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1.0 INTRODUCTION AND SUMMARY

• This report summarizes the wo rk accomplished on Contract N000 14- 76 -C-

1007 Task I during the period 1 Jul y 1976 to 31 October 1976. The e f fo r t

concentrated on planning and stud ying the experimental investigation of the

feasibility of apply ing Raman spectroscopy to obtain subsurface t empera tu re

and salinity information in ocean and coastal waters.

A critical review and stud y was made of the proposed experimental plan

described in Computer Genetics Corporation proposal CGC-Pl21-76  dated

April 1976. The calculations and assumptions upon which the experiment

is based were expanded , reviewed and with the exception of a new ly measured~’~
and larger value for the basic cross-section , were  found to be consis tent

with current  information.

Much of the new work per formed on Contract N000 14-76-C- 1007 certtered

on the identification and quantification of the various interferences and noise

sources that could limit sys tem performance and which have been quantitatively

evaluated with reassuring results.

Areas requiring new and supplemental expe rimental attention to develop

the technique have been identified and a broad as well as detailed exper imental

plan has been written. An existing government owned apparatus configurat ion

was used to obtain the f i r s t  Raman data spectrum taken f rom a boat in the

natural coas tal environment. The temperature  obtained f rom the spectrum

agreed with prior laboratory calibration and the measured fluorescence to

Raman ratio was very  much less than unity. A pre fe r r ed  configurat ion which

can be readily assembled from additional existing government inventory j S

presented.

The refractive effe c ts of surface  waves related to differential

polarization transmission and depth correction were s tudied and computer
0

programs were writ ten and exercised which show less than a 1.0 C offset

in the temperature measurement  and less than a few ppt in salinity

measurements even if uncorrected. The major limiting factors in depth

resolution have been identified as laser puls e duration and the random

refractive effects at the air wate r interface. The forme r effect  is reduced

with advanced laser design , while through computer calculation the latter

effect appear s to stabilize as a 0.1 to 0.3 percent effect.

1
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Depolarization during transmission through natural waters  has been

studied and the concensus based upon prior work of seve ral investigators

is that over 80% of the original polarization remains after traversing 20

attenuation lengths. Also it has been calculated that if the proportionality

b etween the depolarization coefficient P
5 and the diffuse attenuation coefficient

K can be known to within 10%, that after corrections are applied, accuracies

of 0. 16°C in temperature and 0. 7 ppt in salinity per attenuation length can

be expected. Thi s means, for example, that at a depth of th ree attenuation

lengths a temperature uncertainty of 0. 48°C and a salinity uncertainty of

2. 1 part s per thousand would be expected. The range of t empera ture  and

salinity considered was - 2°C to 35°C and 0 ppt to 40 ppt respectively.
Through computer simulation, tables have been generated to relate the

theoretical accuracy of the polarization ratio measurement to spectrometer

bandwi dth and rnultiwavelength detection as a function of d i f fe rent ia l

attenuation.
A well researched and documented initial test site which offers a

representative cross-section of water  qualit y and natural  coastal ef fec ts

such as sediment loading, salt wate r in t rus ion, thermal  gradients , etc . is

discussed in detail.

This Technical Summary Report highlights the resul ts  of the e f for t .

Supporting technical re fe rences, compute r calculation printouts , design

information, component specification and cost backup is on file in various
formats at the CGC office in Wakefield, Massachusetts.

2 , 0  PHYSIC AL BASIS OF EXPE RIMENT AND PRIOR WORK
The physicaPbasis for  the Rarn an measurement  of subsurface  t empera tu re

and the prio r work upon which the cur ren t  p rogram is based were  descr ibed

in Computer Genetics Proposal CGC-P121-76 dated April 1976. Appendix A

of this report repeat s the basic information relating to the physical  basis

and mathematical justification as it appeared in that proposal.

During the course of the literature search performed as part of the

new work conducted on Contract N00014-76-C-1007 another more recently

measured value for the basic liquid water Raman cross-section was

discovered. A paper entitled, “Temperature Dependence and Cross-

Sections of Some Stokes and Anti-Stokes Ram an Lines in Ice” by Slusher

and Derr~
’
~ also reports an experimentally measured value for the liquid

water Raman cross-section of 4.5 x 10 33
m
2/rnolecule sr. This cross-

2
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section value is approximately a factor of five higher than the value that
• appeared in an older referenc~~

2
~ and which has previously served as the

basis for our sys tem performance  calculations.
In a p rivat e conversation with Der r  concerning the liquid water  c ros s -

section measurements he expressed the opinion that he was not aware  of
the prior work~

2
~ He did feel that his own wo rk was accurate  to probab l y

much better than a factor  of five . Derr  also pointed out that it is common
for liquid phase Raman cross-sections to be much larger than gas phase even
on a per molec ule basis and the fact that thi s is t rue  for  water was not
surprising. -

Table 2- 1 shows a representat ive, but b y no means complete , compilation
of volume backscatterin g coefficients that have been measured  by var ious
investigators for dis tilled water  and ocean and lake water  of var ious  types.
Also included in Table 2 - 1  are Raman backscatter ing coefficients  for  dist i l led
water and ice. The wavelength of light us ed for  the measurements  cite d in
Table 2-1 varies somewhat from investigator to investigato r , but all use
light in the b lue -g reen  near 500 nm so that o rde r  of magni tude comparisons
may be considered valid.

From the data compiled in Table 2-1 it  can be noted that the new Slusher
and Derr value for the Raman coefficient is essentially equal to the on-frequenc y
backscatter coefficient of T y ler  for distilled water .  Far f rom being a “weak T ’
effect the Raman is comparable to the main o n- f r e q u e n c y  r e t u r n  f rom the
water itself .

This has implications when making comparisons between the Raman

method and othe r laser scat ter ing method s for  remote  subsu r face
measurements such as the recently suggested~

8
~ Br i l lou in  measu remen t s

to determine soun d speed.

It should also be noted that the c ross-sec t ion  fo’  ice is comparable to

tha t of liquid water.  Slusher and Derr~
t
~ have obtained tempe r ature

measurements using Stokes to anti-Stokes line ratios in ice f rom 0°C to
-50°C. A Ram an instrument capable of measuring temperature  and salinity
should also be capable not only of detecting ice but also of measur ing  ice
temperatures.

3
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TAB LE 2-1

Comparison of Raman and Volume Scattering Coefficients for  Wate r

Raman Scattering Coefficient, (X~ 488 nm)
— 1 . — 1(Meters Steradian

Distilled Water . 00003 Chang and 2Y oung(l 974)

. 00015 Slusher  and
Derr (1975)l

Ice • 000093 Slusher and
Derr(l975) 1

Volume Scattering Coefficient, ~ (180 °)

(Meters~~ Steradian~~ )

Distilled Water .0001 7-.000Z0 Tyler(1961)
3

Ocean
Various Locations, Eastern Nor th  .0005 J e r l o v ( 19 6 1) 4

- 
Atlantic

Off Bermuda (31 ° 57’N , 65° 11’ W) .002  M o r r i so r i ( 1 970) 5

Coastal
Between Woods Hole and the 180 m .003- .004 Spilhaus(1968) 6

Contour

Near Santa catalina Island .00020 Tyler(1961)3

(33° 32’N , 118 ° 17 ’W)
I

Long lsland Sound (41 ° 16’N , 700 08 ’W) .02 Morrison(1970)5

Lake
Winnipesaukee, New Hampshire .003 Duntley (1963)

Pend Oreille, Idaho .00l7- .0041 Tyler(1961)3

4
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3.0 NEW WORK ACCOMPLISHED UNDER SUBJEC T CONTRAC T
• This section of this Technical Summary Report summarizes the work

accomplished on Contract  No. N00014-76-C-1007 during the four  month
period 1 July 1-976 to 31 October 1976. The effo rt concentrated on planning
and stud ying the experimental investigation of the feasibili ty of appl y ing
Raman spectroscopy to obtain subsurface temperature  and salinity, information
in natural ocean and ccastal  waters.

The effort  included literature searches, interviews with key personne l

in the ocean sciences area , theoretical calculations including the development
and utilization of seve ral new compu te r rout ine s,, a su rvey  of the availability
and the coordination of the utilization of Government p roper ty  in a laser  Raman
coastal expe riment, the planning of specific experimental apparatus designs
and specific test plan s, and the analysis  and interpretat ion of prel iminary
field data.

This lechnical Summary Report  highlights the resul ts  of the effor t .
Supporting technical re fe rences , compute r calculation pr intouts , desig n
information, component specification and cost bac k up are on file in various
formats  at the CCC off ice  in Wak efield , Massachuset ts .

3. 1 Major Interferences and Noise Sources.  An important aspect of
the effort  was to identify and quantif y the major in t e r f e rences  and noise
sources that laser Rarnan spectroscopic measurements  of subsur fac e ocean
temperature and salinity would encounter.  The purpose was to ensure  that
subsequent exp e riments would be properl y designed and planned so that the
significant que stions concerning in ter ferences  and noise sources  could be
adequately answered.

The following subsections summarize the in ter ferences  and noise
sources as follows: Section 3. 1. 1 describes sur face  wave effects  both as they
influence the depth resolution, and als o as a depolarization noise source;
Section 3. 1. 2 describes the volume transmission phenomena of differential
attenuation and differential depolarization; and Section 3. 1.3 describes the
influenc ’ of non-Ram an photon sources such as fluorescence and ambient
backgrounds.

3. 1. 1 Surface Wave Effects. The effect of surface waves were found
to relate in three significant ways to the subsurface measurement  of tempet t u r e

and salinity. These are (a) the differential transmission of orthogonal linear
polarizations through the air-water interface, (b) the loss of depth resolution 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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due to variable refraction ang les produced at a wavy water  surfac e and

(c) lateral e r r o r  due to the sathe variable refract ion ang les.

3. 1. 1.1 Differential  Transmission of Orthogonal Linear Polarization.

The differential transmission of o rthogonal linear polarizations through an

oblique air-water interface in .terms of typical wave spectra was investigated

by means of “exact” one-dimensional calculations on an IBM 360 computer.

New computer routines were  written which used the basic Fresnel refraction

equations . Sinusoidal as well as finite amplitude U O )  trochoidal and

“Stokes” waves were employed in the program. The effect  of variable

crest height to wavelength ratios was inve stigated in o r d e r  to stud y the

effect of sea state on the measurement.

The results  showed that even at the wors t  case sea state

condition of a Stokes iim it U 0)  wave amplitude peak-to-peak to wavelength

(H/L)  ratio of 0 .143 the effect  is to introd uc e a bias of less than 1.0% in the

Raman depolarization ratio measurement. Thi s would mean less than a

1.0 °C off -se t  in the t empera tu re  measurement or a few par ts  per thousand

error  inthe salinity measur ...nent if uncorrected.  It was , the re fo re ,

concluded that in the initial experimental configurat io n no attempt should be

made to improve the accuracy by correlation on a pulse-to-pulse basis of

the wave angle , an average over a given wav e spectra being adequate for

initial experimental investigation.

air
/ / / / / / / / ///t~’/ / / / / / ‘I I /water

A~~~ = R ~~~ + B ~~

Figure 3-1. Air-Water Interface Geometry in the Plane
of Incidence.

6 
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The details of the calculation are  il lustrated in F igure  3-1 which shows

the air-water  plane of incidenc’e with the incident light of intensity A shown

at an ang le 9
~ 

with respect to the normal to the a i r -wa te r  interface.  The

reflected ray R and the refracted ray B at angle e~ 
are also shown.

Using the Fresnel refraction equations in the form: (9)

tan2 (9. - 

~~ 
sin2 (9  - 9 )

R = 

tan2 (9. + 
R
1 

~~~~ ~~~ +

the diffe rential transmission of polarization through the surface, i. e. B, -

B1 /B1 LB/B1 can be easily derived from the conservation equations
B, = 1 - R~ and B~~ = 1 - R

1
as follows:

2tan (9 . - 9 )
B, = A~, - R~ = 1 - R~ = 1 - 

tan2 (9 . + 
~~~

sin 2 (9 .  -~~~~)
B
1 

= A
1

- R
1 = 1 - -R

1= 1-  2

sin 2 (e. - 9 ) tan2 (9. - 9 )
— 1 t 1 t

2 - _ _ _ _ _ _ _

sin (9. + t an (9. + e
~

)

sin2 (O~ -e s) tan2 (0 .  -

LB _ ~~~ (0 1 + O t) tan 2 (e
~ +

2sin (0 -

1 -  1

sin (0. +et )

I
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2 cos 2 (8~ +et)
sin (e . -°

~~~~ 
I~ - 

2cos (e. -0k )
LB  = 

L 1

~T1 sin 2 (9~ +e~
) - sin 2 (0~ ~~

1 1 - sin 2 (€3 . - €3 ) - 1 + sin2 (€3 .
= tan 2 (~~. -~~~) I 1 t 1

B,j 
1 L sin2 (€3 . +()t ) - 5~~ 2 (0~~ -O

s
)

AB 2
= tan (9.

The effect of oblique transmission through an air-water interface is
thus to produce differential transmission of orthogonal linear polarizations.
If the incident light is a pure circular polarization mode, the effect will be to
produce elliptical light.

The quantitative nature of the effect is shown in Figure 3-2, which is a
plot of the differential polarization produced b y obliqu e transmission through
an air-water interface, vs. the incident angle, Ø~~~

. As shown, the effect is
“negligible ” for small angles and become s nearl y unity at angle s approaching
90°.

8
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In a practical situation , the average differential polarization
obtained by integration over’typical wave spectra must be considered.
Calculations were mad e using sinusoidal and finite amplitude trochoidal
and Stokes waves of varying crest height to wavelength ratio. The
mathematical formulation of the trochoidal. and Stokes waves was taken
from Kinsman~

10
~.

The listing’ of the above described compute r program which was
c.. veloped as part of the subject contractual effort is exhibited as Appendix B
of this report and is given the name SWPUN (Surfac e Wave Polarization
Unbalance). Also exhibited in Appendix B are typical compute r printouts
showing the results of calculations.

The calculationa l. procedure for the sine wave case is shown below
by way of examp le. The more complex trochoidal and Stokes wave calculations
can be derived from the list ing in Appendix B.

y = A s i n 2 w

At any point on the wave tan 9
~ 

dy/dx or

A X0. = arc tan ( 2,r 
L cos Z ir  -

~~~~

- 
~~
.

