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ABSTRACT 

Volume scattering functions for three general types of natural ocean waters have been obtained and 

are presented here. The three types of water are (1) deep clear oceanic water, (2) nearshore ocean water, 

and (3) very turbid harbor water. Also included are the results of laboratory experiments using sea water, 

filtered fresh water, and artif icial scattering and absorbing agents. The beam transmission was obtained 

for all waters investigated. A brief description of the instruments used is  given. 
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1. INTRODUCTION 

The Visibi l i ty Laboratory has, under previous contract with the Naval Air Development Center 

(NADC), Warminster, Pennsylvania, developed and constructed two instruments to measure the volume 

scattering function of water. These two instruments, plus a transmissometer, were used during 1972 to 

gather data on the optical properties of various waters. I t  i s  the purpose of this final report, under Con- 

tract No. to present the results obtained from these measurements. 
N62269-71-C-0676 

The work in the Tongue of the Ocean, Bahama Islands, was performed to determine the pertinent op- 

tical properties of the water during the time NADC was conducting a test program. The data from the 

waters off southern California and in San Diego Harbor, obtained during other laboratory project work, are 

included to show these same properties for two other types of water. Three general types of water are 

covered: deep clear oceanic water (Tongue of the Ocean), nearshore ocean water (off southern California), 

and very turbid harbor water (San Diego Harbor). The measurements made in the laboratory were performed 

to demonstrate the validity of the in situ scattering measurements and to obtain scattering measurements 

under laboratory conditions for comparison with the data obtained from shipboard. 





2. DESCRIPTION OF THE INSTRUMENTS 

A summary description of the instruments used to collect the data is  given in this section. 

2.1 LOW ANGLE SCATTERING METER 

This instrument was designed and constructed under contract with NADC in 1966. Its purpose is  to 

determine the volume scattering function for small angles. It was used by Robert E. Morrison of NADC 

during 1966 and the resultant data are included in  NADC Report No. NADC-RE-6918. Subsequent develop- 

ment and testing has led to modifications in both the photometric and optical systems and the instrument 

i s  considerably improved in i ts  reliabil ity and precision. 

The optics were modified to better define the limits of the solid angle of the measurement, to reduce 

scattering within the instrument, and to permit operation of the instrument in air in order to determine the 

scattering contributed by the optical system. Even though care was taken to reduce the instrument's own 

internal scattering, i t  i s  s t i l l  significant relative to the small angle forward scattering of clear waters, 

and i ts magnitude must s t i l l  be known and accounted for i f  erroneous high values for the small angle for- 

ward scattering are to be avoided. 

The instrument i s  shown in Fig. 1 and a schematic drawing of the optical system is  in Fig. 2. The 

projector, which has a small point source of light at the focal point of a long focal-length lens, produces 

a beam of highly collimated light. (The projected beam has a 1/4 milliradian half-angle divergence in 

water.) After traversing the sample path, the light enters an identically long focal-length lens in the re- 

ceiver and an image of the point source is  formed at i ts  focal point. The light which traverses the water 

and is neither absorbed nor scattered wi l l  fal l  within this small image. Light which is scattered w i l l  ar- 

rive at the image plane displaced from the axis at a distance proportional to the angle through which i t  

has been scattered and to the focal length of the receiver lens. In the plane of this image lies a disk with 

four special f ield stops which can be sequentially indexed into position by remote control through the ca- 

ble. The first f ield stop is a small hole which allows the light in the image of the source to reach the de- 

tector (a photomultiplier tube positioned behind the f ield stop). The other three f ield stops are annuluses. 
The annuluses have a circular opaque center surrounded f irst by a clear ring and then by an opaque area. 

The inner and outer radii of the annuluses determine the angular interval over which the scattered light i s  



accepted and allowed to pass through to  the photomult ipl ier tube. Tl~t: nominal l imi ts far the f i e ld  stoos 
in  terms o f  angular acceptance are: 

Stop No Limits (mi l l ~ rad ians )  

These l imi ts were chosen to provide an adequate and roughly equal signal level for posit ions 2, 3, and 4. 

A calibrated neutral density f i l te r  in posit ion 1 reduces the signal from the main beam to  the same order 

of magnitude as the other signals. This reduces the dynamic range which the photometer must cover. 

Figure i. Low Angle Scatteririq Me:er 
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Figure 2. Low Angle Scattering Meter Optical Schematic. 

