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TASK I - OCEAN MICROSTRUCTURE

L. INTRODUCTION

Ficld obScr\'ationsl-3 have revealed that the ocean's thermocline
possessces an internal structure consisting of a series of thin, laminar "shcets"
of high gradient separated by "steps" of only moderate density gradient. The
observed "microstructure" is represented schematically in Fig. 1. The step
height H and the lateral extent of the observed structure varies widely over
the range of mean density gradient indicated in Table I. The observation time
refers to the time spent taking soundings at various lateral locations whereas
the point persistence time refers to the time duration between soundings at a

given lateral location,

Various miechanisms have been proposed to explain the observed
phenomenon, These mechanisms consist of double diffu.sion,4 interleaving,
internal gravity wave brea.king6 and internal wave steepening, i In this report,
the concept of interval wave steepening is examined, We will first determine
the set of admissable wave solutions and then examine the nonlinear coupling,

Comparison with ficld data establishes the fecasibility of the wave steepening

aporoach,
Table I - Microstructure Data Base
Point
Grad (Ao ) Lateral Observation Persistence
Obsc;rver_. - & H Extent Time Tiine
-
Howvwe & Tait O (10 ')/m) O (35 m) O (10 mi) 3 days > 33 hrs
Simpson O (107°/m) O (10-20 m) 1-3 km 3 days ?
-4
VWoods & Wiley O (10 /m) O (1-2 m) ? 4 ?
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Figure 1 Ocean Microstructure
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II. INTERNAL GRAVITY WAVE MODEL

The equations of motion for a two-dimensional incompressible

fluid arc:

Incompressible: Dg =i (1)
Dt

Continuity: b.}.l A 0 Z - 0 (2)
O x Oy

where x is the horizontal coordinate, y is the vertical coordinate (positive
upwards), and u and v represent the horizontal and vertical velocities re-

spectively., The superscript ~ denotes a dimensional variable.,

4

X momentum:
243 g: vy 28, L 2, (3)
Ot Oy p O x

; momentums:
v dv.  ~ dy F.
Ry + u Z e O\ t }, OE g =0 (4)
Dt dx i P Dy

Equations (1) through {4) represent a model in which the density may be a

function of temperature and salinity only

~ ~

p=p (5, T) (5)

~ [

where the Lagrangian derivative of p, s and T are all zero.




The density profile in a static sca will be specified apriort

dp o~
| .. 5% (0
=
oy
where . is the reference density at y = 0. The value of B is cxpressed
I

-4
in units of inverse length and has values between 10 /m in the summer
4 -6 " = ’ T
thermocline and 107 7/m in the deep sca, The influence of compressibilivy

must be included for values of B of the order of 5 x 107 /m. Thus, the

incompressible model will be limited to the thermocline,

We expand the dependent variables into a static and wave contribu-

tion.

=, + o ly) +o (5 ¥, 1) (7)
| P =P -0, &yt (v + b (%, (8)
€ v, (% % D) (9)
w= g (%, 1) (10)

where we have restricted the analysis to zero mean shear. The only velocities

are due to the wave contribution.,

Setting all wave contributions equal to zevo, we obtain the hydrostatic

relationship between pg and ps.

o p, o I
.\Q\ -_.-:—— £ pS(Y) ;;
Oy




From (6) and (7), we specify ';)

ps = o pr B }r (]2)

Substituting Equations (7) - (1€} into (1) - (4) we will determine the cquations
of motion for the wave contribution. The equations are non-dimensionalized

such that the linear terms are O (1), The reference variables are:

2, ,  'J ~_J‘~,,~”_ ~
PRS- where e g8 I\I/k

I v
9o
)b
';_ 1 1 _ H
ref ; =
H
%
o el & LBy
Yrel z I T
“v
Vs \p (perturbation velocity)
u Xk v / k

The nondir »nsional equations of motion for the wave contribution arc ex-

!
pressed as i
ig.\.". + .E_ ( ..O_EL + g p\v 13 ]

ot " Vi 5 Vi Tx Yw y ) (=)




W W
Tl i (14)
0 p 1 0 u 4 ) u Gu
-k I ¥ € SR 3 ———
o x FIRE ey 4 O pw) [ Ot T (u“_ 0> 2 w Dy )] e

P 2 a.e o vw @ ¢ V\ & V\
W a 5 Y
3§‘+9w+6(1-ﬂY*779w{ Tk o ox+‘&fif%”‘“’

where the three dimensionless parameters are

bs Ktk (17)
=B Ik
QA f /lV (18)
and —
g = \'p kv/’\\ g B (19)

Microstructure data infers that both & and a are much less than unity

whereas € may be made small b choice of the perturbation velocit N
Y 7 ¥

the limit of all three parameters being small, the lowest order solution is

given by the arbitrary sum of four plane waves,

J.owwest Order Solution:

{(t+sx tgy
v :-E ' j;‘ d- . o BEENRAET (20)
v - 5,q

511 gl
\5‘.""
B T s, STV igy) (21)
. We, & s s,q
! s=+1 q t1

o




where AS are arbitrary constants,
L

We seek a wave sclution which propagates in the x direction and
possesses structure in the y direction. Such a solution is obtained from equation

{22Z).

ol (t-x-y) _% P

i(t-x+y) = = hwe ei (t - x)

(24)

Equation (24) is @ superposition of two plane transverse waves, The
velocity perturbation from onc family of waves will steepen the other family,
This is unlike acoustic sound waves which are longitudinal waves and are seclf
stee¢pening,

In order to describe the steepening of the waves in equation (24), we

must include the lowest order non-linear terms, Since the data shows

we retain the O (€/0) terms in cquations (13) - (16).