Using in addition, Snell’s Law relation sin 9. = n sin the value of
LB/B

1 
may be computed for any value of A/L over the entire sine wave.

An effective LB/B
1 

averaged over the sine wave is thus calculated where

100
( L B \  - 1 V ’ ( A B- 100effective

forO(* � 1 with L ( ~~) = 0, 01

Figure 3-3 shows the results of the calculations displayed as a plot of
the effective differential polarization transmission (LB /B~ j

eff. as a function of
H/L, the peak to trough wave height to length ratio, for sinusoidal, trochoidal

10

L - ~~~~~~~~~~~~~~~~~~~~~~~ —
~~~~~~~~~~~~~~~~~~~~~~

- . . ___  _ _ _ _ _ _ _



~~,-~~--. . ---- ~~~~~ . - ---— -- . -_-- - --

_  - .~~~~~ 
.,. -.-‘,-.— . -.

STOKES

SINUSOIDAL

/TROCHOIDAL

V

A
_ / 1

~Bi) ff / ~~/ I STOKES LIMIT
- (H/L)MAX 0.143

I 

I

I I I

0.01 0.1 1.0
H/L I WAVE HEIGHT TO LENGT H RA TIO

Figure 3-3. Differential  Transmission of O rthogonal Linear 
‘

Polari zations Ave raged Over Various Wave Spectra .

_______________ ~~~~~~~~~~~~~~~~~~~~~ 
!.

____ •

.. ‘ - 

-. . —— -  —

~ 

—

~~~~~~~~ _, ~ a ~~ ______________________ —~~~~~



and Stokes waves. The results show that for  values of H /L  less than the

Stokes limit H / L  of 0. 143 the differential  polarization is less than l0
_ 2

.

This means that the effect  at wors t  will produce an e r r o r  bias in the Ram an
0temperature measurement  of about 1 C or 4 to 8 parts  per thousand of salin ity

concent r ation. The calculation also shows that the assumption of wave shape ,

i. e. sinusoidal, trochoidal or Stokes , is not a significant factor  in the integral

of AB / B,j, over the entire wav e until the Stokes limit is great ly exceeded.

If the wave s are small compared to the laser spot size on the water

surface, or if the measurement  is made b y time average of many laser

shot s r andomly dis tr ibuted on large waves, the above calculations are  valid.

For single pulse measurements  with waves large compared to the laser  spot

size , the local slope of the wave should be monitored and a correc t ion  made

to the data . We have made calculations that show this  to be possible.

3. 1 . 1 . 2  Depth Resolution. The depth resolution depends on the laser

pulse duration , the receiver  bandwidth and the propert ies  of the water

transmission medium, especially the re frac t ive  proper t ie s of the su r f ac e ,

j, . e. the a i r -water  interface.  O f f - t h e -s h e l f  laser and receiver  systems have

demonstrated 30 cm depth resolution in bathymetric lidar systems, which a r e

gene r ically similar to a laser Raman range gated temperature/ sa l in it y l idar

system. Improvements in the direction of shorter laser pulse durations and

improved rece iver  bandwidths and rise time s are possible to incorporate  into

lidar systems. The major  depth limitation, at least for  an airb o rne system,

appears to be , howeve r , the random refractive effects of the a i r -wa te r

interface at the sea surface.

A computer routine similar to that described in Section 3.1.1.1 was

written to describe the depth resolution as a func t ion of sea state. The

listings of this routine are  exhibited in Appendix C and is given the name

SWDCO (Surface Wave Depth Correction). Also exhibited in Appendix C are

typical computer printout s showing the resu l t s  of computer calculations.

The physical geometrical optic s basis for  the calculation of depth

resolution as a function of sea state is shown in Figure  3-4.

Figure 3-4 shows a vertical laser beam entering a water surface that

is titled an angle 9 ,~ with respect to the horizontal. The laser beam is

refracted into an ang le with respect to the no rmal 9 and attains an actual

depth that is less than the virtual depth that would hav e been attained in the

H _
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same t ransit time in the absence of refraction. The fractional d i f f e r ence
in depth between the actual an~d virtual depth is given by the expression
[ 1 - cos ~~ - 9 ~)] . Computer calculations were  carried out , using the
code listed in Appendix C for sinusoidal, trochoidal and Stokes wave s of
varying cres t  heig ht to wavelength ratio. The resul ts  are shown in F igures  3-5
and 3-6.

F igure  3-5 present s p lots of the results of the calculations of the
fractiona l e r ro r  in depth measurement  vs. H / L , the peak to t rough  wave
height to length ratio. The calculations were  made f o r  three wave shapes;
sinusoidal, trochoidal and Stokes. It is apparent f rom the plots that the
error  in depth measurement  is not s ignif icantly influenced b y the choic e of
wave model for  values of H / L  less than the Stokes lim it of 0 .143 . The values
plotted are  the fractional er ro r in depth measurement  as averaged over  a
complete wave . Thus , it is seen that the fract ional  e r ro r in de p t h  m e a s u r e men t
is less than 0. 3% for ocean waves having an H/ L  near the Stokes limits and
nearer  0. 1% for the more typical ocean waves with H/ L  f r o m  0 .06  to 0.08.

Figure 3-6 presents three plots of the results of the calculations of

the fractional error in depth measurement vs. H/L for the 4th order Stokes

wave which closely models real ocean waves. (10)  The p lot labelled “avera ge ”
presents the result s of averaging the fractional e r ro r  in depth as calculated
at 100 equall y spaced positions along the wave. This is the same curve  as
plotted in Figure  3-5 as the Stokes curve .  The curve  labelled “maximum”
is a plot of the maximum fractional  e r ro r  in depth and the cu r v e  labelled
“90%” is a plot of the 90th largest  value of f ract ional  e r r o r  in depth as
calculated over one wavelength of a wave for  each H/L.  It is readily obse rve d
from these p lots that even in the wors t  case of the laser beam encounterin g
the maximum e r r o r  condition (1. e. maximum local slope ) of the wave , the
fractional e r ro r  in dept h measurement  is less than 1% for  waves having an
H / L  near the Stokes limit of 0. 143. For waves with smaller I -I lL, more
typical of the ocean state , the maximum e r r o r  in depth measurement  is
nearer  the .1% to .2% range.