The volume scattering function, u(8), is calculated from (see Section 3.1): 

where 

~ ( 8 )  = the volume scattering at angle 0 

P(0) = the light flux entering the sample volume and traveling in the direction 8 = O0 

P(O) = the light flux entering a small solid angle Q about the angle 0 at which 

the measurement is made 

8 = the angle of scattering 

SJ = the solid angle over which the measurement of P(8) i s  made (steradians) 

1 = length of sample volume (meters). 

The solid angle, Q ,  is limited by the angles 0,, 0, imposed by the annular f ield stops and is calculated, 

for these small angles, from Q = 2rr(0,2 - Of), where 0, and 0, are in radians. The signal, v, from the 

photometer i s  linear with the light flux, P. If v (0) is the signal obtained from P (O), v (0) i s  the signal 

obtained through a fi lter with transmission T, of P(0). and thesample path length is  0.500 meters, then 



and 

The overall spectral response of the instrument, including the spectral output of the light source, the 

spectral transmission of the f i l ter, and the spectral response of the detector, i s  shown in  Fig. 3. 

Figure 3. Spectral Response of Low Angle Scattering Meter aild General Angle Scattering Meter. 



2.2 GENERAL ANGLE SCATTERING METER 

This instrument was developed under contract with NADC in 1969. I ts purpose i s  to determine the 

volume scattering function between the l imits of 6 = lo0 in  the forward direction and 6 = 170° in  the back- 

ward direction. The instrument is  illustrated in  Fig. 4 and the optical system i s  depicted in  Fig. 5. Fig- 

ure 6 i s  a copy of a recording of the raw data for one scan and Fig. 7 i s  the scattering function obtained 

from these data. 

Figure 4. General ,p ngle Scattering Meter. 
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Figure 5. General Angle Scattering Meter Optical System. 
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Figure 6. Sample of Signal Output Obtained with General Angle Scattering Meter. 
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Figure 7. Sample of Final Data Obtained with General Angle Scattering Meter. 



The projector rotates about the sample volume from 8 = O0 through 8 = 180°. At  8 = O0 a measure- 

ment i s  made of the total power i n  the projected beam. Measurement o f  the scattered l ight  i s  made, as the 

projector rotates, between 0 = 10' and 0 = 170°, and at 180 degrees the receiver entrance i s  blocked 

and the dark signal i s  recorded. Just beyond 180 degrees the projector beam i s  blocked and a recording 

i s  made of the background ambient l ight  level. A calibrated attenuator which l ies i n  the main beam path 

at O = O0 keeps the on-axis measurement wi th in the range of the photometer. 

The instrument provides three analog voltage signals: depth, scan angle posit ion, and photometer 

signal. Two methods of data col lect ion are available. One can obtain either a continuous trace o f  photom- 

eter signal versus depth at  any f ixed angle between 10 and 170 degrees or a continuous trace 

of photometer signal versus scattering angle at  a f i xed depth. An x-y recorder i s  used to  record the data. 

The photometer spans almost s i x  orders o f  magnitude wi th an output from 0 to  10 volts. This dynamic 

range i s  required to  handle the large signal excursions encountered in th is  type o f  measurement. The 

photometer can be operated either in a l inear or logarithmic mode. The logarithmic mode i s  not truly loga- 

rithmic, however, and it i s  necessary to  use a calibration curve. No calibration curve i s  required when 

using the l inear mode. 

The volume scattering function in absolute uni ts i s  obtained from the expression (see Section 

where: 

P (8 )  = the power scattered into the sol id angle R in  the direction 0 

P(0 )  = the total power entering the sample volume 

R = the sol id angle over which P (0 )  i s  col lected and measured 

1 = the distance through the sample volume in the  direction of P(0) .  

The length 1 i s  determined by the width o f  the receiver beam and the angle 0. Introducing the con- 

stants of the system we can calculate a(O) from 

c, P(0 )  
n ( 0 )  = c ,  . T, . - . - . Fv (0 )  sin O . 

T,P(O) C, 

where: 

I = a constant o f  the system geometry and includes the so l id  angle R and the 
length 1 at O - 90°(  C - 111 . R = 1.76 x l o 4  m-I  s r - I )  

2 
= a constant determined by the gain o f  the photometer 



f = the transmission of the attenuator located in the beam path at 

8 = O0 (Tf = 5.62 x lo-') 

Fv(0) = a volume correction factor which allows for the slight divergence of the 

receiver field of view beyond the midpoint of the sample volume 

T, P (0) 
= the relative value obtained from the photometer at O0 

c2 

p (0) - = the relative value obtained from the photometer at 09 
c 2 

The light source used i s  a tungsten-halogen lamp operating at a color temperature of 2900 degrees 

Kelvin. The detector i s  a photomultiplier tube with an S-I 1 response. The spectral response of the in- 
strument i s  shown in Fig. 3. 