Opv e 0p op

\X_I \!'7
DF | AT ox " Vw o ¥ ° e




A w =i
5 t 5y 0 (20)
0 P, o u ~ 0 u ¢ g
& \ 5 p 7 ,
dx | ot ¥l 1% b ) (u\" bw Y dy =8 (27)
0 P,
—_— = 28
R y bp 0 ( U)

To solve equations (25) -(28), we seek

linear solution

b, = 5 (&% a1y (29)
o= & 80N, (30)
v, = - 5 (0154017, (31)
P, = - (o184 01T (32)

where € and M are const

istic must be relocated as prescribed by the fluid velocity.

.(f:['__\;..y-{ul?(g,'n) (33)
M =t-x+ y»FG(_(f,T]) (31)

We first scek to describe IP (_rf,'q) and G ( (f, T) as a power series expansion
in (</Y)

P2

a solution of the same for as the

ant on their respective characteristics but the character-




2 .
Fefem= (2518 m+ig) & 16 m... (35)

2
€ € ;
T (30)
Substitution of (29) - (36) into the equations of motion (25) - (28), we obtain

5 = - % s (37)

1 i
My = -2 § (38)
4 g
_‘:2 2 ¢ - (39)
and g i‘lf | 3
T‘|2 = * e . («0)

Equations (37) and (38) illustrate the nature of transverse wave steepening.
The velocity perturbation from the 7 waves is in the direction of propagation

the { waves, Hence, the N waves steepen the lf waves and vice versa,

iy

(¢}

The density profile associated with transverse wave steepening is

obtained from equation (29). For convenience, we set t-x = /2,
q

P it “
Py, = siny - 7 (£)sin2y+0 (<) (41)

N |-

Equation (41) illustrates that steepening can occur only if & <0 (e). Since =

is 2 small paramecter, it is scen that steepening can ocenr only for snall b

e




and this is in agreement with observations, The physical reason for the

constraint on & lies in the steepening mechanism for transverse waves,
Since the M waves steepen the § waves and the 7, waves are oscillatory,
the .{wavcs must steepen within the oscillation time. Thus the perturbatic:

1oON

~
velocity nwst disperse a wave ile own wavelength in time t £ This is ex-
re

pressed as

e 0< ¢ (42)

To solve for the characteristic locations for arbitrary values of €/6,

we will
. ) . i€ in
cxpand F and G in higher harmonics of e 2 and ¢
F(& _ & im §+ inm 44
(J’ n)" m’nc (‘-)
m, n
G(¢,m) - _S_ B iP5+ ian (44)
) P> q
P, q

Where An and B

| arc constants to be related by the dynamic cquations,
2

?
This work will be carried out during the next quurter but the collective result
of this quarter's effort may be compared to daia to demonstrate that inteenal
gravity wave steeponing is a promising answer to the source of ocean micro-

structure.

-10-

e i




IiL., COMPARISON WITH DATA

While we have yet to demonstrate that steepening actually occurs,
we have several constraints which must be consistent with observations of
microstructure, otherwisec steepening will never explain microstructure

data,

The condition for steepening requires € = 0 (6). This corrcsponds

or, for the data in Table I,

'vvp =0 (10_5 m/sec) to 0 (10"4 m/sec)

ey ™ 0 (1-2 cm/sec) .

Perturbation velocities of the order of cm/sec are not unlikely in the

ocecan, While observations demonstrate that & is 0 (10-2), the present

theory demands only that & be small compared to unity (0 < 0.1).

Further constraints are placed on the solution by viscosity., We must
insure that the inertia of the wave exceeds viscous damping, This is cx-

pressed as




If the microstructure is formed by wave steepening )\v will

correspond to the step height H and must be smaller than the maxitam

stable step indicated in Fig, 2. The quantity ).H will correspond to the

lateral extent of the microstructure and the wave period

A
~ 2
R o (40)
o by
o g P Vv

is the persistence time of the microstructure. This is due to the fact that
cach family of waves is steepened by velocity perturbations from the opposite
family which, in turn, is oscillatory. Ience, the microstructure will have