3. 1 .1 .3  Late r al Resolution The ref rac t ive  effects  of the air-
water inte rface at the sea surfac e will influence the lateral resolution of the
measurement volume that is attainable as a function of depth. Figure 3 -4
shows the lateral e r ro r  produced by the sur face  refraction. The value of
the lateral e r ro r  is the product of the depth and sin (9 
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The relative importance of this effect , when averaged ove r t ’y pical
wave spectra , can be est imat~~d using the same compute r p rogram that was
described in 3.1 . 1.3 above. As listed in Appendix C, on page C-? , the 4th
order Stoke s wave shape , near the Stokes limit at an H / L  of 0. 1752 exhibits
an ave rage value of [ 1  - cos (0. -0

~~~~~ 
J of 5. 08 x 10~~ which is the ave rage

fractional depth e r r o r .  Solving thi s expression for  ( 0 .  - one ob ta ins an
average effect ive  value for ( 8 .  - of 5. 78 degrees.  Subst i tut ing this value
into sin - an average value of 0 . 101 is obtained for the f rac t ional
lateral er ro r fo r  near breaking waves at the Stoke s limit of H /L .  This means
that at a depth of 100 meters  the lateral position of the measurement  may be
in error b y as much as + 10 mete rs  for  Stokes waves near  the limit of b reak ing .
For less violent waves, having smalle r values of NIL, the error becomes
cor respondingly less. For example, again using the data in Appendix C, on
page C-8, at a value of H/L = 0.02 the average value of I - cos (9. -G
is 3.95 x 10~~ which gives an average  value of sin (0 . - of 0. 0089. This
means that for waves with an NIL ratio of 0. 02 at a depth of 100 meters the
average lateral  posit ion e r r o r  due to su r f ace  r e f r act i ve  e f fec t s  would be
0.89 meters.

3. 1. 2 Volume Transmiss ion Phenomena The effect  of di f ferent ia l
attenuation on the app lication of a “two-color ” or band shape anal ys i s  of the
liquid water Raman spect rum has been t rea ted  b y p rev ious  inves t iga tors.
The new work on this contract  has extended the analysis to include in addition
the effects  of d i f f e r e n t i a l  depolar ization and the r equ i r emen t s  for  mult iwavelength
polarization analy s i s  for the Raman tempera tur e and salinit y measurement.

3. 1. 2. 1 Different ial  Depolarization - Experimental The data
obtained b y Dunt Iey V ’’) which is shown in the graph of F i g u r e  3-7  clearly
indicates that  the decay of the degree of polarization of polarized beam of
light as it passes  through na tura l  waters  is an exponential funct ion of the
distance t r a v e r se d .  What is remarkable f rom the Duntley dat a is that over
80% of the or iginal  polar izat ion remains even af ter  t ravers ing 20 attenuation
lengths. Similar o rder  of magnitude results for the value of the d i f ferent ia l
depolarization coe f fi c :nt were obtained b y other expe rimental invest igators.  (2)

In a recent p r iva te  conversation with Duntley he expressed  the opinions
that (a) to the extent investigated, all natural  waters  exhibit the same general
exponential deploarization characteris t ics , (b) very  limited experimentat ion
has been done on the depolarization of transmitted lig ht in a variet y of natural
waters , (c) the fluctuation s in the depolarizatio n of t ransmit ted light in natural
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waters is virtually a virgin te r ri tory for the experimentalist  and (d) the
polarization information content of abeam of light is p reserved  essentiall y
until the last photon has been absorbed) i. e. the attenuation coefficient is v e r y
much larger , the order of 100 time s la rger , than the depolarization coefficient.

The scaling of the depolarization during transmission through natura l
waters  and its effect  on a Raman depolarization ratio t empera tu re!  salinity
measurement has been estimated. The data of Duntley, shown in Figure 3 -7
justif y the assumption of an exponential decay law for  depolarization as
follow s:

dIp 
~d s px

where I~ is the polarized po rtion of a beam of light , x is the water  t ransmiss ion
distance and ~° is the depolarization coefficient. The development of the
formalism in term s of the observed depolarization as a function of the
depolarization via two-way transmission throug h the water  as a noise sourcc

in addition to the water  Raman scattering is given in Appendix D. The

result is:

- 

2 ( i + p R ) e x p  [ ( ø s x
i)j

1 
+ exp ~ x 1)] ÷

where P is the observed ratio of orthogonal polarization components , 
~ R is

the Raman depolarization which is t empera tu re  sensitive, X 1 is the depth

from which the scattering is being observed and I and I a re  the amounts

of upolarized and polarized light in the initial laser beam .

The results of a sample calculation for  a typical case are shown in

Table 3-1 as a function of KX 1 the depth in attenuation lengths. The

parameters used as input were:

Ip0 = I

I = 0
U

0

P = 0 .5R p5 0 .0 12K (Reference 2)
exp [_~8 X 1] 

= ~~~ [_ 0.01 
~°~1] { P 5 0.008K (Referenc e 11)
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An average value of 0. 01 was taken as the proport ional i ty constant
between the diffuse attenuation~ coefficient K and the depolarization coefficient

p , this being an average of the two known lite r ature value s of the constant .
The results  in Table 3- 1 show that if the effect  w e r e  neglected and

not corrected for  a t empera ture  e r ro r  ~ T of ab out 1. 6°c per diffuse
attenuation length ari d a salinity e r r o r  ~~s of about 7 parts per thousand per
diffuse attenuation length could occur.  The results  also show that if the
proportionality between P

5 and K is known to within 10% then afte r co r r ec t ions
are made a residual uncertainty of 0. 1°C in t empera tu re  and 0. 7 parts per
thousand in salinity would remain fo r  each d i f fuse  attenuation length t r a v e r s e d .

This analysis  indic ates that based upon (a) the lack of exper imenta l
work published or known on the variabilit y of the depolarization of t r ansmi t t ed
light in natural  waters  and (b) the sensi t iv i ty  of the t empera tu re  and sal ini ty
measurement  to the P

5 
depolarization coefficient that a major th rus t  of our

fu ture  research  should be to stud y the extent of the variability of the propo r-
tionalit y b etween P

5 
and K and , thu s , bet ter  define the residual  t e m p e r a t u re

and salin ity bias that can be expected.

The impact on the exp e riment design and the exper iment  test  plan is
that a software capability to determine K throug h diffe rent ia l  analys is  of the
Raman signal as a function of dep th should be included. Independent
experimental measurement of the proport ional i ty  constant  between P

5 
and

K should be investigated for i var ie ty  of natural  waters.
3. 1. 2 . 2  Dif ferent ia l  Depolarizat ion - Theoret ical .  Because of the

importance of the differential  depolarization effect  descr ibed in Section 3. 1.2 . 1,
som e effor t  was devoted to calculations to attempt to describe from basic Mie
scatte r calculations the depolarization in the forward direction in na tura l
waters. The motivation was both to “explain ” the previous experimental  r e su l t s
of relatively weak , i. e. P5 ~ 0 .01K ) depolarization in the fo rward di rec t ion
and also to guide fu tu re  efforts  in the directions of relevant f u r t h e r  calculations
and/or experiments. The resul ts  of this effo rt are summarized as follows.

The depolarization of the forward-sca t tered  component of an under -
water light beam was investigated. This forward-sca t te r ed component
dominated the direct attenuation beam after  a few scat ter ing lengths and is ,
therefo re , the significant component f o r  remote probing of sub-sur face  ocean
tempe r atures. Computations , us ing the Mie formalism were made of the

depolarization within a f ive -degree  cone of light , s ingle-scat tered by spherical

21



particles which approximate in sizes and refract ive  indices those reported
for ocean wate r in the l i terature U2)~ Essentially no depolarization (< < 1% )
was calculated for single scattering. This result is in accord with previous

observations indicating: (a) “negligible” depolarization of the fo rward-
scattered beam of a laser a f te r  18 scattering lengths of lake wate r~

13
~; an ci

(b) 20% depolarization of light after travelling 20 scat ter ing lengths of lake
water~~~~ . Such polarization as occurs in natural  waters  may be the r e~~u1t

of scattering f rom very small particle s , non-sphe r ical par t ic les  a n d / o r  v e r y

many scattering events. In eithe r case direct  measurements of depo 1ariz .~tion

in various t ype s of sea-water would probabl y be more useful than complex

and idealized calculations.

Particulates and Forward-Scat tered Light in Ocean Wate r  Brown and

Gordon (12)  have determined the most likely siz e and ref rac t ive  index

distrib utions of partic ulate matter in sea water at a B ahama Islands location.

They find the part iculate mat ter  can be divided into three  classes:  (a) l a rge

organic particles with a refract ive index relative to water  of about 1. 03 and

diameters ranging upwards f rom 3. 75 p m with a sharply de creas ing

dependenc e of number density on particulate diameter , (b) mid-size minera l

particles with a relat ive re f rac t ive  index of 1 .15 and a s ize  distr ibution

sharply decreasing from 1. 25 to 3. 75 p m, and (c) small organic particle s

with relative re f rac t ive  index of about 1. 01 and a size distribution f rom 0. 65

to 1 .2 5 j1 in.
Measurements  and calculations b y these authors  indicate that the

forward-sca t te red  beam was about 5° wide (half width) with a bright 1° co re.

The 10 core was dete rmined b y the large organic particles while the beam

beyond Z~ was  determined b y the mid-size organic s. The small organic

particles contributed appreciably less than 1% to the forward  scat tered ene rgy .

The calculations for  this work were made for  part icles with a d iameter

D 1 of 3 .95 p in and a refractive index m1 of 1.05 and for particles with a

diameter D2 of 1.32 p n-i and a refract ive index in2 of 1. 15. These d iameters

were selected as being representative since the scat ter ing for  the la rge  organic s

and mid-size mineral  particles is dominated by the smaller particle s in each

gro up because of the sharply decreasing size distributions. Thus the calcu1ati~
should give an adequate “feeling” of sea-water depolarization for the exploratory

purposes of this note.

Theory - Large Particle Scattering A theory has been described by Good y~
’4

~
for the scattering of light by la rge particles with (relative) refractive index

22
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near unit y. The theory should be applicable to the large organic  par t ic les
discussed above. No depolarization effects  are observed in this limit.
However , sinc e the mid-s ize  particulat e matter  also contr ib utes to f o rw a r d -
scatter and estimates of small ef fec ts  are  desired , more detailed Mie theory
calculations were made as will be discussed in the following.
Mie Theory Computations The theory  of scattering of light b y spher ical
particles of a rb i t ra ry  size and ref rac t ive  index was developed by Mie and has
b een d isc ussed by several authors U4) . We define the “plane of observ.it ion ”
as the plane containing the direction of propagation of the incident wave and
the direction of observation. We conside r the intensi ty  of light , J j  ( 0 )  of
plane polarized lig ht whose inc id ent electric vecto r is pe rpendicular  to the
plane of observation and wh ich is scattered an angle ( 0 ) and plane-polarized
light , J ,, ( 0 )  with incident e lect r ic  vector parallel  to the  plane of obse rva t ion .
Mie theory  gives:

1 a
j  a ~~~ [A ~n (cos 9) ÷ B ..~~~~

_. P1 (cos 9)]
-‘- ‘~ n d 9  n

n= 1

2

~ r 1 P 1
a I A  d P ( cos 9) + B n (cos 9)L n  de sin e

n I

where  the A ‘ s and B ‘ s are complex functions of p roduc ts  of Bessel functionsn n
and their der ivat ives  whose arguments  depend upon par t ic le  proper t ies , and
the P~~

1 (cos 0 ) a re  assoc i ated Legendre  funct ions . Both the sets of A ’ s and
Ba ’ s and the Legendre functions have been tabulated but b y d i f fe ren t  group s U S~~~

b ) .
Some must be used in computations using various tables because of different

sign conventions fo r  the various quantities.
For c i rcular ly-polar ized  incident lig ht the plan e of observat ion can

always be chosen so that and J ~, can be considered as the intensit ies
along the axes of the elliptically polarized scattered light.  The axis of the
eUipse will rotate with the azimuth of the observation ang le.

0 0 0Calculations of J j  and J ,~ 
were  mad e for  0 1 , 3 and 5 for

the two particle type s (D = 3. 95 p m , m~ = 1.05 , D2 = 1. 32 p m , in2 = 1. 15)
discussed above. No depolarization was obtained to four  signif icant f igures
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exc ept for the smaller particle size and e = 5
0 for which a 0 . 25% depolarization

was obtained. (Since random depolarization would be expected to increase
somethin g like the square root of the number  of scattering events , 1O 4
scatterin g events would be required for a 25% depolarization. )

Elabo r at e multiple scattering calculations would be required to
carry things much fu r the r.  Also we have neglected the scattering b y the
smaller organic particles (D ( 1.25 pm) which have less than a 1% effect
for single scatter .

In summary the experimental observations of weak depolarizat ion
in the forward  beam are to be expected f rom the cha racte r  of the Mie single
scatte r process  for  the “large ” particles which dominate sea-wate r scatte r .
Direct experimental measurement of depolarization in various ty pes of sea-
water would probabl y be mo re useful  than f u r t he r  complex and idealized
calculations . We intend to car ry  out such experiments.

3.1 .2 . 3  Differential  Attenuation and the Nee d f o r  Mult iwaveiength
Polarization Detection. The effect of the well known (4) diffe r entia l at tenuation
of light through natural  waters  and its impact on the Raman depolar iza tj o ,i
detection technique was also investigated as part  of the e f fo r t  of p lanning an
experimental apparatus  design. The main conclusion a r rived  at was that a

t 
. simultaneous , rnu lt iwavelength detection or wavelength scanning detection

capability is re qu i red  if a reasonable depth capabilit y is to be obtained even
using the polarization ratio technique. (Previous studie s (2) had suggested
that althoug h diffe r ential attenuation was a problem fo r  “two colo r ” measure-
ments it would not affect  a polarization ratio scheme. )

The physical basis  for  this conclusion is that the Raman depolarization -
coefficient for  liquid water varies across the band , rang ing for ci rcular
polarization from value s of 0. 2 to 0. 8. If the entire R arnan band is detected
with a single detector an average 

~ R will result .
The average P R is effectivel y,

fI ( x )  P R ( X )  dX
D

R 
j ~

I (~~~) d~

where the ( X )  is weighted by the intensity I ( h . ) .
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Differential attenuation, as for example would be caused by t r a v e r s i n g
several attenuation lengths of water , would cause a dis tor t ion of the R arnan
band shape i.e. the I ( A )  factor , and thus introduce an e r ro r  in the ef fec t ive

R measured.  A solution is to use multiple band segments of a bandwidth
such that the percentage distort ion is acceptable in each band segm ent. The
polarization ratios are  thus obtained on a band segment by band segment basis
and then combined with suitable weighting functions to y ield the t empera tu re
and salinity information.

The question addressed in the present new work was the relationship
between the bandwidth of the individual Raman band segments , the accuracy
requi red  and the differential attenuation. The practical  r e s u l t  was that a
required spectrometer  resolving power could be specifi ed for the ex p e r i m en t a l
apparatus design.

Calculations were ca r r ied  out using the d i f fuse  a t tenuat ion data of

j eriov~~~ for natural  ocean water which can be fit by a parabolic function
such as K = j 3 ( A 1 - x 0) 2 

+ .Y where  f3 and 1 are constants  which a re  func t ions

of wate r qualit y and type. Using a typical value of ~ of 4 x io _ 6 
m~~ nm~~

results w e r e  obtained showing the residual e r r o r  remaining as the Raman

band was piecewise detected by means of multiwavelength analys is .
Based on this analy sis , the fractional change in signal between two

wavelengths A 1 and A 2 ca u sed b y d i f fe rent ia l  t ransmission compared to a

uniform ly t r anspa ren t  medium is given b y the following equations.

1AC TUAL exp ~~ 2d [f i(  A 
2 

- A ) 2 
+

1UNIF ORM exp ~-2d 
[

~~~~~~( ~ 1 
- A )

2 
+ ~~

‘ ]
1ACTU~~~ 1~~ expI 2

~~~ 
[ ( A 2 - - ( A  - A

)
1]

UNIFORM

The plots in Figures 3-8 and 3-9, based on the above equations show

the si gnal e r ro r  introduced as a function of the bandwidth with depth as a

parameter .  F igu re  3-8 is for  A 1 - 0 , meaning symmetr ic  alignment of

the R an-t an band with the minimum of the diffuse attenuation curve and

Figure 3-9 is for A 1 - = 10 nm, i .e.  10 nm disp lac ement of the Raman

band from the minimum of the K curves.

25

- - -~ -~~~~~~~~~ 

_ _ _ .i~~~i - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~



F- , ‘.C-~~~ 
- -

~~~~~~~~~~~~~: -  — 
--  - -

10
_ 1_  

/

- A 1 - A 0 0

io 2_  - 

/

1 ACTUAL ~i / / /
/ /

‘ UNIFORM 

~~~ // b/  ‘~‘/~~/
io~~~

— / / / ,9/

/ / h / I
b

I I I I  I I I I
0.1 0.2 0.4 0.8 2.0 4.0 8.0

~ ~i 
(NANOMETERS)

Figure 3-8. Different ial  Attenuation vs. Wavelength
Separation With Depth as a Parameter
(K min imum) .

26

p 
- . -



- _ _  j —-- . - -.  -

1o..1__ . 

/ /
A 1 - A 0 lO nm/ /

/

/

/ /
/ /

/

/ 0/ / //~~~/ / /
io 2 - / / /

/ / ~(s/ 
/

/ / 0/ /
1 ACT U AL ~// 

~~~

. /
/ /

UNIFORM 
/ b

icr3 -

1 1 I I !  1 1 1 1

0.1 0.2 0.4 0.8 2.0 4.0 8.0

A2 ~i 
(NANOMETERS)

Figure 3-9. Differential Attenuation vs. Wavelengt h
Separation With Depth as a Parameter
(100 ~ From K minimum).

27

_ _ _ _
_ _  _ _ _ _ _  ~II~ ~



Based on these calculations it is clear that an experimental wavelength
scanning capability with a wav~ length resolution the order  of a few tenths of
nanometers is necessary .  It is also obvious f rom these calculations that there
is a requirement for a tunable laser to position the Raman wate r band at or
near the minimum of the diffuse attenuation (K) vs.  wavelength cu rve.  Both of
these considerations were factored into the experimental apparatus design plan .

3. 1.3 Non-Raman Photon Sources.  Laser induced f luorescenc e
backgrounds as well as ambient light backgrounds a re  common sources  of
interference in remote Raman measurement  systems.  Such effects  can be
reduced by using the following standard techniques.

The detection system should be limited to onl y those wavelengths that
are within the Raman ban d and s ynchronous time gating techniques should be

employed. The use of background subtraction by sampling the ambient back-
ground during the laser  interpulse period should also be included in the
experiment. In addition, subtraction of laser  induced f luo rescence  can be
accomplished by measurement  of the laser induced spectral back ground level
at wavelengths adjacent to the Raman water band. Thi s capabilit y sho uld
also be provided in the experiment apparatus  design.

The following discusses  the salient f ea tu re s  of ambient li ght and laser
induc ed f luorescence- l ike  phenomena when viewed as non-Raman photon n o i s e
sources .

3.1 .3. 1 Ambient Lig ht Background.  Standard re fe rences U 7)  on
remote laser Raman applications show that the limting signal to noise rat io

that can be achieved in a remote Raman system is the  “ shot noise ” in the l ase r

Raman signal itself. Such a Raman system is assumed in the p lanned
experiments.

The contribution of ambient backgroun d illumination to the signal to
nois e ratio can be shownU 8) to increase the time required to make a Rarn ari
measurement with a fixed signal to nois e ratio as follows:

2 1 2P
T 

(+) P
~~VG 

[ 1 +

where T isthe time required to make a measurement, S ,N  is the signal to nois e

ratio , 
~ AVG Is the average laser power . 

~~pK is the peak laser power and

is the nois e equivalent power of the ambient background illumination.
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Thus the impo rt ant parameter is the ratio of the background  i l lumination or
the “noise-equivalent-power” t~o the laser  peak power.

The upward irradiance near the sea su r face  is given b y Jerlov~
4

~ as
being 7 m W / c m2 - p m at a wavelength of 500 nanometers .  Using thi s number
for  irradiance and neg lecting the effects of sun g lint s and specular reflection
a 

~ NEP to ratio of slightly g rea te r  than unit y was computed for  an a i rbo rne
platfo rm operating at an altitude of 300 meters  and using the Raman sys tem
parameters  assumed in the calculation of Appendix A.