The transmissometer, used to determine the beam transmission properties of the water, was de- 

veloped at the Visibi l i ty Laboratory and has been used extensively to collect data in natural ocean waters. 

I t  measures the transmittance of a 1-meter sample path of water. Figure 8 i s  a photograph of 

this instrument. 

The optics of the projection system are designed to place all of the projected light within a well- 

defined narrow cylindrical volume. In a similar way, the receiver optics l imit the "field of view" to a 

cylindrical volume which contains the illuminated path. The instrument i s  relatively insensitive to am- 

bient light. To shorten the instrument and allow all of the optics and underwater electronics to be located 
in one housing, a porro prism i s  used to fold the beam path. 

The light source i s  a 20 watt tungsten-halogen lamp and the detector i s  a silicon photovoltaic cell 

operated into a low impedance circuit to obtain linearity and a low temperature coefficient. A Schott 

BG-18 glass f i l ter i s  used to block the near infrared light and Wratten gelatin fi l ters are used to further re- 

strict the spectral bandwidth of the instrument. The spectral response of the instrument with five dif- 

ferent fi l ter combinations is  shown in Fig. 9. An internal reference path enables the operator to monitor 

the overall system sensitivity during the data-taking process. With a sensitivity adjustment he can return 

the reference reading to i ts  proper value and thus compensate for any changes in lamp output or cell sen- 

sit ivity due to temperature or fatigue. 

With the addition of a temperature probe and by using a winch with sliprings and an x, y, y1 recorder, 
a continuous recording of the vertical profile of transmissivity and temperature versus depth i s  rapidly 

obtained. 





400 500 600 
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Figure 9. Spectral Response of the Beam Transmissometer. 





3. CALCULATIONS 

3.1 VOLUME SCATTERING FUNCTION, u (0)  

The scattering function u(8)  i s  defined as 

dJ (0) 
ate) = -, 

HdV 

where dJ(8) i s  an element of radiant intensity scattered in the direction 8,  dV i s  an element of volume, 

and H i s  the irradiance received by the sample volume. Both the sample volume and the small solid an- 

gle, within which the radiant intensity i s  measured, are determined by the optical geometry of the instru- 

ment used. For an instrument which must have a finite sample volume and which collects the energy scat- 

tered at angle 19 over some solid angle, Eq (1) may be rewritten as 



where: 

P(8) = the power scattered into the sol id angle Q ( 8 )  in the direction 0 

P(0)  = the total  power entering the sample volume 

V = the sample volume 

Q = the sol id angle over which P(8)  i s  col lected and measured 

A  = the projected area of the sample volume, V,  as seen in the direction of P(0)  

1 = the distance through the sample volume in  the direction of P(0). ( A  photon 

has a chance of being scattered into the so l id  angle, Q ,  whi le traveling 

th is  distance.) 

The measurements made wi th the two scattering instruments allow the rat io P(O)/P(O) to  be com- 

puted. I t  i s  not necessary to  know either P(O) or P(0)  in absolute terms. The length, 1, and the so l id  

angle, 12, are determined by the geometry of the instrument. The application o f  Eq (2)  to  each of the scat- 

tering meters i s  described in Sections 2.1 and 2.2. 

3.2 VOLUME SCATTERING FUNCTION CORRECTION 

The definit ion of the volume scattering function involves the concept of an elemental volume (see 

Section 3.1) 

d J  ( 0 )  
u ( 0 )  = - 

HdV 

However, in any workable instrument used to  measure scattering, the sample volume w i l l  have a f in i te  s ize 

and u (0)  i s  obtained from the computation (see Section 3.1 ) 

where P(O)  is  the power scattered into the sol id angle !d in the direction 0 and P(0) 1s the tota! 

power entering the volume. The scattered component P(0)  i s  measured leaving the sample volume; the 

irradiating power P  (0) can be determined either entering or leaving the sample volume. 

We are now faced wi th  the question of which value to  use for P(0)  in order to  calculate tne value 

of the ratio P(O)/ P(O), used t o  determine ~ ( 0 ) .  Neither l imi t ing value for P (0 )  i s  correct. The desired 

ratio fa1 Is somewhere between these l imi ts,  and the error involved depends on the properties of the water 

and the sample path length used. Both of the scattering meters measure signals, from which th is  rat io i s  

determined, after the l ight has traversed the sample path. When, by necessity, we use a sample path of 



f inite length, the signals measured are affected by properties of the water other than those we 

are attempting to measure, and we are not conforming to the definition of the property we are measuring. 

