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Abstract

The contrast between clean and volum etrically contam inated ocean has been num erically de
termined for the natural red light o f  ¿ = 6 3 0  nm  o n  the basis o f  laboratory m easurem ents o f  
optical parameters o f  em ulsions and solutions o f  crude oil in sea water. Strongly absorbing  
crude oil em ulsions decrease the quantity o f  light reflected by the ocean, whereas the crude oil 
solutions increase the value o f  diffuse reflection o f  radiance through the increase o f  the quantity  
o f  back-scattered light.

1. Introduction

A m ong various types o f  substances polluting seas and  oceans, crude oil and  the 
products o f  its refining constitute particularly  noxious type o f  contam inants. On one 
hand , this is due to  a  variety o f  form s o f  hydrocarbons o f  petro leum  origin in m arine 
environm ent and, on the o ther hand , to  the ir diversified effect on  physical an d  che
mical properties o f  w ater and  the organism s living there.

The first visible effect o f  oil spill to  the sea is fo rm ation  o f  an  oil patch. U nder 
the  influence o f  hydrom eteorological factors the p atch  spreads, form ing a  th in  layer 
tightly covering the w ater surface (M ironov, 1972). The layer form ed (oil film) 
affects in a m anner harm ful to  biological life the processes o f  exchange o f  (Nelson- 
-Sm ith, 1970, 1972):

— oxygen and  carbon dioxide between the sea an d  atm osphere,
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— energy, m om entum  and  mass,
—energy o f  electrom agnetic rad iation .

L ight petroleum  fractions contain ing molecules ̂ vith up to  8 carbon  atom s quickly 
evaporate  from  the oil film to  the atm osphere (N elson-Sm ith, 1970). The rem aining 
fractions o f  crude oil occur prim arily in the following form s (FA O , 1977): pitch lum ps 
(aggregates), oil in-water-em ulsion, w ater-in-oil em ulsion, solutions in sea w ater, 
oil adsorbed on organic an d  m ineral suspensions.

A m ong the listed form s, particu lar stability  is exhibited by finely dispersed em ul
sions and  dissolved fractions o f  crude oil w hich—filling the entire volum e o f a basin 
(in seas w ith dep th  to  500 m) —change the density stratification and  th e  com posi
tio n  o f  hydrosphere (Zhurbas, 1978). This affects the conditions o f  sunlight p ro p a 
gation  in a w ater colum n, the processes o f  waving exchange o f  energy and  gases. 
A ll these processes play an essential role in biological aspect o f  w ater environm ent 
and  all disturbances in their course can lead to  upsetting biological balance. In ad d i
tion, emulsions and  dissolved oil fractions directly influence biocenosis. Toxic and  
carcinogenic effect o f  some hydrocarbons can, in extrem e cases, lead to  to ta l degra
dation  o f  m arine environm ent (FA O , 1977; Larson et a l ,  1977).

The above facts substantiate a  need fo r experim ental and  theoretical investiga
tions, the results o f  which could be utilized fo r the developm ent o f  rap id  (rem ote) 
m ethods o f  identification and  recording o f  these pollu tants.

2. Purpose of work, assumptions concerning model
The calculations perform ed aim  a t investigation o f the effect o f  oil derivatives 

dissolved an d  emulsified in sea w ater mass on the diffusive reflectance o f  n a tu ra l 
red  light. C om paring the quantity  o f  light reflected in the presence o f  po llu tan ts 
w ith the value obtained fo r the clean ocean, the con trast is calculated the values o f  
w hich can be em ployed fo r considering the possibility o f  developm ent o f  passive 
rem ote m ethods o f  detecting such contam inants.

The following assum ptions abou t a model, used to calculate the con trast, have 
been m ade:

— the ocean is optically hom ogeneous and  infinitely deep,
— its surface is flat,
— in the case when the oil pollu tan ts have been accounted for it was assum ed 

th a t they are d istributed uniform ly in  the entire water mass,
— no contam inants are present on the surface.