In a boat borne experiment, because the Raman signa l level us ing  the
same laser source  will be considerably higher , the 

~ NEp ’~~pK ratio is
expected to be small compared to unit y. However , because  bet ter  than 1%
measurements are  des i red  a capabilit y should be designed into the exper imen t
to sample the background ambient light level in the  time in te rva l  between
laser pulses. This, background measurement  should independent ly samp le
each of the two polarization channels so tha t back ground  subt r act ion may be
applied independent ly to each polar izat ion signal before  a polar iza t ion  rat io
is computed. This is important because ambient lig ht f rom sea wate r  is
known to be partially polarized.

3 . 1.3 .2  Laser Induced Fluorescence.  The presence of laser induced
f luorescence-l ike background  no is e has been shown U 8) to add another  t e rm to

the equation which expresses the time requi red  to make a Raman measu remen t
with a fixed signal to noise ratio as follows:

z i  ZP
T = (-

~~
-

~~ J ’~ 
1 ZF + 1 + NEP

\ N /  
[~~AVG ~ PK

where the additional term F is defined as the laser induced background
fluorescence level to Raman signal ratio.

New experiments in natural waters  should be designed to d i rect ly
measure  the laser  induced f luorescence to Raman ratio F so that estimates

of measurement times with constant signal to noise ratio can be made as a

function of laser excitation wavelength. This capability is recommended as
part of the experiment apparatus design .

It should be noted that prel iminary field experiments that were

conducted in natural  coastal waters by CGC personnel and which are descr ibed

in Section 3. 2. 3 of thi s report  showed a f luorescence to Raman ratio the order

of 0. 03 or less when using a 337 nanometer laser source.  Such data should be

extended to cove r the entire visible spectrum b y using a tunable laser source.

Such spectral coverage should be obtained from a variety of coastal wate r t ypes.
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3.2 Detailed Experimental Apparatus Design

Thi s section describes the detailed experimental apparatus design

that has been developed as a means of ca r r y ing out experimental feasibility

studies on the use of laser Raman spectroscopy for  the remote measurement

of subsurface temperature and salinity. Section 3. 2 . 1 describes a laser

Raman spectrometer that would be appropriate for  conducting the studies;

Section 3. 2 .2 describes the CCC research vessel and the equipment that is

currently available; and Section 3. 2. 3 descr ibes  preliminary experimental

data that has been obtained from natural waters using the CGG research  vessel .

3. 2. 1 Laser Raman Spectromete r for  Field Utilization

The functional block diagram of Figure 3-10 i l lustrates an

experimental laser Raman measurement  system that will enable experim ents

to be conducted so that the important questions conc e rning interferences  and

nois e sources  can be answered.

The Gove rnment c~wned laser  that is currently available at CCC f o r

use on this program is a pulsed nitrogen laser capable of producing 100 kilowatt

peak powe r pulses of 10 nanoseconds duration at a puls e repetition rate of

500 pulses per second. The wavelength of the laser is 337 nanometers.

The output f rom ~the nitrogen laser  is used to pump a dye laser

which can be tuned ove r t~)e ent i re  range of interest in the blue-green vidible

spectrum, i. e. 450 to 500 na~ omet ers .  The output from the dye laser is

oonditioned b y sequential passag e through an in te r fe rence filte r to block s t ray

lig ht at the R a.man frequenc ie s and throug h a linear po la r i ze r  and a quar te r

wave plate to produce a pure  circularly polarized laser beam. This beam is

directed at the water volum e to be measured.
The Raman backseattered light is collected b y a dual polarization

receive r in which right and left circularly polarized light is separately collected

and wavelength analyzed. A dual 1—meter spectrometer modified to op erate

in a parallel mode r ather than in a series mode is shown as the wavelength

analyzer .  This would provide the few tenths of a nanometer resolution that the

differential attenuation and polarization ratio detection study showed wa~
necessary and which was described in Section 3. 1. 2 . 3.

As shown in the block diagram the dual output from the spectromete r

is detected by a pai r of photornultipliers, PM 1 and PM~ in Figure  3-10, the

output of which is sent to a ?alr of coincidence circuits. The other input to the

coincidence circuits is a gate , suitably delayed relative to the laser firing, which

determ ines the depth from which the Raman scattering is being detected. This

photon counting mode of operation in which eithe r a “0” or  a “ 1” is detected
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for each laser pulse has been shown to be highly accurate and linear method
of conducting explo ratory laser Ram an experiments .

The question of maintaining the “ba lance” of two photomultip liers
is always important. In a “0” or “ 1” mode of operation the constancy of the
photoefficienc y of the photocathode surface is the important factor , not the
gain of the dynode chain. In addition the two polarization channels can be
optically alternated relativd to the two photornultipliers to enable c ross
calib rations on a regular basis .

The direct output f rom the dual polarization coincidence c i rcu i t s
is displayed to enable maximum experirnentalist/operator interaction in
real time. A minicomputer proce ssor (CPU) is used to provid e bo th  r eal  t ime
control functions as well as data acquisition and recording. The block diagram of

Figure 3-10 illustrates the experimental configuration showing the computer

with the spectrometer control function and the coincidence circuit dat a flow
passing throug h the processor  input/output interface (I/O) .

The computer oriented hardware configuration shown in the block

diagram of Figure 3-10 will accommodate several software approaches to

maximize the information content of the data that is acqui r ed. Examples of
two such operational procedures  are:

a) By sweeping many times through the spectrum of in terest
• with relatively short data taking periods at each wavelength,

t~ie e r rors  introduced b y drif t  of var ious  system parameters
may be minimized. Such a scanning p roc edu re  is readil y
permitted b y the computer  controlled spectrometer.

b) Scan the spectrum of interest in a manner which y ields a

constant signal-to-noise ratio for the data . This is
accomplished b y scanning the spectrum at a rat e proport ional
to the strength of the signal being de tected.

3.2 .2 Research Vessel Facility*

A basic premise of this program is to substantially advance the
techniques of water  Raman spectroscopy in situ. As such ,all experiments  /
tasks (paragraph 3.3. 1) are to be implemented as a function of variations in
natural wate r qualities. The options include; fur ther  laboratory tank tests  or

• operating from a pier or boat.

It is difficult if not impossible, to adequately simulate natu r al
coastal water prope rties and gradients in tanks. Impo rtant optical properties
of the water , i. e. depola r ization properties , f luorescence characteristic s and

*The work described in Section 3. 2. 2 was supported in part by NASA Wallops
Flight Center. 
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its turbidity depend to a large extent upon living biological organisms , many
of which cannot sustain life in tanks. It is important that the activities have
access to f r e sh  water intrusion, natural sediment loading and ’~~cquatid’ 1ife
and temperature gradient s to directly address coastal app lic ations .

A survey of pier and bridg e locations f rom nautical charts  as
well as practical considerations such as the availability of powe r and

coordinating traffic patterns rapid ly leads to the conclusion that a comp letel y
self contained float ing platform is the more cost effect ive way to access the
necessary operational environments.

The requirements and characterist ics of a small , e con omica l and easy

to operate oceanographic research  vessel have been exhaustively investigated
with internal support. These files are available in our Wakefield off ice.

A 35’ twin screw, nine ton displacement research  vessel, Makai ,
Figure 3-11 has been fitted out and cur ren t ly hosts the operational apparatus
con,figuration shown as Figure 3- 12 which was used to obtain the f i r s t  in situ

data discussed unde r Section 3. 2. 3.

The cur ren t  laser Raman system is a bistatic configurat ion . The

laser source  is a pulsed nitrogen laser operating at a wavelength  of 337. 1

nanometers and producing pulses of 100 kilowatt s peak power with an ef fec t ive

puls e duration of 10 nanoseconds at a pulse repetition rat e of 500 Her tz .

As shawn in the block diagram, a bistatic a r rangement  of the
transmitter and receiver optics function to define a volume of subsur face

wate r f rom which the laser R arnan scattering is detected. Operation in such

a bistatic mode is adequat e for experimental studies in the f i rs t  few tens of

meters of depth. Practical applic ation of the technique should ut il ize e lec t ron ic

rang e gating technique s , especially for  deeper penetration applications. The

photograph of Figure 3- 13 shows the equipment in the laboratory undergoing

calib ration prior to installation aboard the Makai.

The photons collected b y the receiver optics are  passed throug h a

double 1/4 mete r focal length spectrometer having a 0. 5 nanomete r spect ra l

resolution. The function of the spectrometer is to produc e a spect r al scan

of the liquid water Raman 0-H stretching band with sufficient resolution

so that the monome r and polyme r components can be resolved and a tempera tur e

determined.

• Much of the Government owned equipment is accountable under NAS A
Contract NAS6 -275 1
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Figure 3- 12 Block Diagram of Laser Raman System Currently
Operational on Research Vessel Makai.
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• The Raman photon output from the spectromete r is detected b y
a RCA 1P28 photomultiplier , amplified b y a HP 46 1A amplifier and conditioned
by a HP pulse electronics. The conditioned Raman photon signal and a gate
puls e suitably synchronized and delayed with respect to the laser f i r ing  w e r e
combined in a coinc idenc e circ uit the output from which is recorded by
counter # 1 . The number of laser  pulses occurr ing is recorded in counte r #~~~.

The ratio of the value recorded b y counter # 1 to counte r #2 is the R arL~an
signal obtained over a given tim e interval.

The photograph of Figure  3-14 provide s a close-up view of the optical
transceiver cart  configuration selected for implementation. A custom
constructed mobile car t  houses the laser t ransmit ter  and spec t rometer
receive r in an over and under confi guration. Rigid extensions of the shelve s
are used to support the t r ansmi t t e r/ r ece ive r  optic s and extend the “viewin g
points ” 45cm beyond the transom of the vessel  where  hig h quali ty folding m i r r o r s
are us ed to comp lete the path.

The compact lZOcm(L)  x 75cm(W) x 97cm (H ) ca r t  is equipped with
wheels which faci l i ta te  service access and withd r aw al into the cockpit for
protected s torag e when not in use.

The laser employed (top she lf )  is a GYP Avco C950 ni trogen unit

with a CGC modified cooling system in order  to lighten payload . The
spectrometer (bot tom shelf) is a Spex model 1672 Doublemate and 1200 g/mrn
grating set blazed at 300 nm.

3. 2. 3 Preliminary Experimental Raman Data Obtained from
Natural  Waters *~

The Raman lidar system that is shown in F i g u r e  3-12 and is now

currently on the research vessel Makai has been operated to obtain prel iminary

laser Raman spectra from in situ natural coastal waters. The dat a was

analyzed to obtain a temperature measurement. It is important to note that

this is the f i rs t  suc h data known to have been taken in natural  coastal waters .

The Raman spectra were obtained from the A.nnisquam Rive r in

Massachusetts near the berth of the research vessel. Spectra were obtained
over nearly a full tidal cycle with no apparent chang e in the character of the
data. It was very  reassur ing that (a) the tempera ture  obtained agreed with

prior laboratory calibration and (b) the fluorescence to Raman ratio was

very low.

**The work described in Section 3. 2. 3 was supported in part by NASA
Wallops Flight Center.
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Typical spectral data that were obtained in the Annisquaz-n River a re
• shown in F igure  3-15. This i~s a plot of the numbe r of Ram an phot oelec t rons

collected per 0. 5 nanometer spectral  interval per  10, 000 laser  pulses as
a function of wavelength. Shown are two sets of data , the dashed curve
obtained as an instrument calibration in the laboratory with a wate r  sample
at 22°C and the solid curve obtained in the Annisquam River wate r at 6°c.
The temperature  is obtained b y normalizing the peaks ari d observ ing  the
change in height of the ban d contour. A tempera ture  scale has been
calculated based on laboratory data and p laced on F igu re  3-15 so that
22 °C corresponds to the laboratory calibration data. The Annisquam

River tempera ture  of 4°C in fe r red  f rom the spectra is consistent  with
the measured value of 6°C to within the statistical precision of the
measurement  which was ± 2°C. Large improvements in accuracy  will
be observed by increasing the photoelectron sample size and also by -

•

using standard~
19

~ least square  computer curve  fitting to enable anal y s i s

of the entire Raman band.

A sho rt research  note has been writ ten and pub lished in
Geophysic s Research Letters to descr ibe  these initial resu l t s. A prepr in t

• of the note is included as Appendix E of this report.
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3. 3 Experimental Field Test Plan

A series of field experiments in a variety of natural  coastal wate r
conditions are required to fur ther  study and quantitatively determine the
extent of natural and equipment related interferences and noise sources
(Paragraph 3. 1) upon the laser Raman technique to measure  subsur face
temperature and salinity.

A broad plan for  Ram an subsurface  temperature /sa l in i ty  research
has been considered to car ry  the program from its present  fo rmative stage to
a more developed and predictable documented technique. The Schedule and
Plan for Raman Temp e rature/Salinity Research  Figure  3-16 i l lus t ra tes  a
modestly supported (1- 1 1/2 man y e a r s/ y r)  program which accommodate s

10-12 month period of primary experimentation and apparatus improvement.
During the second phase it is anticipated that the refined and

developed experimental apparatus will be capable of processing large
volumes of data in a real time profiling mode throug h substantial t empera tu re
and salinity gradients. It is de sirable to validate and fu r the r  develop the
techniques in the presenc e of more accurat e and sophisticated sea t ru th
instrumentation, preferably as an adjunct to an already established field r esea rch
or monitoring program . Several candidate locations capable of supporting
such a coordinated effo rt have been considered and they are  discussed
unde r Paragraph 3. 3. 2 . Sea Trut h Requirements .

The third phase which will provide a broad data base in deep ocean
as well as coastal waters might very well take the form of installing the
apparatus aboard one or more of the manned vessels operated under  the support

of the Office of the Oceanographer for  r esea rch  and data base ga ther ing  purposes .

One such vessel wh ich in our view is particularly well suited to the task is the
twin hulled U. S. N. S. HAYES.