This error is small i f  the sample path length is short or the water very clear, but it can be significant 

when the instrument has a long path length, as is the case with the low angle scattering meter, and the 

water is turbid. 

To analyze this problem we wi l l  make use of the terms a, a, and s, where a is the beam volume at- 

tenuation coefficient, a is the volume absorption coefficient, s is the total volume scattering coeffi- 

cient, and a = a + s. Distance also must be considered and a postscript w i l l  be used to indicate path 

length. The parenthetical attachment w i l l  be used to indicate angular dependence. The ratio written 

P (8)  / P (0 )  with no distance indicated w i l l  be used to represent the correct or corrected value that wi l l 

give the correct result for ~ ( 6 )  when used in the computation 

A sample volume, with length 1, is illustrated below: 

where 

P (0 )  = the light flux entering the volume 

P,(O) = the flux leaving the volume and traveling undeviated from the direction of the 
entering flux P ( 0 )  after traversing thedistance 1. I t  is the flux remaining 

which has been neither scattered nor absorbed. 

P, (8 )  = the flux leaving the sample volume which has been scattered into a small 

solid angle C! in a direction 8 with respect to the entering flux P(0) .  

The relative values for P(O), PI (0),  and P,(O) are measurable quantities. The component P1(8) 

has been attenuated while traveling the distance, 1, and therefore the ratio P,(O)/P(O) i s  too small. The 

component P,(0) has also been attenuated while traveling the distance, 1, but part of this loss is  due to 

scattering. A proportionate part of this scattered light is contributed to P,(O) and it seems that the ratio 

P,(O)/P,(O) w i l l  be too large and the desired ratio P(O) /P(O)  w i l l  fa l l  between these limits: 



The desired ratio, P(B) /P(O) ,  i s  that which makes P(O) /P(O)  . 1/1 equal t o  the l imi t  that 

P,(B)/P(O) . 1/1 would approach as the sample path length i s  decreased to  zero. The P(0 )  i s  constant 

and we can write 

p (0)  p1 ( 0 )  - = lim - , 
1 1 + 0  1 

where P,(O) i s  the power leaving the sample volume of length, 1, and entering the sol id angle, R ,  in  the 

direction 0. The l imi t  P ( O ) / l  i s  the power which would b e  scattered in the direction 0 wi th in  the 

so l id  angle !2 as a result o f  P ( 0 )  traversing a uni t  length of water i f  no absorption occurred. To account 

for th is  absorption, w e  can use the volume abscrption coeff icient, a, and wr i te 

The l ight leaving the volume, P,(O), - -. i s  that remaining port ion of P (0 )  which has been neither scattered 

nor absorbed. The total  volume attenuation coeff icient, a ,  relates these two: 

Div id ing Eq (3)  by Eq ( 4 )  gives 

I f  P (0 )  were the measured quantity instead of P, (O), the applicable form would be 



When a scattering measurement is made using a finite volume of water, an unavoidable error i s  
caused by absorption in the sample volume. If the instrument used has a sample path length that i s  small 

relative to the attenuation length, ( l /a) ,  of the water, this error i s  small and is  probably less than the in- 

strumental errors and time-varying fluctuations. I f  the measurement i s  made using a path length that i s  

not small relative to the attenuation length, the results can be corrected by applying the factors indicated 

in Eq (5) or (6). If the measured data is used to determine the total scattering coefficient, s, then it is  

necessary to use an iterative process which wi l l  produce an s value that agrees with the s value used 

in determining the correction factor. 

The statement that the P,(O) signal is attenuated by absorption and by an amount equal to e-al 

may not be strictly true. Where the path length is  about one attenuation length or more, multiple scatter- 

ing effects may also affect P,(O). If this i s  the case, the correction factor (for Eq (5)) would l ie  some- 

where between e-"l and e-al. For the most turbid water investigated, i.e., a = 2.19, s = 1.928, and 

a = 0.262, the path length of the low angle scattering meter (0.5 meters) i s  very nearly equal to one atten- 

uation length. In this case, e-a1 is within 14 percent of eFsl and the error would be less than this. It 

should be noted that this applies only t o  the three points obtained with this instrument and that the affect 

on the computed total scattering coefficient i s  negligible. 

3.3 COMPUTATION OF THE TOTAL VOLUME SCATTERING COEFFICIENT, s 

It can be shown that s = 2n u(8)  . s ine .  do*, where ~ ( 6 )  i s  tile volume scattering function dr 
at angle 6, and 6 is the scattering angle measured from the forward direction of the incident light. 