The atm osphere was no t directly m odelled, tak ing  a set d istribu tion  o f  light incident 
on  the ocean surface in  the form -directed source (su n )+  isotropic d istribution (sim 
plified m odel o f  atm ospheric radiance) and  assum ing various fractions o f  the two 
com ponents. A ll calculations were carried ou t fo r one wavelength o f  light X =  630 nm . 
The calculations were perform ed:

(i) tak ing  in to  account all orders o f  p h o ton  scattering,
(ii) fo r the so-called quasi-single scattering approxim ation  (G ordon, 1973) in 

o rder to  test the applicability o f  this approxim ation.



The assum ptions o f  the above m odel will now  be discussed:
— the assum ption o f  optical hom ogeneity does n o t seem to be an  oversimplifica

tion  o f  the problem , since fo r ou r purposes, ie calculation o f  the diffusively reflected 
radiance, the d istribution  o f  optical param eters in the near surface layer o f  optical 
thickness o f  the o rder o f  r  =  2 is essential; in order to  dem onstrate this, additional 
calculations were carried ou t fo r a non-hom ogeneous model,

— the assum ption o f  a flat surface o f  the ocean (which w as a necessity fo r the se
lected m ethod o f  calculations) lim its our conclusions to  an  undisturbed  surface, ie 
the  wind velocity v <  5 m • s_ 1.

The radiance field can be calculated fo r a given distribution o f  incident light by 
setting tw o param eters — the scattering function ji and  the a ttenuation  coefficient c 
(neglecting the effects associated w ith po larization  o f  light). The values o f  these 
param eters fo r the clean ocean [i0, c0 were taken from  literature. The m odels o f  po l
luted ocean were obtained by adding to  the param eters characterizing clean ocean 
the respective optical param eters cp o f  oil po llu tan ts, which were m easured in a 
la b o ra to ry :

P , = P 0+ P P > q - j

c, = c0 + cp ,

where /?, and c, are the scattering function and the a ttenuation  coefficient, respecti
vely.

3. Preparation of solutions and emulsions of crude oil in sea water

O ptical param eters o f  oil pollu tants were determ ined in a laboratory , p reparing  
colloidal solutions o f  crude oil in artificial sea water. C rude oil (Soviet oil from  th e  
G dańsk  Refinery) was introduced into artificial sea w ater in the 1 : 80 volum etric 
ra tio  and emulsified using an  electric stirrer and an u ltrasonic v ib rato r operating at 
the frequency / =  22 kH z. A fter stirring tim e 1m = 15 or 60 min, a portion  o f  the em ul
sion form ed was filtered through a sintered glass filter R4 (pore diam eter d =  5 -  
-15  //m). The filtering process aim ed at separation  o f  dissolved and  colloidal phases.

The m easurem ents o f  scattering function fo r samples p repared  in such a m anner 
were carried ou t instantly using the appara tu s described elsewhere (W oliński, 1972) 
and repeated after storing the samples in closed glass bottles a t T =  291 K  fo r a pe
riod  o f  7 o r 14 days. Some o f  the samples were stored in darkness and the  rem aining 
samples were illum inated by light from  fluorescent tubes o f  the intensity 7=31 W -m - 2 . 
A m ore com plete description o f  sam ple p repara tion  and the m easurem ents is given 
in the papers cited (M ałachow ski, M rozek-Lejm an, 1984; M rozek-Lejm an et ah ,  
1986).

According to the m ethod o f sam ple prepara tion , the differences between them  
consist i n :

— filtering o r  no t filtering,



— stirring tim e fm =  15 o r 60 m inutes,
— storing fo r 0, 7 o r  14 days,
— darkening o r illum ination during  the storing  period.

Symbolic designations o f  the samples are  delined under Table 1.