Of the specific initial experim ental tasks listed below in P a r a g r a p h

3. 3. 1 some must  be implemented in series. All experiments a re  as a funct ion

of natural water quality (i.e. diffuse attenuation coefficient (K), fluorescence
to Ram an ratio (F), salinity, sediment loading, aquatic life , etc. ) and depth.
Laboratory experiments have been performed b y Wairafen, (20) Schwiesow , (21)

Chang and Young, ~2) 
and Slusher and Derr .  (1) However , it can be readily

seen that it is diffucult if not impossible, to simulate natural  conditions in
laboratory tanks.
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The most cost effective means to access natural  water quality
conditions is to place an apparatus aboard a boat capable of r elocating .
The apparatus should be designed so as to be transportable by two persons
b y t ruck to boat s operating out of d i f fe ren t  geographical locations. A
maximum gross apparatus weight under 900 kg with power cons umption

under 6KW will provid e for  accommodation aboard average vessels 9 meters
long and greater . A functional block diagram of an existing Government
owned apparatus available to support thi s field test plan appears as F igu re  3-12 .
The p re fe r red  confi guration which can be readily as sembled f rom additional
existing Government inventory and mino r purchases is shown as Figure 3 -10 .

The balance of this section discusses experimental objectives and
• methods , sea t ruth requirements, general test site considerations and a well

researched and doc umented initial recommended testing region with support ing
nautical charts .

3. 3. 1 Experimental Objectives and Method
3.3. 1. 1 Transmis sion (i. e. K) Derive and catalog a

clas s of attenuation coefficients as a function of various natural coastal water
qualities and as a function of depth. Operate a tunable dye laser through the
wavelength regions 400 to 500 nanometers. Observe the Ran-ian shifted spectral
region b etween 420 and 580 nanometers. Pe r fo rm slope analysis. Corre la te
with alpha meter readings. Evaluate data to specify optimal 1/4 wave plate
for advanced experiments.

3. 3. 1.2 Fluorescence Raman Ratio (F) Survey the Rarnan
to Fluorescence ratio as a functio n of various natural  coastal water quality.
Operat e tunable dye laser as in 3.3. 1. 1. Exercise  as a function of depth in
several varying water quality locations and establish an historical data base.

3.3. 1. 3 Differential Polarization Analysis Operate the
dye laser in selected spectral regions based upon the results of 3 .3.1.  1 and
3. 3. 1.2 above. Obtain spectrally resolved polarization r atio data . Evaluat e
data to verif y required spectral resolution. Specif y multichannel wavelength
detection requirements.

3. 3. 1.4 Proportionality Between and K. Anal yze the

data obtained in 3. 3. 1. 3 in accordance with the scaling laws described in

Appendix D and discussed in 3. 1.2 .1. Determine the variability in the
propo rtionality between and K as a function of the type of water , water

• quality and the absolut e levels of p5 and K.
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3. 3. 1.5 Temperature vs. Salinity Separability The
spectrally resolved polarization ratio data obtained in 3.3. 1. 3 will also

be analyzed to show the extent to which temperature and salinity may be

independently measured.

3. 3.2 Sea Truth Requirem ents

Reliable and accurat e sea t ruth and meteorolog ical data is requi red .
The options to obtain sea truth range from totally R / V  self contained

instrumentation to heavy dependenc e upon coordinating -experiment s (“ piggy-

backing ”) with existing hydrographic activities. Figure  3 - 1 6  shows the

desirable schedule and increasing experiment diversification plan. Dur ing

the initial Gulf of Maine field effor t  it is felt that very  modest sea t ru th

instrumentation obtainable f rom Government inventory or local p u r chase

will be adequate.

As discussed earl ier  in this section , th e second phase will be

or iented towards a greater  dynamic rang e of pe r formance  and data base

• gathering,suggestin g more sophisticated automatic data logging equipment.

Towards this end and as part  of the plannin g e f for t  we have been in contact

with cognizant personnel at NAS A Wallops Flight Center , NOAA Remote Sensing
Laboratory, Miam i, and Department of Natural Resources - State of Mary land

(DNR). All have expressed a strong interest  in promoting the stat e of the a r t

by making available space on their own vessels of opportunity at little 0:- no

cost to this program.

NOAA ’ S east coast activities are supported by three  research

vessels , a 83m state-of- the-art  instrumentation equipped vessel capable

of open ocean ground t ruth measurements, a 45m instrumented vessel

operating in and about the port of New York and a smaller high speed vessel .

Sea truth observing techniques include : continuous subsurface

temperature devices , continuous salinity monitors, optical spec t rometers,

Sechi disc , expendable bathy thermographs (XBT), d rifting and moored

buoys , etc .

The DNR-Mary land facility under Dr.  Myron Miller is responsible

for the State of Maryland Power Plant siting program. A regular  function of

this office is to moni tor /measure  thermal plume discharges in three dimensions

from powe r plants. An offe r has been extended to plac e the apparatus aboard a

DNR vessel where additional sea truth will be obtained from their highly

resolved thermistor chain which is towed through the plume in g rid pattern

and well documented during three seasons/yr.
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Additional candidate sites and coordination planning for  Phase 3

is bette r left for a later point in this program.

3. 3. 2. 1 Sea Truth Measurement Parameters  At a

minimum records for all phases should be kept to include:

a) date , time, investigator ’ s name

b) location of experiment (latitud e and longitude)

c) sea state and sur fac e conditions (dialog and photos)

d) atmospheric tempera ture, humidity, wind

e) sea surface  and subsurface  t empera tu res

f) salinity (Initially surface water samples will be
d rawn at each location and portions of water will be
sent to the laboratory for  analysis. The second
portion will be tagged b y experiment number and
preserved .  Salinity gradient s may be tested throug h• the use of classical Nansen jars.)

In addition to the above the computer  will automatically

calculate and tabulate K , the d i f fuse  attenuation coefficient , and the
background f luorescence level in the wings of the Raman spectra .

_ _ _ _  - 
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3.3 .3  Test Site Requirements
Prope r selection of experimental test sites is a vital ingred ien t

toward the development and validation of new remot e measurement  and
refinement techniques. Selected site s must of fe r  a wide variet y of water
quality conditions including a rang e of attenuation coefficient s ,re presentative

cross section of coastal and estuary impurities (f luorescence sources ) ,
diverse micro organism type count ,ari d a rang e of salinity conditions. While
variations in sea floor types and bottom vegetation is cons idered to have a
minimal effect on a gated Lidar system variation in texture, grain size,
density and dept h in the presence of tidal cu r ren t  or wave turbulance  could
produce signific ant perturbations in turbidit y pat terns on a time scale which
is short relative to an experimental period. The natural  vicissi tudes of the
oct -a n and :ieathe r conditions can be counted upon to offer  wide variat ions
in sea sur fac e conditions .

Withi n reasonable distances of the R/ V  cruising rang e it is
desirable to access zones of relatively deep clear , shallow clear , deep-
turbid , and shallow turbid wate r which are expected to va ry  synoptically
and in a reasonably predictable pattern.

3 . 3 . 3 . 1  Water Quality

Of the preceding site requi r ements water quality is the fac tor
of initial major  experimental interest.

Turbidity in sea water is due p rimarily to the p resence  of
tiny particulate matter or plankton entrained in the water. The latter
source can be maximized or minimized b y selecting winte r or summer

frames of operation. Increases in turbidit y are  generally a resul t  of
the intrusion of suspended particulate matter into a watermass  f rom an
extraneous source (such as runoff from land following percipitation) or
the resuspension of fine bottom materials as a result  of the actio n of tidal
current s or wave turbuJence.  In any case , these increases in particulate
matter are usually rapid , with pronounced changes in turbidity being measured
in hours.  Decreases  in turbidity, on the othe r hand , are usually s low to occur ,
often requiring days or even weeks for  a wate r mass to re turn  to a background
level. A downward flux in turbidity in an area of water results  f rom the
settling of the entrained particulate matter or from the rep lacement of the
watermass by clearer water. The fo rmer  process is extremely slow and
requires a period of relatively low turbulence. The latter process requires a

• source watermass and a constant current  or drift  from the clear watermass

into the tu rbid watermass.
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• 3.3.3.2 Salinity

It has been we11~documented that salinity conc entrations in open

ocean vary slowly ove r hund~reds of square miles.. In additio n open ocean

surface  layers  a re  usually well mixed often leadin g to the assumption of

salinity as a constant.

Unlike ocean waters , salinity in coastal wa te rs  va ry  dramatical ly

responding to the intrusion of f r e sh  water  f rom r ivers , heavy rain r u n o f f s ,

snow and ice melt runoff  along the coast. In the summer during long periods

of zero rainfall and above no rmal tempera tures  signific ant i nc reases  in

salinity may be expected.
Performing experiments in spring through late fall in coastal

waters, latitude s 40 0 and greater  offer  a rang e of salinity concentrat ions
(~ Z )

f rom ~ 9 ppt to in excess of 30 ppt , while navigable access  to the head

waters of a major drainage basin will offer opportunities to data sample

nearly f r e sh  waters.

Initial Test Site

Cape Ann Marina - Experimental apparatus shakedown and

initial calibrations begin in the l abora to ry  and are ref ined in the field

establishing a feasibility data base of initial eq uipment per formanc e in

natural  waters .  The wate r s  su r round ing Cape Ann f rom 41 0 10’ to

42 ° 50’ latitude and 71° 02’ to 7 1°00’ , F igure  3-17 provides suitable wate r

quali ty and sea conditions with convenient  access for  this earl y task

including the c lear  water masses in and aroun d Annisquam, fresh water

intruding from the Merr imack  River  and the turbid waters  of Boston

Harbor .  Access to Powe r Plant thermal plumes are avai lable in Salem and

Boston Harbors .

The oceanographic characteristics of this region are  well

documented and have been the subject of numerous  studies supported b y

UNH Sea Grant - Ra ytheon Pro g ram , NO AA Environmental  Resea rch

Laboratory and Massachusetts Department of Natural  Resources .  Much

of the characterizations presented here were documented in the Proceeding s

of Conference on Toxic Dinoflagellate Blooms hosted b y Massachuset t s

Science and Technology Foundation and Massachuset ts  Institute of Technology

Sea Grant Program.~
29

~
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Character is t ics  of Coastal  Statj on~ Located 1-3 Miles (1 . 6 - 4 . 8  krns)
• f rom Shore between Cape Ann , Massachuse t t s  and Rye , New Hampshi re

(Mulligan and deLara , 1974)

Salinity (°Io o )  9.3 - 33.3
Temperature (°C) 1 - 18. 1

Depth of Euphotic Zone (m) 5 - 20

Chlorophyll a (mg/rn3) 0. 3 - . 1 5. 5
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Figure  3- 17.  M a p  of  N o r t h e r n  M a s s a c h u s et t s  a n d  N e w  H a m p s h i r e
C o a s t a l  R e g i o n

A. Rye , New Hampshi re , B. Newburypor t , Massachuse t t s,
• C. Annisquarn, Massachusetts , D. Salem, Massachusetts ,

Stations 2-6 occupied 1973-1974.
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The coastal region from Rye , New Hampshire  to Cape Ann is
• part of the Gulf of Maine. The coastline of the region consists  mo stl y

of low, sandy b a r r i e r  beaches which protect extensive spartina marshes

and estuarine areas.  The coastal region contains the Merr imack River ,
the major r iver  b etween Cap e Cod and Cape Elizabeth (Saco River ) .  The

Merrimack River drainag e basin comprises eight percent of the entire

drainage ba sin of the Gulf of Maine~
23

~ and dominates the physical , chemical

and biological characteristics of the surrounding coastal region.

Average annual rainfall  in the region is 43 inches (1. 09m)~
1
~~ which

is distributed rathe r uniformly over the entire year.  River  runoff  exhibits
a definite season 1 cycle coinciding with the period of major  snow melt
during the spring (Table 3-2) .

TAB LE 3-2

Water Discharge Data of Merrimack River Below Concord River at
Lowell, Mass, in CFS (cubic ft. per second)

Date 1945/46 1 1970 /71 2

October 4266 3093
November 6047 4257
December 10041 4969
January 8856 4169
February 7148 5235
March 19200 9843
April 9739 Z 1 700
May 1186 9 16510
June 8536 3511
July 2695 1567
August 4181 2 109
Sept ember 2074

Average discharge for 48 year period ending 1971 = 7055 CFS

1. FORD, W. L. 1947. Hydrography of the Western Atlantic. No. 3 The
distribution of the Merrimack River effluent into Ipswich Bay. Woods
Hole Oceanographic Institution Technical Report. 23p.

2. ANON , 1971 . Water  Resources Data for Massachusetts, New Hampshire ,
Rhode Island and Vermont. Part I. Surface Water Records. Part 2.
Water Quality Records.  U. S. Dept . of the Interior. Geol. Survey. 401
pp.
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Winds follow the same general pat terns as elsewhere in the Gulf of
• Maine (2 5) ( Z6)  mostly from t h e  west , with considerable seasonal variation:

in Fall and Winter, mainly f rom north to west; in Spring,  winds are  variable
and, during the Summer, winds blow from the sourthwe st and southeast
quadrants.

Non-tidal current s tend to move the sur face  coastal waters  in the
region counter-clockwise , to the southwest along the coast; bottom waters
move eithe r to the southwest or toward the shore according to Bigelow~~

3
~

Day~
2 7

~~, and Graham~~
6
~ . Graham also noted that bottom water  which

originated in the northern Gu]I of Maine moved dur ing the summer th rough
Jef f rey  and Scanturn Basin and toward the shore near the mouth of the

Merr imack River.