This integration was performed by computer using a parabolic f i t  between data points. To bridge the 

gap between the 10-degree data point (lowest angle obtainable from the general angle scattering meter) 

and the 0.338-degree point (highest angle from the low ang le scattering meter), one to three values which 

fel l  on a smooth curve between these points were hand-computed and used as inputs to assist in the curve 

fitting. For computer processing, the form of the integral was changed as follows: 

* J.  E. Tyler and R .  W. Preisendorfer, The Sea (Interscience Publishers. John Wiley and Sons. New York, 
New York, 1962). Vol I. 



This al lows the use of logarithmic increments in the integration for the low angles. The integration was 

performed using the fo l lowing increments over the angular ranges indicated. (From 0 to  0.1 degrees the 

function was assumed t o  fo l low the form log u (0)  = m log 19 + log C. The constants were determined from 

the data for the two lowest angles obtained wi th  the low angle meter.) 

Angular Range (degrees) Increment No. of Steps 

0.1 to  10 d (log,,B) = 0.01 200 

10 to  180 1 O 170 

The eWs1 correction discussed in Section 3.2 was applied t o  a l l  computations through an iterative 

computer program which assumes an s value for the e-"' correction and applies th is  correction to  a l l  

n ( 0 )  values. The assumed s was then compared wi th the computed s. I f  they differed by more than 0.1 

percent, the process was repeated, wi th the new assumed s being the prior computed s. This was con- 

tinued unt i l  an agreement of 0.1 percent or better was reached. 

3.4 DETERMINATION OF THE ANGLE 8 FOR THE LOW ANGLE SCATTERING METER DATA 

The value computed for the volume scattering function a j ' l )  i s  an average value for o{O) between 

the angular l imits, 0, and H,, of the sol i d  angle, R (B), over which the measurement was made. Some 

angle, 0, between 0, and 8, exists for which n(O)  equals the average ~ ( 8 )  computed. For a linear 

function th is  would be the midpoint. For small angles the n ( 8 )  function i s  a rapidly r is ing exponential 

f unc t~on  as O decreases; and the correct angle to  assign to  the n ( 8 )  computed may not be the midpoint 

of the measurement l imits. 

Over the range covered by the low angle scattering meter, the n ( 0 )  function i s  of the form 

n ( 0 )  - Corn.  This function i s  sketched below. 



up i s  the computed average value. 

0, i s  the angle at which ~ ( 8 )  = up 

8, i s  the upper angular limit of the measurement from which 0, was computed. 

0, i s  the lower limit. 

The up i s  determined over the solid angle n(8; - 8;). This average value, up, times this solid angle 

equals the portion of the total scattering function, s, which lies within these same limits, so that 

Substituting C 8" for u{8) and 8 for sin 8, both valid for the small angles and increments involved, 

we obtain 

Now i f  



then 

and 

where 8, i s  the angle at which u (0 )  equals our measured up. For the special case of m - -2, th is  

form i s  indeterminate. When m = -2, the integral becomes 

Using th is form and fo l lowing the same steps as before produces 

for the srsecial case when m : -2. 

When m - 0, ~ ( 0 )  i s  a constant value for a l l  argles and Or, i s  not definable, but as m becomes 

very small and approaches zero, O p  approaches the midpoint: 

The exponent m is the slope of log n ( 8 )  versus log 0 and, for the waters studied, l ies  between 

m - -  0 and m -2. Below i s  a tabulation of OF values for the l imi ts 0, and 0, (imposed by the optics 

of the instrument) calculated for m = -2 and m = 0 and the 0, values used in processing the data. 



6, - 6, (radians) 6, (m = -2) 6, (Data Processing) 

For this type of instr~~ment the change in solid angle with angle 6 very nearly compensates for the 

change in volume scattering function, u(6). And the ~ ( 6 )  value calculated is the value for an angle, 6, 

only slightly different from the midpoint between the limits, 6, and O,, over which the measurement 

was made. 





4. VALIDATION EXPERIMENT 

This experiment was designed to demonstrate if the two instruments used for the in situ scattering 

measurements do in fact respond to the scattering properties of the water and i f  they are, as they should 

be, insensitive to the absorption properties of the water. 

The volume attenuation coefficient, a, i s  the sum of the total volume scattering coefficient, s, and 

the absorption coefficient, a. The volume attenuation coefficient, a, i s  easily determined with a beam 

transmissometer from T = e-a'. The scattering meters provide data from which the volume scattering func- 

tion ~ ( 8 )  i s  obtained and from which the total scattering coefficient, s, i s  calculated by performing the 

summation indicated by s = 2n (: ~ ( 8 )  . s in8 . d8. (See Section 3.3.) Since a = s + a, any increase in 

scattering would cause an increase in s, As,  and an equal increase in a, Aa. Similarly. an increase in 

absorption would cause an increase in a, Aa, and an equal increase in a, Aa, but no change in s. 