4. Data handling

The values o f  scattering function  obtained  from
71

form  fo r the angle ^ =  ~ y ’ ‘c norm alized as follows: 

by third-degree curves:

P„(v) = Po + PiHl +P2l-i2 + P3H3, (2)
w here :
PP{pi) —scattering function o f  pollutants,
P i ,  P 2, P 3 —coefficients selected in  such a m anner so as to  minimize the sum  o f  

squares o f  deviations o f  f!n{p) from  the experim ental values (P0 =  1 by 
assum ption),

H —cosine o f  the scattering angle.
The values o f  coefficients P lt  P 2 , P 3, a factor R, by which equation  (2) m ust be m ul
tiplied in order to  obtain  th e  true  scattering function  /?„(//) and  the scattering coeffi
cients b„ fo r the sam ples calculated by integrating this function  are listed in Table 1.

Table 1. Pi coefficients / =  1, 2, 3 o f  the polynom ial approxim ating reduced scattering functions 
o f  pollutants o f  crude oil origin

Sam ple P 1 Pz P 3 / M 0 3 ¿>p102 -[m - ‘] (7p[m_1]

E15 0.157 1.55 0.761 3.05 5.81 75.5
E 15N 14 0.376 1.71 0.677 2.43 4.80 5.0
S15 - 0 .0 7 6 5 1.07 0.171 1.10 1.87 0
S15Z7 0.0777 1.11 0.132 1.00 1.73 0
S15N 7 0.137 1.24 0.275 0.99 1.76 0
S15Z14 0.182 1.15 0.152 0.943 1.64 0
S15N 14 0.189 1.28 0.297 0.920 1.65 0
S60 0.0511 1.27 0.451 0.710 1.27 0
S60Z7 0.167 1.28 0.440 0.575 1.03 0
S60N 7 0 .3 5 0 1.36 0.430 0.602 1.10 0
S60Z14 0.227 1.36 0.517 0.522 0.953 0
S60N 14 0.398 1.41 0.471 0.529 0.977 0

P 0 =  l for all samples; /{ — factor providing for transition from  the reduced form  to the absolute  
scattering function; bp, — coefficients o f  scattering and absorption.
Sam ple designation: E —em ulsion (unfiltered sample); S —filtered sample; 1 5 -s tir r in g  tim e 
tm= 15 min; 6 0 —stirring tim e =  60 min; N  —illum inated sam ple; Z —sam ple stored in darkness; 
7 —storage period tp — l  days; 14 —storage period tp =  14 days; E15, S15, S60 —sam ples for which  
the m easurem ents were performed im m ediately after stirring

the m easurem ents in a reduced
' n  '

PA —  )=  1, were approxim ated



A  graphical illustration  o f two reduced scattering functions fo r selected samples 
is show n in Figure 1.

The values o f  oceanic scattering function were taken from  the paper o f  Petzold 
(1977); it contains the results o f  precise m easurem ents o f  the scattering function in 
the  region o f  southern coast o f  C alifornia: 33°30' N  and  118°23' W. The oceanic

Cosine of the scattering angle

F ig . 1. Reduced scattering functions for the sam ples E15
(1 — experimental points, continuous curve—approxim ation) and S I5 (2 —experimental points, 
dashed curve—approxim ation with a polynom ial, according to G ordon, 1973)

scattering function is characterized by a  very strong m axim um  for the zero direction 
o f  scattering, as a result o f  which a so-called tran sp o rt app rox im ation  was em ployed 
(Potter, 1970). This consists in using fo r calculations a  function  o f  the sam e shape 
b u t w ith lower m axim um  instead o f  the true  scattering  function. Physically, this co r
responds to  treatm ent o f  photons scattered a t s mall angles as the photons moving



w ithout scattering and, consequently, requires the in troduction  o f  equivalent coeffi
cients o f  scattering and  attenuation  b '0 and  c '0 . I f  b0 and  b '0 are  the scattering coeffi
cients corresponding to  true  and  equivalent scattering functions, respectively, then:.

c'o=c0 - y b 0 , 

K = b 0( i - y ) ,

b'o
where y =  1 —— . The value o f  y =  0.542 results from  the assum ed scattering functions,.

bo
true  and  e q u iv a le n t-F ig u re  2. The true coefficients o f  attenuation  and  scattering; 
fo r clean ocean were assum ed as co =  0.4 m - 1 , èo = 0 .2  m _ 1 .