Winds can generate  su r face  c u r r e n t s  up to 2% of wind veloci ty ,  and
consequently, non-tidal currents are stronger in the fall and winte r because of
higher wind velocities from the no r the rn  quadrant.  Current s are increased
during the spring due to increased snow-melt runoff piling up along the

shoreline. Wind s from the southern quadrant , common in the late spr ing and
summer , reduce and even reverse  the slow-moving, counter-c lockwise, su r face
current  along the coast.  The most prominent f ea tu re  of  the water circulation
along the wes tern  coast of the Gulf of Maine is upwelling (26)~

Mulligan and deLara~~~~ have recentl y reviewed the Phytoplankton and
hydrographic conditions in the region ( F i g u r e  3-17) .

Salinities measured f rom August  1971 to Jul y 1972 ranged Iron-i 9. 3 to
33.3 0/00. Highest  salinities were  recorded in January  and F e b r u a r y .

(~ 8)Manohar-Mararaj  and Beardsley estimated that the Merrim ack River
contributed over 90% of the fresh water in Massachusetts Bay. Ice-flows

and low salinity surface  water from the Merrimack River were observed six
miles of fshore  and could be seen moving southeastward around Cape Ann into
Mas sachusett s Bay (Mulligan, unpublished). C onsequently, the sur face  waters
off and to the south of the Merrimack River displayed the lowest salinities.
During the springtime, the entire water column off Annisquam had reduced
salinites when compared with conditions present at coastal stations to the no rth.

Water temperatures ranged from 1-18. 1°C ove r this period and were
slightly lower in the northern portion of the region throug hout the year .  The
coastal waters to the north of the Merrimack River (to a depth of 20 meters)
were generally well mixed. Thermal stratification developed during  the

• warmer months and became well established, especially at the mouth of the
Merrim ack Rive r and in the waters to the south.
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The depth of the euphotic zone varied from 5-20 meters  with the

lowest transparencies occurring dur ing  the spring and fall. Silt contributed
by the Merrimack River was largely responsible for the minimal spring
transparencies.

Table s 3-3 , 3-4 , and 3-5 , a re  reprinted in their entirety as
taken from U. S. Coastal Pilot # 1 NOAA for the convenience of the reade r
in familarization of the region, climate, mean surface water  t empera ture!
dens ity meterological data.

Figures  3-18 th rough  3- �4 are cuts  from Nautical  Char t s  13274 , 13279
and 13281 showing c u r r er ~t R / V  ber th ing  1o~ ation , (13281)  cite of initial appara tus
shakedown data and hydrographic survey i.nformation of the region.

Significance of the bold insets are as below:

Chart 13281 = R / V  berth near Blynman Canal

13279 = R/ V  ber th  and Annisquam River

13279 = Glouceste r Harbor , Raw sewage outlet

13279 = Deep (56’) “clear” water hole off Coffins Beach

13274 Deep open waters off Castl e Neck

• 13274 - Merr imack River test site.

13281 - Sheltered shakedown area.
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1.4 TABLE 3-3
CLIMATOI.OOKAL lADLE

bOSTON . M900ACIIUSIDS S (4r2vN.. 71 02’W .( 5I.v.lI.. IS II. (4 .07..)

YE A DS
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________________________ _______________ _______________ _______________ _______________ 
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TLM PF~RATUt1 E (IIECREES I~)

N.... 25.2 30.4 III 45.8 08. 8 80.0 13.3 71. 3 04. 0  05 .4 40. ’ 33. 0 01.3  30
• Moon 00(17 M..lln,n. 33.0 37. S 44.0 06.3 03.1 70.0 01.4 79.3 72.2 83 .2 91. 7 20 .3 3$. ? 3$

Monc Dolip MU.(.c,., 22.3 33. 1 3 1 .0  40.0 24.1 00.2 05. I 44. 3 51.7  47. 1  20 .7 24.1 • 4 3 . 0  30
E.l,.,n. )(Igh.oI 72 08 05 II 03 100 100 101 100 II 03 70 III 30
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W OOD
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3. 4 Q & A on Fundamental and Planned Experimental Tec hnique s

During the course of the Task I perform anc e period a number of

questions were directed to our attention regarding both fundamental and

planned experimental techniques from ONR and othe r interested parties.

This section compiles and directly addresses these questions in

dialog fo rmat .

Question #1

What effect will surface waves have on the Raman subsur face  tempe raturc

and salinity measurement if the measurement is made f rom an airborne platform?
Answer #1

The major surface effects relate to (a) the differential transmission of

o rthogonal linear polarizations, (b) the loss of depth resolution due to

refraction produced by transmission through the air -water interface , and
(c) the late r al e r r o r s  also produced by refraction. The work on the present
contract included calculations of the e r r o r s  produced by polarization unbalance
and the results which show less than a 1.0% effect , which is equivalent to a
1.0°C tempera ture  e r ro r  if uncorrected.  This information is show n in F i g u r e
3-3 of this report. The depth resolution effect and the lateral  erro r were  also
investigated dur ing the present  contract  and the r esul t s  are shown in F i g u r e s
3-5 and 3-6.

Question #2

Will multiple scattering in natural waters  be the limiting factor in the
measurement?

Answer #2

It appears that multiple scattering will not be the limiting factor for at
• i least the fi rs t  15 to 20 attenuation lengths. This is because (a) the very sharpl y

forward peaked volume scattering function limits the beam spread to the order
of 3 to 5° and (b) small angle scattering, 1. e. 5~ or less, exhibits negligibl e

• - depolarization. For this assessment, the work on the present  contract drew
heavily upon the theoretical work of A. Gordon~

30
~ and the experimental resul t s

of S. Q. Duntley~
1 1)

• In addition, original calculations were performed by CGC
personnel during this r epo rting perio d to verify that Mie scattering at small
forward angles has negligible depolarization and also to calculate the scaling laws
that determine the effect of the fluctuation in depola r ization on the error  analysis
of the measurement.
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Question #3

To what extent will laser power fluctuations limit the measurement?

Answer #3

It is standa rd practice in laser Raman measurements to monitor the

laser power and normalize the Raman signals to the laser powe r . In addition,

real time computer techniques can be employed to repetitively scan spectral

data and coherently add the Ram an spectra , with noise sources such as laser

powe r fluctuations being effectively subtracted out. Such technique s were

utilized by CGC in the Raman combustion diagnostic system~
31

~ that was

installed in the Air Force Aero Propulsion Laboratory and produced Ram an

• data with a precision exceeding 1%. Both technique s will be employed in the

Raman subsur face  tempera ture  and salinity experiments. It is thus not

expected that laser power fluctuations will be a limiting factor  in the experiments.

Question #4

In the o rthogonal polarization ratio technique experiments can the two

photomultipliers be balanced to the extent requi red?

Answer #4
Photon counting techniques will be used , and in such a ‘~O ’~ or 1 1 t H mode

of operation the constancy of the photo effic iency of the photocathode sur face  is the

impo rtant factor , not the gain of the dynode chain. In addition the polarization

channels can be optically alternated relative to the two photomultipliers to enable

cross  calibrations on a regular basis.

Question #5

How will the Raman subsurface temperature/salinity experiment

compensate fo r  ambient day light background illumination, especially considering

the fact that ambient upweiling ocean water irradiance is usually po la r i zed?

Answer #5
Operating in the pulsed laser mode the experiment will provid e for

sampling of the ambient upwelling ocean water irradiance background durin g

the time interval between laser pulses.  With two polarization channels the

ambient backg round in the orthogonal polarizations will be measured and

separately applied as a~backg roun d correction to the Rarnan measurements .
- ----S.
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Question #6

It has been said that because the Rarn an effect is a “weak ” interaction
it may not produce s ufficient signal for  the remote measurement  of subsur face
ocean water  t empera ture  and salinity. Please comment.
Answer #6

Atmospheric scientists who have used the Raman technique to m e a s u r e
atmospheric water vapor profiles are familiar with the fact that the gas
phas e vibrational Raman cross-sect ion is usually only one pa rt in one thousand
or less of the on-frequency Ray leigh backscatter. In liquid phase R aman
applications not only is the molecular density several  factors of 10 highe r than
that of gas phase molecular  densit y,  but also the per  molecule Raman c r o s s -
section is considerably higher. For example , the Raman vibrational 0-I-I band
backscatter coefficient from distilled water is essentially equal to the on-
frequency “Rayleigh” backscatter coefficient. As part  of the wo rk on the p re sen t
contract the current  status of the information availab le on the backscat terin g
coefficients - both Ram an and on- f requency-was  researched.  The results  a re
shown in Table 2 - 1  of thi s report .

Question #7

Will salinit y gradients in te r fe re  with the measurement  of t empera tu re ?
Can salinity also be measured b y using the Raman spect rum? How accurate
are  the measurements ?
Answer #7

If the depolarization ratio is spectrally resolved over the liquid water
0-H band vibrational Ram an band, it is observed that in the lower f r equency
portion of the band corresponding to the hydrogen bonded “ployzner- like ”
structures the depolarization ratio is essentially independent of salinity and
is only a function of temperature. It is also observed that in the higher
frequency portion of the band which corresponds to non-hydrogen bonded or
“monomer-like” s t ructures, the depolarizat ion ratio is a func tion both of
salinity and temperature .

Spectral analysis of the Raman depolarization ratio thus enables
independent dete rmination of temperature and salinity. The sensitivity of
the temperature  measurement  requi res  a 1% measurement  of the Raman
depolarization ratio to obtain a 1°C temperature precision. A three part per

- 
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thousand (ppt ) accuracy in salinity requires 0. 8% and 0. 4% Raman measure-

ment accuracies in the salinity range s of 0- to 20 ppt and 20 to 40 ppt

respectively. It should be noted that a temperature chang e of 1°C and

a salinity change of 3 ppt each has the same relative effect on sound speed.

Question #8
W hat else can a high repetition rate pulsed laser Raman lidar sys tem

measure, if it is fully developed to measure  water tempera ture  and s alinity ?

Answer #8

The Raman backscatter from the water can also be analyzed to determine

transmission as a function of depth. In addition the on-f requency re tu rn  can

be utilized as a bat hymeter and as a wave profi ler .  Also, if employed f r o m

an airborne platform the same basic system can measure  atn~ ~p i~~- ric

temperature, water vapo r , transmiss ion , and wind profiles. The above
• described multi-mode utilization involve s mainly additional ~

— - .~t :e for  data

interpretation with relatively mino r addit ional hardware c osts

Question #9
What depth resolution is possible?

Answer #9

The depth resolution depends on the laser pulse durat ion , the receive r

band width and the properties of the water  transmission medium, especially

the refractive prop e rties of the sur face, i. e. the air-water  interface.  Off - the -

shelf laser and rec eiver systems hav e demonstrated 30 cm resolution in

bathymetric lidar systems which are gene r ically similar to a t empe ratu r c/

salinity lidar system. The effect of the surface  was discussed in the Answer

to Question #1 , and the results obtained f rom the investigation during this

reporting period are shown in Figure  3-5.

Question # 10

Can the laser Raman m ethod detect ice and measure  its t empera ture?

Answer #10

Yes. The laser Raman technique has been shown W capable of detecting

ice and measuring ice temperatures in the range from 0°C to - 50°C. The

physical principle is the measurement of Stokes to anti-Stokes line ratio s in

• ice, which are  func t ions of temperature .

- .~~~~~~~~~~~~~ • • •
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Question #11
Can a laser Raman system be built to produce measurements with an

accuracy of 1% or better in a real  world field environment as contrasted to

what might be achieved in a controlled laboratory environment?
Answer #11

Laser Ram an systems have been built for remot e measurements in field

environments and have achieved accuracies under such conditions of 1% or
better. Such a system is the laser Raman combustion diagnostic system~

2
~~

that was installed and operated by CGC in the Air Force Aero Propulsion

Laboratory. The combustion diagnostic system has a “measurement index”
(i. e. ratio of laser photons transmitted to Raman photon collected) of

compared to .-10~~~ for a laser Raman water temperature/ salinity measure-

ment system. On the basis of “measurement index” a water t empera tu re/
salinity field system is a more conservative und e rtaking than what has alread y
been demonstrated and operated under field conditions.
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4.0 CONC LUSIONS AND RECOMME NDATIONS

This section summarizes the various major conclusions and
recommendations that were developed dur ing  the course  of the new work
performed on the subject contract .  The following items are a r r anged
in the approximat e order  in which they are d iscussed  in the Technical
Summary Report.

~4quid Wate r  Raman Cross-Sect ion.  A new value for  the Raman
cross-sect ion for liq uid water appeared in the recent l i tera ture W

tha t is a factor of 5 greate r than that previously reported.  The
‘ implications of this higher value should be fac to red  into fu tur e sys tem

design considerations.
Ice Measurements .  It has also been repor ted in the recent

li terature W that the t empera tu re  of ice can be measured  with Rarnan
scattering. A mult i -purpose Raman inst rument  is conceivable which
remotely measures  ice tempera ture  in addition to liquid water  t empe ra tu r e
and salinity.

Surfac e Wave Refract ion Effects .  It was concluded that since sur face
wave refraction effects are of a relatively mino r importance to both
polarization measurements  and to the depth and lateral resolution that is
attainable, no attempt should be made in the initial experiments to improve the
accuracy of the meas urements  b y correlation on a laser pulse to pulse
oasis of the corresponding wave ang les. Even for  worst  case Stokes
limit waves of H/ L  = 0. 143 the uncorrected e r rors  are  0.6 °C tempe r a ture ,
2.8 pa rts per thousand salinity and 0.3% in depth resolution.

Dçpolarization by Transmission in Natural  Waters .  An important
conclusion is that the polarization cont ent of a beam of lig ht is preserved
essentially until the last photon has been absorbed , i. e. the attenuation
coefficient is very  much larger , the orde r of 100 times larger , than the
depolarization coefficien~~~

1
~Experiment s sho u ld be carr ied  out and are being

planned to stud y the extent of the natural variability of the proportionality b etween -

and K. This information will defin e the residual temperature and salinity

-67
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uncertainty that can be expected from a Rarnan measurement. Estimates

are that w ith a 10% uncertainty in the value of the proportionali ty

constant between and K an uncertainty of 0. 1°C in t empera tu re  and

0. 7 parts per thousand in salinit y will result.  Experiment s should concent ra te

on the variability and the uncertainty in the ratio of P to K for various

types of natural  water .