In this experiment scattering material was introduced into clear water and the resultant change in a, 

as determined with a beam transmissometer, was compared with the change in s, as determined from mea- 

surements with the scattering instruments. Ideally, the increments would be equal. Then, an absorbing 

material was added and again the resulting changes in the measured values of a and s were compared. 

Ideally, in this case, the scattering meters would indicate no increase in s although the transmissometer 

would show an increase in a. 

A test tank at the Visibil ity Laboratory was f i l led with fresh water which was pumped through a f i l -  

ter containing diatomaceous earth. The filtering was stopped and during the rest of the experiment the 

water was kept agitated and thoroughly mixed by a constantly running large diameter mixing propeller. 

The three instruments described in Section 2 were placed in the water and data recorded for three types of 

water: (1 ) clear f i  ltered water, (2) clear water with artif icially introduced scattering properties, and 

(3) water No. 2 with the addition of artif icially introduced absorption properties. 

Aluminum hydroxide and magnesium hydroxide are compounds which principally cause scattering 

when dispersed in water. A mixture of these two compounds was used for the scattering agent. The black 

organic dye Nigrosin was used to increase the absorption. When the scattering agent is added, the change 

in s, As, should ideally equal the change in a, Aa. Similarly, an addition of the absorbing dye causes 

an increase in a but ideally should have no affect on s. 



At  the start of the test  the beam transmissometer measurement indicated a = 0.102m-1 and the total  

s computed from the measurements made wi th the two scattering meters was s = 0.009m-1, which would 

make a = 0.093m-I. After adding enough scattering material to  produce a signif icant change in  the beam 

transmission (from 90.2 percent per meter to  50.4 percent per meter) and al lowing t ime for the water t o  be- 

come thoroughly mixed, the measurements were repeated. From the beam transmissometer and from the 

scattering meters, a = 0 .6851~- I  and s = 0.5441~1-1 were obtained. The addition of a material which i s  

largely scattering in nature produced a change in  a of l a  - 0.583m-I and a change in s of 

2 s = 0.535m-'. The change in  the volume scattering coeff ic ient  calculated from the two sets of measure- 

ments wi th the two scattering meters was 91.8 percent of the change in the volume attenuation coeff icient! 

These results would indicate that the volume absorption coeff ic ient  was changed by A a  = 0.048m-l, 

which i s  8.2 percent of the change in a and 9.0 percent of the calculated change in s. 

To determine how sensit ive the scattering meters were to  absorption, the black dye was added to  the 

water again in a large enough amount to  produce a signif icant change in  the beam transmission (from 50.4 

percent per meter t o  27.3 percent per meter). A th i rd set of measurements gave a - 1.340m-I and s was 

calculated t o  be  0.5731~1-l. This time, the addition o f  an absorbing dye caused a change in the volume at-  

tenuation coeff ic ient  of l a  - 0.6551~1-' and a change in the calculated volume scattering coeff icient of 

A s = 0.029m-1. This change in s i s  only 4.4 percent of the change in  n .  The corresponding change in 

the volume absorption coeff icient would be . l a  = 0.626m-I or 96.6 percent of the  change in n. 

The volume scattering functions for the three waters are shown in Fig. 14. The computed a, a, and 

s values are tabulated below. The absorption coeff icient, a, was obtained by subtraction: a = n - s. 

Filtered water 

Water wi th absorbing agent added 

The water was not absolutely stable during the t ime of the test. Constant monitoring wi th the beam 

transmissometer showed a very slow dr i f t  in the direction of increasing ( 2 .  This could account for the 

small increase in absorption, . l a /  l a  Y 100 - 8.2 percent, when the scattering agent was added, as wel l  

as the even smaller increase in scattering, , l s / : l a  x 100 = 4.4 percent, when the dye was added. I t  also 
i s  l ikely that the scattering material used was not ideal and d id  absorb l ight t o  a small extent, which i s  

reflected in the measurements. An earl ier test similar to  th is  one, for which the changes in scattering 

and absorption were much smaller, gave even better, although nearly identical, results. 

The scattering meters can detect a difference in scattering of less than 2 percent, but in the data 

which had noise related to  the water scattering and the sample volume size, the precision was degraded 



to probably no better than f 5 percent under the conditions of this test. Considering that two sets of mea- 

surements were used for each determination of Aa, As, and Aa, the results are unexpectedly good. 