Scatter ing  angle

F ig. 2. Scattering function for clean ocean
J — experimental points after Petzold, 1977, solid curve—analytic equivalent function (4)



The com m on logarithm  o f  the equivalent scattering function was approxim ated 
b y  a  fourth-degree polynom ial:

l° g 10 $>(<*)= (4>
i = 0

w here :
a —scattering angle (in degrees),
Pi —constan t param eters with the  following values: P o =  0.2004, P x =  — 9.086-10- 2 ,. 
P 2 =  9 .006-1 0 -4, P 3=  —4.311 • 10-6 , P 4 =  8 .719 -10 -9 .
The plots o f  true oceanic scattering function and function (4) are  presented in F igu
re 2. Basing on the results o f  P o tte r (1970) it can be judged th a t the  e rro r resulting 
from  the tran sp o rt approxim ation fo r azim uthally  averaged, diffusively reflected 
rad ia tion  can be neglected.

5. Method of calculation of light field

F o r the calculation o f  s ta tionary  light field in a model consisting o f  flat-parallel 
layers, the  m atrix opera to r m ethod  (Plass et a l . , 1973) is very convenient due to  such 
advantages as: accounting fo r all orders o f  pho ton  scattering; ‘com posing’ o f  the 
model from  an  a rb itrary  num ber o f  layers o f  different properties, and  obtain ing the 
results in one series o f  calculations fo r  m any locations o f  the light source. The m e
th o d  also has the advantage th a t the  calculations are carried  ou t equally fo r any value 
o f  albedo o f  single scattering, to0 ■ In  general case this is advantageous bu t, since in 
ou r m odel co0 is always ra ther small, it was found purposeful to  modify the classical 
m ethod in a m anner enabling reduction  o f  com putation  tim e by several tim es with 
o ther advantages o f  the m ethod rem aining unchanged. A  detailed description o f  
this m odification can be found in the paper (M ałachow ski, in  press). The calcula
tions according to  the modified m ethod are carried ou t using the following procedure:

— an iterative procedure is em ployed to  calculate the  reflectance m atrix  R  fo r 
an  infinite hom ogeneous m edium  according to  the algorithm  given in the  paper 
(M ałachow ski, in press) (at this p o in t co0 canno t be close to  zero),

— a certain exponential m atrix  exp (K r) is calculated fo r a  given optical dep th  z  
by m eans o f  the o pera to r R  and  m atrices contain ing tim e param eters o f  the  m odel
led m edium ,

— the reflection and  transm ission m atrices fo r the layer o f  m edium  o f the depth r  
can be expressed explicitly in term s o f  R  an d  exp (Kr),

— fo r given reflection and  transm ission m atrices fo r the layers o f  desired th ick
ness, a non-hom ogeneous m edium  is m odelled according to  usual form ulas o f  the 
m atrix  o p era to r m ethod.

The reduction  o f  tim e o f  calculations in the m ethod  presented above is a  result 
o f  simplicity o f  calculation (in the process o f  doubling the optical thickness o f  a me
dium ) o f  the exponential o p era to r exp (Kr):

exp (K 2t) =  exp (K t) exp ( K i ) , (5 )■



whereas in  the classical m ethod the sought reflectance opera to rs r  (tj) and  t(i]) are 
calculated directly bu t using a larger num ber o f  operations

r(2T)=r(T) +  t ( T ) r ( T ) [ E - r ( i ) 2] _ 1t (T) ,

t(2T) =  t ( r ) [ E - r ( T ) 2] - 1t ( r ) . ( 6)

As a  result, a to ta l num ber o f  operations is sm aller in the proposed m ethod.
The calculations were also carried  ou t using a simple approxim ation  o f  quasi- 

-single scattering (G ordon , 1973). Form ally, the  approxim ation  am ounts to  the use 
o f  expressions fo r single scattering w ith a  substitu tion  in these expressions o f  the 
a ttenuation  coefficient c by a + bb, where a is the absorp tion  coefficient and  bb is the 
back-scattering coefficient.