Depolarization by Transmission-Theory. Basic Mie scatter calculations

confirmed the relatively weak , i. e. p
5 -~~~ 0.01 K depolarization that had

been experimentall y observed in the forward dir ectio t$.11~rhe conclusion

from the work is that direct  experimental measurement s of depolarization

in various types of sea water  would be mo re us eful than f ur t h e r  complex

and idealized calc ulations.

Differential Attenuation and the Need f o r  Multiwavelength Polarization

Detection. A simultaneous mult iwavelength detection or wavelength

scanning detection capability is r equ i red  if a reasonable depth capability

is to be obtained even usin g a polarization ratio method. An expe r imen ta l

wavelength scanning capability with a wavelength re solut ion of a few

tenths of nanometers  is necessary.

Also , there is a requirement  for a tunable laser  source  to position

the Raman water band at or near the minimum of the diffus e attenuation

(K) vs. wavelength curve. Both considerations were factored into the

experimental plan.

Non-Raman Pkvto n Nois e Sources. The ambient background

illumination should be separatel y samp led betwe en laser pulses in both

polarizations. Also , experiments will be designed under the proposed plan

to measure  the laser induced f luorescence to Raman ratio as a function of

of laser excitation wavelength for a variety of coastal waters .

Experimental App~~ratus Design. The conclusion is that suitable

laser  Raman equipment is now available at CCC for conducting meaningful

experimental studies. An especially important aspect of the experimental

apparatus design is the availability of an operational re search  vessel,

the Makai , which is cu rren t ly outfitted to conduct laser Raman experim ents

in coastal waters.
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Preliminary Experimental Raman Data Obtained From Natural

Wate rs .  Temperature  measurements  f rom Ram an spectra wer e obtained

from natural  waters  aboard the Makai which agreed with laboratory

calibrations. The f luorescence to Ram an ratio in the waters s elected

for experiments was ve ry  low.

Experimental Field Test  Plan. The coastal areas in the Gulf of

Maine region offe r a sufficient variety of well documented coastal waters

so that meaningful experiments can be carr ied out in this region.

I., 
3

• 
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APPENDIX A

PHYSIC AL AND MATHEMATI C AL JUSTIFiCATION

1.0 INTRODUC TION

This app endix describes the physical basis and the mathematical just if icat ion
for the airborne subsurface temperature area profiles.

2 .0 BACKGROUND

Liquid water  is one of the most common sub stances on the earth , it is necessa ry
for  life and is of wide practical utility. Because of its basic importance to man ,
wate r has been the subject of considerable scientific inquiry and its spectroscopy
is , in general , well understood.

The H20 molecule is highly polar and possesses a large dipole moment. This
fact together with its atomic composition allows the H2 O molecule in the liquid
stat e to interact with other nearby H20 specie s and form hydrogen bonds. An
individual H20 molecule may participate in a maximum of four hydrogen bonds -

one for each H-atom and two for the 0-atom.

The fact that liquid water contains hydrogen bonding is apparent f rom its infrared
and R a.man spectroscopy. The fundamental vibration frequencies due to the 0-H
bond occur at 3652 cm -i ( symmetric stretch) and 3750 cm -’ (asymmetric s tretch) .
The 0. . .H hydrogen bond that occurs  in the liquid stat e pert u rb s the fundamental
frequency, so that the infrared and Raman spectra due to 0-H in liquid water  show
spectral broadening and shifts to lowe r frequencies i’- the 3400 to 3500 cm ’ range.
Sinc e the hydrogen bond is relatively weak, having an energy of only a few kcal/
mole , the extent of hydrogen bonding in liquid water is very sensitive to tempe r-
ature. By monitoring the Raman spectrum of water in the 0-H stretch region,
this variation in s tructure due to the mobility of the hydrogen bond s may be
observed and provides a means for measuring the temperature.

• Walrafen (References Al , A2 , A3) was one of the f i rs t  to observe the fact that the
Rainan spect r um of liquid wate r in the 0-H stretch region shifted toward longer
wavelengths with increasing temperature.  It was also observed that a much
smaller red shift occurs  as ionic species , e .g .  Cl-ions , are added to the water.
Both of these phenomena, as weil as additional spectroscopic information and other
data have been used to suppo rt the hypothesis that liquid water contains H 20
clusters held together by sub stantial hydrogen bonding in rapid equilib rium with
monomeric H20 molecules. As the water temperature increases , this equilibrium
shifts to a larger fr action of unbonded u nits. Analogously, as the ionic concen-
tration is increased, the hydrogen bonded structures would be decreased since
more H20 molecules would be needed to cluster around the ionic species.

3.0 TWO COLOR METHOD

This model is shown in a heuristic manner in Fig. A-i. Liquid water  is considered
as b eing composed of two species, polymers which are hydrogen bonded and
monomers which are not , both in rapid equilibrium with each other. Each species
has its individual Raman spect r um proportional to its concentration as shown in

Al
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the schematic; the total observed R arri an spectrum being composed of the sum.
Simultaneous measurement of the Raman spectra at the two wavelengths 

~ 
and

~ 
provides a measure of the concentration ratio, and through the equilibrium

constant, the temperature.  Such a two-species mixture  model of liquid water
has previously been successfully used in interpretin g soun d absorption measure-
ments (Referenc e A 4 ) ,  and in f ra red  (References AS and A6) and Raman (Refer-
ences AZ and A7) spectroscopic studies .

Chang and Young (Reference A8) experimentally demonstrated the feasibi l i ty
of the two color technique in a series of laboratory measurements.  They used
a N2 pum~ ed dye laser to obtain a laser source with a wavelength between 4200
and 4600 ~. In an extensive series of experiments Chang and Young studied
the sensitivity of the temperature measurement to the loc ation of the two
detected colors and to changes in water  salinity.

Some of the major conclusions of this feasibility study were:  ( 1) ove r a wide
rang e of temperature  (0-50°C) the technique was linear with temperature, (2)
two colors could be found which maximized the t empera tu re  sensitivity and
minimized the salinity effect, (3) a measurement  sensitivity of 1% per C° was
demonstrated and (4) a two color field system for wate r t empera tu re  measure-
ment was found to be feasible. The differential attenuation of the Rarnan band
at depth s corresponding to several attenuation lengths was identified as
requiring an independent measurement  of transmission as a fun ction of wavelength
as a calibration requirement in the two colo r method.

4 .0  DEPOLARIZATION METHOD

As mentioned previously, liquid water may be considered as a mix ture  of
species which are completely hy drogen bonded and those which are not. The

• former possess symmetric s t ructure  and vibrations and would be expected to
preferentially scatter polarized radiat ion. Henc e, in the same way that liqui .d
wate r s tructure is reflected in the shape of the Raman spect r um, similar
information is contained in the polarization of the scattered radiation.

Porto (Reference A9) has shown that the total Raman intensity, I, as a. function
of scatt ering angle, 0 , is given by the expression

1 ( 8 )  
k 1 0 + 7

waere  10 is the intensity of the inc ident radiation and a and ~ are the isot ropic
and unisotropic part of the differential polarizability tensor. a and ~ are
r s t-ated to the molecular polarizability and are temperatur e dependent . For

~b ..rvat ion of backscatte red radiation, 0 = 0. For linear polarized incident
ra 1tat~on, a depola r ization ratio can be defined

I
-
,
-. ~

I ,, 
= 

45~~~Z 
+ 4~ 3 2

A3
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where I, and I , are the parallel and perpendicular polarized polarization
intensities. As has been shown by Murphy and Bernstein (Reference A7)the bulk of the Raman re turn  for water is composed of I , , .  Hence~~ is
a small number and the accuracy of such a measurement is inhereitly low.

However , circularly polarized light can be used for Raman scattering, and in
an analogous manner to the plane polarized radiation, the scattered r eturn
will contain components of both circular polarizations. A reversal  coefficient
or circular depolarization ratio, p , can be defined and related to the linear
depolarization ratio (Reference Al 3~

_ _ _ _ _  

2p~
Pc = 1r 1 -p~~

when J1 and ‘r are the left and right circularl y polarized return respectively.Sinc e,~ � 3/4, fl~ � 6 and is a more accurate measurement  of water
temperature  than -~~

Chan g and Young (Reference A8) were able to determine the c i rcular  depolari-
zation ratio of liquid water as a function of temperature.  They found that the
r atio was app r oximately linear over a temperature rang e of about 10-45°C and
determined an average sensitivity of about 1%/C° which is comparable to the
maximum sensitivity observed for the two color method. In additiQn , they
found that the circular depolarization ratio varied with salinity, but were  able -

to find wavelength regions where  the salinity effect was minimal and could be
neglected for all but the most accurate measurements.

The performance of the tempera ture  measurement system utilizing the depolari-
zation ratio will be degraded by any ~nca1ibrated effect which depolarizes either
the laser beam or the Raman scattered b eams. Particulates in the ocean will
caus e some depolarization by single and multiple off axis scattering. Single
scattered light scat tered at very small angles , e. g. i0 3 radian s, will be
collected by the receiver. Scattered light at larger angles can be collected

when multiple scattering occurs. The off axis scattered light from a particle
in general will be elliptically polarized. Because the na tu re  of the scattering
in the ocean cannot be universally characterized, the temperature sensitivity
of the system will be degraded. Chang and Young perfo rmed experiments to
determine the degradation of system performance.  Their estimate was that
small angle scattering would introduce an absolute temperature uncertainty
of 0. 3°C per  attenuation length. Thi s uncertainty is independent of laser
power or integration time.

5.0 NUMERICAL CALCULATION

The number of Ram an photoelectrons collected per second by an optical detector
in a pulsed laser backscattering system can be expressed by the following
equation:

A4
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T~~~1 T~X 2

- 
where: . 

-

N PE = number of Ram an photoelectrons detected

N LASER = - number of laser photons per second

NSCAT = den sity of molecular scatters of a given species

Rarnan scattering cross-section per particle -

per steradian

1A R = range resolution

= detection solid ang le

pe = photoc athode photo electric efficiency

optical system efficiency

T-,~ ~ 
T = two-way transmission, T 

~ 
at laser wavelength

T~~~2 at Ram an wavelength -

It can be seen from the above that if the transmitter and receive r system -

• parameters are  known and if the R axn an scatterer has a known cross-sect ion
and density , such as liquid water , then a measure  of the Raman scattering
from a single range cell can be used to determine the two -way t ransmission
to that range cell. The system thus act s as a single-ended tran smissometer .
The Raman technique for transmission measurements in the atmosphere has
already been demonstrated by Leonard and Caputo (Reference AlO) .  -

A calculation was carried out for  the baseline Raman system using the above
rang e equation with system parameters that assume s ta te -of - the-ar t  well
engineered component s. The parameters  assumed are listed in Table A-i
with a brief rationale for the particular choice.

The product of the systeqi parameters shown in Table A-i  yields a total Raman
signal return of 3.5 x l0~ photoelectrons per second with the as sumption of
unity two-way transmission loss. As has been previously shown, (Referenc e A l l )
in a well engineered Raman system usin g a pulsed laser , the limiting noise can
be reduced to the “ shot noise ’ in the laser induced signal itself . Therefore , the
S/N ratio can be given by the square root of the total number of photo electrons
collected in a given measurement interval. If the signal. in the above calculation
is assumed ~o be equally divided between the two polarizations a basic S/N of
(1.75 x lOg)  1/2 or 418 would be available. Based on a measurement
sensitivity of 1% per C° (Reference A8). This would mean that a temperature
precision of (1/4 18) x 100 ~ 0. 3 C° would have been achieved.

The ability to achieve depth penetration depends critically on the attenuation
coefficient of the part icular  water and is highly variable among open ocean,

A5 
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continental shelf and coastal waters. Table A - 2  lists the various types of
ocean waters with values of attenuation coefficients, optim um transmission
window range s and the rate of laser beam power loss in dB per meter.

TABLE A-i

• 
BASELINE SYSTEM PARAMETERS

System Value
Parameter Assumed Rationale

17 photonsN 2 .3  x 10 This value corresponds toLaser sec
0. 1 watt of average power
at 4600 £. Commercially
available N2 -pumped dye
lasers have this capability .

N 3 x i0~~ ste r~~ m ’ This is the latest publishedScat Ram an value for th~ experimentally
measured total Raman
liquid water backscatter
coefficient . (Re fe r ence  A8)

~ R 1 meter Corresponds to minimum
depth resolution set by
pulse duration of laser.

ci • io 6 ster This collection solid ang le
corresponds to a 30 cm
effective diameter
collector on a platform
300 meters abo ve the
scattering volume.

S x l0~~ Typical overall opticalop pe and photoelectric
quantum efficiency.

A6
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• APPENDIX D

DEPOLARIZATION CALCULATIONS

This appendix summarizes calculations which show the scaling
of the depolarization produced b y small ang le scattering dur ing
transmission of light throug h natural oc ean waters  as a noise
source in addition to the depolarization produced by the wate r
Raman scattering.