Adding a quantity of material to the water which i s  highly scattering and low in absorption allowed 

the change in the volume scattering coefficient to be determined with a beam transmissometer. Assuming 

no change in absorption, the change in a as determined with the beam transmissometer was equal to the 

change in the volume scattering coefficient. Thus the performance of the scattering meters was tested by 

comparison with a simple measurement taken with an instrument of proven reliability. The beam transmis- 

someter was also used to give a measure of the change in a when a large amount of absorbing black dye 

was added to the water to evaluate the insensitivity of the scattering meters to absorption. 

This entire test was performed to determine the validity of the in situ measurements obtained with 

the scattering meters and the computation of the total volume scattering coefficient from these measure- 

ments. The results indicate that: (1) the instruments are capable of providing accurate data on the scat- 
tering properties of the water, (2) the total volume scattering coefficient, s, can be computed from these 

data, and (3) the scattering instruments are relatively insensitive to  absorption. 





5. DESCRIPTION OF DATA 

PRESENTATION AND COMMENTS 

5.1 VOLUME SCATTERING FUNCTION CURVES 

Figures 10 through 15 show the volume scattering function, a(O), versus angle, 6, for natural ocean 

waters and for fresh water that has been filtered and artifically modified. The a(6) function is  in abso- 
lute units (meter-', steradian-I). The symbols on the curves mark the data points used. One data point 

at 0.0859 degrees (0.00149 radians) falls below the 0.1-degree edge of the format and is  not shown. For 

the clear waters, the signal level for this point was too low to be usable. However, this point was used 

for the more turbid waters. 

Figure 10 is  a composite of selected curves for greatly different types of natural ocean waters. 

Figure 14 shows the curves from the evaluation test on the scattering meters described in Section 4. 

Notice that the addition of absorbing material to the water caused very l i t t le change in the scattering 

function, showing that the instruments are insensitive to absorption. 

Figure 15 illustrates curves obtained from sea water that was pumped from outside the breaker line 

and brought by tank truck to the laboratory. The curves are for the water as delivered and after several 

steps of filtration. Notice the loss of low angle forward scattering after 18 hours of filtering. The scat- 

tering signal at 0.00149 radians and 0.00295 radians was too low to be measurable. 



5.2 PROBABILITY CURVES 

The curves in Fig. 16 through 21 show graphically the function which i s  the ratio 

The integral 2n $ n ( O )  s i n 0  d o  i s  that portion of the total  scattering coeff icient which l ies  between 

zero and the angle 0. These ratios represent the ratio of the power scattered into angles less than 6 
re lat ive to  the total scattered power only for short path lengths, 1, where s . 1 <( 1 and the approximation 

1 - eCS1 = SI i s  val id. 

5.3 SCATTERING DATA TABULATION 

Figures 22 through 51 show a l is t ing of the values entered into the computer program and the corres- 

ponding ~ ( 0 )  values after the iteration process to  make the e-'' correction. (See Sect~on 3.2.) Also 

l is ted are the total volume attenuation coeff icient, a ,  at wavelength h 530 nm and the calculated values 

for the total scattering coeff icient, s, the absorption coeff icient, a, and the ratios ~ / ' t r ,  a l n ,  and &IS. 

The ratio B/S i s  calculated from: 

l x o O  

r r ( 8 )  . sin 0 . d f f  

I t  i s  the rat io that shows what portion of the scattering coe f f i c i e r i~  occurs in the backward direction be 

tween 90 and 180 degrees. 

The slope, m, i s  the log- log slope where 

log n ( 0 )  = m log O t log C.  

The slope m i s  determined from the last two data points from the low angle meter and the constant 

log C i s  found from the intercept of the l ine through these points at the 0 1" ordinate. The logarithmic 

function i s  used to  extrapolate to  O : 0" and to  compute that part of the integral from 0 to  0.1 degrees: 



Also shown are the ratios ~ ( 0 )  / s for 8 = 20, 40, 45, and 90 degrees and the median angle where 

the probability function is  one-half. 

Following this tabulation i s  a listing of ~ ( 0 )  values, the integral 2n $ 010) . sin0 . do, and this 

integral divided by the total scattering coefficient s (normalized integral). The computer program com- 

puted 371 points. To reduce the volume, a sampling of 55 of these points i s  given for increments of an- 

gle A log 0 = 0.1 from 0 = O.1° to 8 = lo0 and increments of A 0  = 5O from 8 = 10' to 0 = 180'. 





