLi., 
- 

0.06 ~~ —

_ . 100 1
• 0. 1Z4. 0.06

— 
~~~~~

- 0.19 0.22 =

-- 200 1 1
0.33 0.26

— 0.21 — ~~~O .08

300 ____________________ 
_________  __________

0.S14. 0520
— — A ~ A ~~ —

___ ~~ ~~ J ‘~~ I ~. 1

i 1
~

.00 8 -
~0.77 O .1i 6

— —
~ 0. 2I~ 

— 0.12

~oO - I - - I
—1 .01 —0.31.i.

FIC~JRE 10. Mean values of vertical velocities at five depths (four-
part heat budget). Part 1 is on this page and Parts 2, 3 and 4 are
on the next three pages. Values of w in left colurn were obtained
using equation (5a) , i.e. assuning zero horizontal tesçerature advec-
tion. Values of M /p In ri~~t coltizn were obtained using equation
(lOa), i.e. not ass~nthg zero horizontal teiperatixe advection. The
corresponding values of horizontal ~~ss transport were obtained using
equation (8), represent the total mass transport across all vertical
faces of the colixn. and have the ~x~ita of hectograi~ per hour.
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I

±0 .05°C in t~~çerature except near the top of the thei~~cline where

the accuracy dropped to ±0.20°C. Ideally then, the errors induced by

the regression t~~~erature profiles should fall within these tolerances.

Table 3 sh~ as the observed and regression t~rçeratures and the error

for each of the t1n~s used in Parts 2 , 3 and 4 of the beat budget calcu-

lation , all of which were ~~re erroneous than part 1. Since the colum~s

headed T~~~, T2~~ and T~~~ are the t~~~era tur es observed by the three

sthsurface sensors on EB-lO , it is ~zçhasixed that these maasur~~~~ts

were made as the sensors ~~grated above and bel~ z these na~ nal depths

in response to bt~y ntv~~~~t .

The root nrnan square regression t~~~eratur e error for the three

col*m~ are sha.in in Table 3. Note that at 50m the t~~~erature ranges

fr ~~ about 23°C to 26 .7°C , the largest error in fitting the profile is

about 0.25°C . ~ tereas the error values are sax~what outside the ex-

pected accuracy of the ins trur ~nts • it should be noted that the storage

term in equation (10) depends t~ re on the t~zperature gradient than on

the absolute value of tex~eratize. The sn~oth variation In ti~~ of the

t~~çerature profiles derived by this mathod were ixzportant for the heat

budget calculations.

The accuracy of calct~tlating the ~tD using the logarLtI~iic teiçera-

ture profiles deserves e~mn~~ ~t - Of cc~~se the accuracy of the !4D is

limi ted by the accuracy of each regression curv e. Given an accurate

regression curve and a surface t~~~eratur e *ccur ate to within ±0.20°C

the Z4SD as calculated in this thesis i~~ild be knci~in to within ±2xn.

The accuracy of the NLID is certainly governed by the ac~~~acy of the

mathod, i.e.,  the very idea of calculating the !4SD u.uning an isother-

mal mtxad layer above a logsrithzd.c tes~.ratur e profile . This i~ ds1

has not been used In the past.
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DTG C9500 ~~~~ ~~r~20O ~~~20O ~‘Y~oo ~~ ,oO
2303 26 . 727 -0.118 16 .462 0.324 9.810 -0.205
2306 26.916 -0.109 17.159 0.291 11.027 —0.182
2309 25 . 887 0.033 16 .417 —0.080 10.094 0.047
2312 23.334 0.164 15.009 -0.376 9.547 0.211
2315 22.936 0.247 14.612 -0.543 9.171 0.296
2318 23.332 0.193 14.586 0.439 8.860 -0.245
2400 25.549 -0.124 15.788 0.342 9.348 -0.217
2403 26 . 290 -0.085 16.282 0.225 9.696 -0.141
2406 26- 181 -0.023 16.216 0.058 9.600 —0.035
2409 25.776 -0.088 15.268 0.232 8.309 -0.144
2412 25.160 0.017 15.07]. —0.044 8.400 0.026
2415 24.143 0.152 14.842 -0 . 353 8.705 0.200
2418 24.137 0.036 14.936 -0.089 8.888 0.053
2421 24.799 0.057 15.336 -0 .1.39 9.157 0.082
2500 25.294 -0.008 15.487 0.021 9.072 -0.013
2503 26 .240 -0.084 15.821 0.224 8.968 -0 .139
2506 26.647 -0.078 16.052 0.20 5 9.048 -0 .127
2.507 26 . 736 -0.059 1.5.961 0.154 8.850 -0 .095
2508 26 . 731 -0.054 15.778 0.141 8.568 -0.086
2509 26.618 -0.078 15.622 0 .206 8.426 -0 .128
2510 26.483 -0.101 15.538 0.272 8.323 -0.170
2511 26.363 -0.112 15.505 0.299 8.276 -0 . 187
2512 26.155 -0.119 15.466 0.320 8.343 -0.201
2515 25.555 -0 .098 15.267 0.26 1. 8.431 -0.163
2518 24.672 -0.039 15.007 0.102 8.682 -0 .063
2.521 25.295 -0 .097 15.389 0.263 8.920 -0.165
2600 25.450 -0 .044 15.540 0.114 9.065 -0.070
2603 25.943 -0.070 15.660 0.184 8.890 -0.114
2606 26.647 -0.038 15.807 0.100 8,753 -0.061
2609 26.986 -0.061 15.80 7 0.160 8.526 -0 .098
2612 26.828 -0 .137 15 .424 0.378 7.983 -0.240

- 0.102 0.255 0.153

I~&.E 3. Error in regression tezçeratures as ca~çared to observed ten-
pera tur es. Error (EBR) is defined as regression t~~~era ture (T1~) minus
observed ta~,erattre (T) . Both T and T are for sensor
depth (which varied) , althcu~~ ~~ r n~~tha1 depths of 50 , 200 and
SOOm were used In n~~ ng these variables . Root-maan-square of the three
colusns of er~~rs is given.
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IV. S~1I~L4RY A)~~ C0I~CLUSIC(~S

The b*x)y EB-lO measured the tan~~erature at the surface and three tima-

varying sthsurface depths during the passage of Hurricane Eloise . In

order to study mixed layer deepening, the cllne response and the heat

budget , tançerature profiles were needed that represented the th~i~~ 1

structure of the ocean fron surface to depth fo1l~~ing storm passage -

These profiles were calculated asstrziing an isotberm~1 mixed layer above

a the cline with t~~~erature proportional to the natural logarithe of

hydrostatic pressure . The resulting graph of mixed layer depth CJ~LD)

versus time sha~ed that prior to the arrival of Eloise at EB-lO, the

average mixed layer depth was about 33n. As the winds increased dus to

hurric~~~ approach , the mixed layer deepened steadily to about 4~~ before