~

the period 7 .
P P

The analytic results are compared to the data of references 1 through
3 in Figs. 3 to 5 respectively., Figure 3 represents a set of conditions urder
which stcepening is possible when’é =0 (10-6/m) and the data of Howe and
Taitl lies within that window, The theory indicates that the structure
should be stationary over a time period of weeks. The data shows that the

microstructure was present and invarient for the observation period of

days. Ifence, therec is no contradiction with data. Similar results are ‘
illustrated in Figs. 4 and 5. Inall three cases the data falls within the

"window' under which wave steepening is a possible explanation of micro-

structure.
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Figure 3
WAVE soLotien's (G = -5/4,,)
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Figure 4
WAVE  SoLuiion's ( G = /0'%7,)
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iv, CONCLUSIONS AND FUTURE PLANS

The linearized gravity wave solution has demonstrated length
and time scales consistent with field data. The conditions under
which an undamped wave can steepen into a stable microstructure is
also consistent with observ-tions. Thus, internal gravity wave steepen-
ing appears to be a promising prospect for the source of ocean micro-
structurc and the research during the next quarter will be devoted to

demonstrating that steepening will result in the obscrved microstruciure,

-17.

L e L o e b e e el T



[ o

TASK II - LASER SENSOR TECHNOLOGY ASSESSMENT

A variety of laser techniques for active, remote sensing of the atrnos -
phere and ocean have been proposed. Some of these techniques involve Raman
scattering, fluorescence, and electron spin resonance. From discussions -with
ARPA and IDA, the following areas have baen selected for study: water
temiperature measurement and effluent detection using Raman Spectroscopy
and magnetic anomaly detection using remote electron spin resonance (ESR)
spectroscopy.

The general detection equations can be derived for each of the above

techniques. Also, there are many sources of measurement degradation which

must be considered in any specific scenario. It is the purpose of this study to

try to establish and document the physical limitations of the detection processes,

The first area to be studied is Raman spectroscopy. Itis well known
that Raman spectroscopy is a very selective, yet insensitive, technique for
remote detection of gascous or liquid molecules and atoms., The general principle
in the Raman scattering process is that the scattered light is wavelength shifted
by an amount dependent on the atomic or molecular structure of the scatterer.

Thus, identification of the scatterer is possible,

A numerical example will be discussed to illustrate a typical example,
Let the remote system be 300m from the scattering center, and the collecting
mirror be 35 ¢m in diameter. Thus, the solid angle of the receiving system

o crn2 /ster. The

is 10~6 steradians. A typical Raman cross-section is 10~
optical efficiency of the detection system will be assumed to be 10-! for ocean

surface detection. The attenuation of the laser beam and scattered beam must be
included for sub-surface detection. Using the detection equation, 8 the probability

of receiving a Raman scattered photon per molecule for each photon transmitted

is 10-38,

=18.



To obtain the total probability, the number 10'38 is multiplied by the
number of scattering molecules in the resolution volume. Taking an example
ofal m3 resolution volume with 1016 scattering molecules/cc, the total

probability is 10-16

. Thus, per joule of green light, approximately 100 Raman
Scattered photons would be received. As a reference, an average power of

1 watt at 5030 & is a reasonable bench mark number for today's commercial
laser technology., However, visible lasers with about 100 watts of average
power are under development at several laboratories. 9 Maps will be provided
in the final report analyzing the broad range of possible systems parameters
applicable for effluent detection.

Raman spectroscopy has been shown to be capable of measuring water
temperature, because the structure of liquid water is temperature dependent, i
Experimental work and analysis by Chang and Young have demonstrated the
{easibility of this concept in the laboratory. 11 However, field systems appear
to be impractical based on todays' visible laser technology. Ways to enhance

the Raman scattered signal are desired to reduce the required average laser power,

Stimulated Raman scattering (SRS) and resonant Raman scattering are
two proven techniques to obtain much higher scattering efficiencies under some
conditions. Itis part of our program plan to assess the applicability of these
technigues,

Recent work by Dheer et al has examined the stimulated Raman spectra
ol HZO. e Radiation levels of >> 100 Mw/(:m2 appear to be necessary to exceed
the threshold for stimulated Raman scattering. The need for high flux levels puts
greater demands on a systern than a spontaneous Raman system because of larger
peak power requirements. Besides the high flux level requirements, the SRS
spectra is narrower than the spectra of spontaneous Raman scattering because of
a gain phenomena associated with SRS, 9 The change in spectra may influence the
sensitivity of the temperature measurement process and needs to be evaluatud,

Our preliminary conclusion is that a remote field system utilizing stimulated

Raman scattering to measure water temperature may not provide any advantoge over

the use of ordinary Raman scattering techniques. After further study a more

-19.
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detailed conclusion based on physical limitations will be made in the final
report,

During the next quarterly period work will be initiated on investigating
the use of SRS and Resonance Raman Enhancement to determine the funda .
rmaental limitations of this technology to the detection of various species such
as oil, HZ’ and other species in sea water. In addition, the feasibility of ESR
spectroscopy to remotely detect small changes in the earth's magne'ic field

will be studied. The conclusion of both of these analyses will be included in the

Contrac. Final Report.

-20-
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