6. DATA PRESENTATION 

Data on the scattering properties of three very different types of ocean water are presented in the 

form of curves and tabulations (Fig. 10 through 51) in this section. The measurements were taken with 
the instruments described in Section 2. The calculations involved are discussed in Section 3, and a de- 

tailed description of the data presentation is  given in Section 5. The meter i s  used throughout this sec- 
tion for the unit of length. In the computer-printed tabulation, the volume attenuation coefficient, a, the 

volume scattering coefficient, s, and the volume absorption coefficient, a, al l  have the unit meter-'. 

Data from four locales are presented: (1) the "Tongue of the Ocean," Bahama Islands, (2) offshore 
southern California, (3) San Diego Harbor, Cal ifornia, and (4) a laboratory test tank at the Visibi l i ty 

Laboratory, San Diego, California. The data for the Tongue of the Ocean, Bahama Islands, are labeled 

"AUTEC-TEST-161." The locations and bottom depths for the three stations for which data are given are 
shown below. 

Station No. Latitude Longitude Depth 

7 24'30' 31 " N 77'41' 40" W 7 fathoms 

8 24'29' N (Approx) 77'33' W (Approx) 850 to 870 fathoms 

9 24'38' N ( Approx) 77'37' W Approx) 1045 fathoms 

The data for offshore southern California are labeled HAOCE. Station No. 5 was in Avalon Cove, Cata- 

lina Island, at latitude 33'20.8' N and longitude 118°19.2' W and Station No. 11 was in the channel be- 

tween Catalina Island and the California coast at latitude 33'30.0' N and longitude 118O23' W. The data 

taken in San Diego Harbor are designated NUC and the work conducted at the Visibi l i ty Laboratory is  

labeled VISLAB. 

























































































7. DISCUSSION 

The data presented involve eight sets of data for ocean water, a rather sparse sampling from which 

to draw conclusions applicable to all ocean waters. However, the data do span a wide range of water 

types from very clear to very turbid. 

Reference to Fig. 10, which is  a selected sampling of the volume scattering functions obtained for 

various water types, shows the functions to differ in absolute level by more than an order of magnitude 

but to be very similar in form. The curves show a slight indication that the low angle forward scattering 

in the clearest water does not rise, relatively, as rapidly as in the other waters and that the backward 

scattering for the very turbid waters, again relatively, does not rise as sharply as for the others. 

The assumption that the slope of the function continues unchanged from the last data point to 

0 = 0°, when computing the volume scattering coefficient, s, i s  pure conjecture although there is no indi- 

cation of any dramatic change in this area. If anything, the slope appears to be decreasing. From 3 to 

15 percent of the total volume scattering obtained by integration l ies below 0 = O.lO. Allowing the slope 

to go to zero when 8 = 0" with a parabolic f i t  would have affected the total s obtained very little. 

Omitting this part of the curve would have reduced the total s obtained by the 3 to 15 percent mentioned, 

the actual amount depending on the type of water. The probability curves show the importance of the low 

angle forward scattering. For the waters investigated, 18 to 28 percent of the total volurle scattering co- 

efficient i s  included in the area below l.OO and 58 to 75 percent i s  included below lo0. 

Under static conditions in the laboratory the low angle scattering meter has a repeatability of better 

than 1 percent. Under f ield conditions, time-varying changes in the water sample path cause small fluc- 

tuations in the output signal. Four readings were taken and averaged for each data point. The dark signal 

was recorded and the alignment tested before and after the instrument was used at each station. The data 

from the low angle measurements in the clearest water i s  the most susceptible to error. In very clear 

water the internal scattering and the dark signal of the low angle scattering meter are significant relative 

to the measurement. For this reason the scattering function for the lowest angle, 0 = 0.086 degrees, in 

clear water was not usable, and the data for 0.169 degrees in the clear water i s  possibly no better than 



k30 percent. With the exception just noted, t 2 0  percent i s  a conservative estimate of the precision of 

the data obtained with the low angle scattering meter. The general angle scattering meter has a long his- 

tory of good stabil i ty and reliabil i ty. I t  has a readout precision of 2 2  percent. Calibration errors and, 

again, noise caused by particle movement in the sample volume degrade the precision and an error band 

of + 5 percent would be reasonable. 

The two scattering instruments used give data from which the volume scattering function can be 

computed. The results are on an absolute basis, not relative, and cannot be greatly in error; otherwise, 

the results of the tests discussed in Section 4 would not have turned out so well. 

The low angle scattering meter was designed for use in fair ly clear waters. The sample path length 

was longer than desirable for use in the turbid waters and it was necessary to  make corrections to the 

data as discussed in Section 3.2. When making measurements of the optical properties of water, the mea- 

surement path of the instrument used should be suited to the type of water being investigated, if possible. 
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