~~~s11ing to approximately 22m. The ther~~c11ne then ~x~derwent three dis-

tizictly large oscillations of inertial periodicity, while the mixed layer

continued to deepen . The post-storm average mixed layer depth was about

52 meters.

Vertical velocities , calculated first by asstzning zero horizontal

taiçerature advection in the material derivative equation and second by

finding the mesa transport necessary to balance the heat budget , sb~~
that in the ~.çper SOOm of the water co1t~~ d~~rs~ard vertical notion of

lm/hr or 1.... prevailed during storm appraoch, fo11~~ d by upward verti-

cal velocity as great as 5. 35s~/hr during the 12 hours i~~ diate1y follow-

ing hurricane passage. Next , dixlng a 51-hour period in which the th.r-

n~clin. tztden~~~~t the first t~~ of three large oscillation. , dc~award

vertical velocity on the order of 0.5w/hr prevailed in the i.çper 30(~ of

th. water coli.mrt with .li~w i.çw.rd velocity at the 4O~~ and 50C~~ level..

_ _ _  
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p The heat budget could not be solved during the entire period of the third

large oscillation of the tbez~~cline because the meteorological sensors

on the bt~y had been shut off , but during the first half of the third

oscillation , i.e., the dowtward strcke, calculated vertical velocity was

generally dowra~ard , as great as 1. 27m/hr .

A1thou~~ the time-averaged values of vertical velocities obtained by

neglecting horizontal tes~erature advecticxi were generally in good agree-

n~~~t with those obtained considering horizontal t~~~erature advection in

all four parts of the heat budget study, when ca~~aring the individual

values caiçrising the averages of the two methods , one sees that the mag-

nitudes of the velocities differ sigoificantly. The values obtained by

considering horizontal advection are asst~~d to be t~~re accurate .

I H
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