Consider a beam of light with polarized component I~~ and
unpolarized component ‘u incident upon a transmission ri~ediurn
characterIzed by a d ifferSntial depolarization coefficiánt P~ defined
by the following expression:

dlp 
-

dx ~~~~~~~~~~~~~

At some transmission distance, X 1, the polarized component
will become

I = I e~~ s X 1p 1 p0

and the unpolarized component will increase to become

I = I + I ( l _ e ~~ s X 1)
u1 u0 p0

(The above argument neglects attenuation and assumes a homogeneous
medium. )

If at the transmission distance , X 1, the Ram an backscattering process
is  now allowed to occur the pola rized component I~ will be converted
via the Raman process into two orthogonal polariza1tion components , ‘A
and IB

where = IA / lB and 1A + 1B
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The resultant polarized and unpolarized components pre sent
following the Raman process are therefore

S I I -

l + P R 
P 1

I = I - + 
2~ R 

~Li
2 

U
1 i+ P R P1

If the receiver is co—located with the transmitter, the Raman
scattered light undergoes fu r the r  depolarization during transit
through the wate r from the trarhsmission distance, X 1, back to the
transmit ter /receiver  location. The return signal is 5thus

I = I
Pc P2

- I = I + I (1 — e
_ 1

~c
X 1)u c U

2 p2 -

Or expressing the return signal in terms of the initial conditions

1~
. 

= 
1
~0 ( 

~ ~ 
R ) ~ 

2 Pc X 1

1 = 1  + i 1~~~~ 
_ (

~~~ ~~~~~~~~~ e
u~ U0 ~~ ~~ \ l + P R

1
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Analyzers  sensitive to orthogonal polarization components would
then detect for maximum polarization ratio, two polarization components,

and , as follows:
1 2

i = iM 1 p 2 U

- 1

2 1

where the overall depolarization ratio for the two-way water transmission
and the Ram an process may be states as

- 

(1 ~ R \  Z P ç X 1

= = 1 — 

2 
\~L+PRJ 

e

l+(~_i~~~ \ e:2 b 0c )C 1 + ±~.
- \1 +/ ~R/  ‘p
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EXPERIMENTAl. P.EMOTE SENSING OF SUBSURrACE TEMPERATURE oIN NATU RAL OCEAN WATER
- ID. A. Leona rd, 3. Caputo and R. L. Johnson

Computer Genetics Corporation , La~esld. Office Park . Wak efie ld, Massachusetts 01880
0

F. Z. Hoge -

‘ 4 1NASA Wallops Flight Cent.,, Wallops Island, Vir ginia 13337

A laser Razna n lidar system was assembledAbstract. A remote sensing laser Ram an and operated to obtain P.aman spectra of oceanba~iiscazreziasg technique his made the f irst  wat.r aboard the Computer Genetics Corpora-field measurem ent,, from a boat, of subs ur face ties research vessel Makai. The purpose oftemperature in natural ocean waters. These the .ffort was to demonstrate remote subsurfac eresults and the measurement systems rapidly - temper atu re measu reme nts in natural wnturs.dev eloping from them open wide a r eas of Although Laboratory experiments bad been pe r-exploitation. The teclylicue utilizes the obser- for med previously, Reman temperature mea-varies of the 3400 cm 0-H stretching Ra man surem ents of natura l ocean wate r had neverband of liquid water. The spectral dat a were befo re been obtai ned under in sit u conditionsanalyzed to obtain the subsurface water temper- and the re were unanswe r ed quest ions as to theasure  In accordance with previous labo r ato ry e~~ent to which naturaUy occurring inter-studies. The importance of such a measure- ference s, such as fluorescence, wou Ld place ament by the Ramas scattering techniqu e Is that Limit on the accur acy and the resolution of theit now enables depth resolved pro files of ocean laser Raritan technique especially in coastal
sensing from airbo rne platfo rms that Can be des t~~ ed to answe r th ese quest ions. This paperadapted for  applic ation to many p rob lem areas reports initial results.

water temperatur e to be ootained by remote send . As expe rimental prog r am has been

of phys Ical ocsan ograp hy, met eoro logy , c llxna- The bLo ck diagram of the laser Raznan systemtology , ocean technology, and thermal dis - t hat was operated aboard the Makai is shown incharge management. An accuracy of +2°C has Figure 1. The laser source was a pulsed sitro-been obta ined In the initi al field experiments.
A mere r efined system has bees designed which gen laser oper ating at a wavelength of 337. 1

nanomete r s and p r oducing pulses of 100 kilo-will permit accuracies of b etter than ± 1°C in watt s peak power with an effective pulse dura-the first  one or two optical attenuation lsngth s 
2 ties of 10 nanosecond s at a pulse repetition rateof depth. 
~ of 500 Hertz.

The output from the las er is passed through anTb. purpos. of thi s communication is to re-  
~ interference filter which passes the 337. 1 nmport the first successful depth resolved remote 

CON lase r line with high efficienc y but blocks spun.sensing mea suremen t s of sub s urface ocean tan.o~ .s emission occu r ring in the laser gaswate r temperature in a boa tbor ne field exper t- discharge ij the 0-H P.aman spectral regionment. Such measurement s have str ong 1mph - near 3800 ~t. ~.n attenu ator is also placed in th ecations fo r research and technology in the gen- 
6 laser bears to prov ide a beam power att enuationer al areas of ocean and coastal phy sics, ocea n- of the orde r of XlOO so that a ph~to~ coun_ttngograph y and weather and climate predic tion and dete ction system previously employe d in atmos-in thermal pollution management. The temper- 

~~ pheric Rasnan measur ement app lications systematu r e measurement was obtained by spectral 
could be used In the liquid water studies.analysis of the 3400 cm- 1 0-H stretching Raman 

As shown in the bloc k dia g ram a bistaticb and of liquid water in accordance with prev i . arrangement Of the trans mitter and rece iverously reported labo r atory experiments optics function, to define a volume of subsurface(Wa lr afen , 1961; Schwtesew , 1971; Chan t . at al 
wate r from which the laser R axn ac scatt ering is1974J . detected. Operation In such a bistatic mode is

The phy~tca 1 basis of the measureme nt is the adeq uat. for exp .rimen~ .1 studies in the first
fact that (a) liquid water exists in at least two few ten s of znet srs of depth. This conAgu.ration
forms , mono mers and dbners; (b) the two is being modified for deeper penetration applica-
forms ar e in chemical equilibrium as a function ties by utilizing electronic rang e gating tech-- of temperature; (c) the 0-H Ram a.n stretching ntqiies and ~~more suitable blue -green laser
freque ncy is signific antly different for lbs mono - wavelength.
m. r and d ir tier form s; (d) the relative conceit- The photon s collected by the receiver optics
t r at ion of monomer vs. dIme: can be determined are pas sed through a double 1/4 mete : focal
fro m the Raman spectrum and , thus , the temp- length scannin g spect:o mst. r having a 0. S nano-
era tar e can be inferred . meter spectral reso lut ion. The wavelength-

Tb. major advantag. of the Raman scatter ing scannin g of the spectro meter is contro lled by the
remot e sensing technique, especially when compute :. The function of the spe ctrometer is
adapted to airborne vers ions, l.a that it can to produce a spectral scan of the Uquid wets:
rap idly and economically measure sub surf ace Raman 0-H stretching band with sufficient
water temper atur e profiles over large areas , resolut I on so that the monomer and dime r com-
As such it has dir ect sppll1cetion to the elucida- ponents can be resolv e d and a temperature
tine of such specifi c tem pe r ature re lat sd pr ob- dete rmined.
lems (among ethers ) as input to sea-4i r inter- The Riman photon output from the spectrom-
action modeling, the physics of oceanic meso- ‘eter is detected by a RCA 1P LZS pbotorn ultt-
scal, systems , behav ior of ocean front s and pU.: and amplified by an Ortec Model 454

e ether mixed layer dynam ic s , synoptic behav ior timing (Liter amplifier. Tb. conditioned Reman
of sound prop agation , monitor ing of therm al photon sig nal and a gate pulse suitab ly synch. ron..
discharges and validati on of ther ma l discharge laid .~d delayed with resp ec t to the laser
models , etc. firing are combined in a coincidence circuit the
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out~ ut from which La recorded using dir ect Based on the rssulls of the initial experimes.memory access (DMA .) techniques with a Data taLfield measur ements , the per form an ce o.f aGeneral NOVA 1200 computer. The number of fully develcped airbo r ne laser Raman waterpulses occurring during the sam e dat a takin g temperature mes.aur.msut system can now beinterval is also recorded. The ratio of the estima ted with a high degree of ConfideocsRarnan photons to laser pulses recorded over a usin g standard lidar eng ineering calculation,.given tin-i, interval Is the basic data obtained. The oper ating map of Figure 3 has been calcu.The data taking is fully automat ed. The laZed for a typical open oceaA measurementcomputer can be directed through the teletype situation with a mixed layer depth of 100 meters.(TrY ) to specif y the number of las er pulses The basic parameter s on the map are the nnm-ever whtch to record data at each wavelength her  of P.s-man pho toelectrons Collected as theand the ma~~mum and minimum wavelengths and ordinate with the depth as measured in attenus--the wavelength increments of each spectral scan. tion lengths displayed on the abscissa. TheThe data. obtained are printed on the TTY in der ived quantities of temperature precision in -tabular form listing ‘ wavelength”, “ds-ta”~ 0C and the depth i~ meters as a function of“cumulative data ” and “drift” . Successive water quality s-re al-so shown as alternate ordin-rapid spectral scan s to construct  a “cumulative ate and abscissa quantities respectively . Andat.a” rscord allows th. spectral Informatio n to experimentally measured (Sluslie r and Dir:  -be added coherent ly, thus , increa sing the signal 1975] CrOss.sect ion of ~~~~~~~~~~~~~~~~~~~~to noise ratio. The “drift” data record is a real cule.sr was used is the calcuL~tion,, -tim e diagnostic that allows the operator to The operatin g lines on the map are drawn for -~easily recognize during an experiment the occur-  various values of the pa r ameter M whererence of Lar ge  e r ro r  signs-is s-a soon as they
may occur. zinitial Ram s-n spectral data have been obta in- 

M (P L \  ~ a h  \ / Ied from the research vessel Makai on Novem - 1~~) (çTr,) 
~

__
~

__) T (1)be: 3, 5 and 6, 1976 and March 26 , 27 and 30,
1977 at var iou.a depths from the surface to 10 and 

~ L is the averaged laser power in watts, I
meters below the surfac e in the Annisquam a h is th0 depth resolution in meters, P. Ii theRiver , a tidal estuary in Massachusetts. A alij t~4e of the aircraft  in kilometers and I istypicaL sample of suc h data obt ained at a depth the integration time of the measure ment inU of 1 me te r  below the sur face  is shown in F igure  seconds. Thus , for  example , for a system gI

U 
2. The measur ement s were made under a high with P1., a 0. 2 watts, ah  ~ 10 meters , P. ~ Itidal flow conditio n in wate r s  polluted by kilometer and I ~ 1 second, the map paramsterindustrial and other  ur oan runoff .  It was esti- 

~~~uj d be M a 0.01. This mean s that with suchmated that the dWus e absorption coe~~icieni a system the allowed region of the operat ingwas of the orde r K 0.3 rn-1. The rang e limi- map of Figure  3 is to the left of the line lab.ledtation in this prototype bistat ic experiment was M * 0,0 1. A typical operating poise La ihowita geom.c:ina~ One dii. to th. inability to ~Ps- corresponding to a temperature accuracy oftiaLly resolve the intersection of the focussed 1°C and a depth penetration of 60 meters.spectrometer slit on the laser beam at depths Also shown On the operating map is as uppergreat er  than 10 meters. boundary labeled “voluri,, depolarization tnt.:.Figure 2 is a plot of the number of Raman ferenc e Limit”. Thi s represents the most sig .photoelectrons coUected per 0.5 nanometer nliicant int er ferenc e to th. measurement and isspectral int erval per 10. 000 Laser pulses as a caused b y depolarization due to transmission of

______________

funct ion of wavelength. Showit are two iets of Light through natu r al waters. Analysts of pub-data , the dashed curve obtained as an instiii. lished data v, 19711 has shown that ~~emeni cs-Li~ ratton in the laboratory with a water  depolarization e oct wIll prod uc e an uncertaintysample at 22°C and the solid curve obtained in is the measurement of 0. 1°C per attenuationthe Ancisquarn River water at 6°C, according length.to “ground truth” temperature readings obta in-
ed with a pat: of calib rated mercury tharrnom- 

~~~hnowLedçements. This work was supportedeter a . 
in part by NASA Wallops Flight C enter sod theA t empera tu re  can be obtained from the Offic, of Naval Research.P.s-man spectra by comp a ring the height of the

band contour at the peak, which corresponds 1° 
Referencesmostly monomer contributions, to the height of

the contour at the Inflection point on the short 
C hang. C. H., Young, L.. A. and Leonard,wavelength side which corresponds to mostly 

D. A., Remote measurement of fluid 
I

dime: contributions. These spectral features  
temperature by Raman scattered radiation,are labe led monomer and dicie r resoec tively on 
U.S. Pat ent 3, 986 , 775 filed December 26,FIgure 2. - A scale showing the height of the 
197 4.dimir Inflection poin t as a function of tempe r-

ature has been calculated from previously Duntley, S. Q., Underwit. : lighting by sub -
publ ished laboratory data (Wilraf.n, 196 1J and merged lasers and incandescent sources , UI s shown on Ti gure 2 as a r efere nce. Based on Scripps l~ stitutton of Oceanograph y Report

510.71-1, Tune 1971.this scale an Anni squsm Rive r temper ature of 
SChWIe sOW, P.. 1... , Raritan scatter ing studies4°C Is infer red from eb. spectra sod LI con. 

of pollutant systems, ~ L#~~ Paper 7-1016,sistine with the gro un d truth temperature of 
Ncvember 1971.6°C to within the sho t noise limited statistical 

Siusber , P.. 3. and Derr , V. E., Tempe ratureprecision of the Ram an measure ment which 
depend ence and cros s-sections of somewas ± 2°C. 
Stokes and ant i-Stokes Rsana.n lines in ice,
A~pUed Ontics , 14 , 2 116 (1975).

Wairalen, & E. ,~~~~ Chem. Phys ., ii, 768
I (1961).
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Fig. 3. Typical system operating map (100 meter  mixed layer) .  
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