6. The results of calculations

The calculations o f  con trast were perform ed fo r the clean ocean characterized
, /^oO1)

by the phase function fJ0( f i ) = ~  „-7;  —  > where the oceanic scattering function  is
Ci &>(/*) d/i

described by equation (4), the  values o f  c '0 and b '0 being defined by relationships (3)

so- 60* 70- 

Solar zenith angle
F ig. 3. Contrast according to  def. (10) between the ocean contam inated as the sam ples E 15- 
-and E 15N 14 — 2, and clean ocean as a function o f  solar zenith angle, S o =  0



So la r  zenith angle
E ig . 4. Contrast between the ocean contam inated as the sam ples S I 5 — 1 and S60 — 2  and clean  
ocean as a function o f  solar zenith angle. The figure illustrates the effect o f  stirring tim e on  con
trast. Parameter S 0 is the ratio o f  illum ination by the sky to total illum ination

Table 2. Contrast between the ocean uniformly polluted such as the sam ple S15 and the ocean  
similarly polluted but only in the near surface layer o f  t  =  0.5, 1.0 and 2.0.

Solar 
zenith  

angle [°]

Contrast

t  =  0.5, 
z =  1.6 m

T — 1 * 0, 
z =  3 .2 m

t  =  2.0, 
z  =  6 .4 m

4 0.36 0.18 0.04
9 0.37 0.18 0.04

19 0.38 0.18 0.04
30 0.39 0.18 0.04
41 0.38 0.18 0.04
54 0.37 0.17 0.03
61 0.36 0.16 0.03
71 0.35 0.15 0.03

an d  fo r the polluted ocean, fo r which the phase function was expressed in the fol
lowing form :

<7,
Oo +  b„



F ig . 5. D ependence o f  the contrast between the ocean polluted as the sam ples S15Z7 - 1, S15N 7 — 
2 and S15Z14 (S15N 14) —3 and unpolluted ocean on the solar zenith angle, 5 0 =  0. (The contrast 
values for the sam ples S15Z14 and S15N 14 are alm ost identical)

The a ttenuation  and scattering coefficients w ere calcu lated  as sums o f the respect
ive coefficients for clean ocean and po llu tan ts:

C o  “f "  Cp ) 

b, = b '0 + bp ,

(8>

(9)

where cp, bp and  Pp(fi) denote the attenuation  coefficient, scattering coefficient, 
and  the phase function fo r crude oil pollu tants, obtained from  the lab o ra to ry  m ea
surem ents.

The co n trast was defined by an eq u a tio n :

K  =
L, L 0 

L t
(10)

where: I,, —vertical, diffusively reflected radiance fo r the polluted ocean; L 0 — the 
same radiance fo r the clean ocean.
Such defined con trasts were calculated fo r twelve positions o f  a  source o f  directed 
light (sun), a t various fractions o f  directed and  isotropic (sky) sources. The ra tio  
S 0 o f  the vector o f  illum ination com ing from  the sky to  the to ta l illum ination w as



So la r  zenith ang le

F ig. 6. D ependence o f  the contrast between the ocean polluted as the sam ples S60Z7 (S60N 7) — 
1 ,  S60Z 14—2, S60N 14 — 3 and unpolluted ocean on  the solar zenith angle, S 0 =  0. (T he contrast 
■values for the sam ples S60Z7 and S60N 7 are alm ost identical)

tak en  as a m easure o f  this fraction  — £ o =  0, 0.5, and  1 (S o = 0 corresponds to  a 
source o f  light solely in the d irected  form  and 5 0= 1  —to  an isotropic source). The 
resu lts o f  calculations are  show n in F igures 3, 4, 5, and  6.

In o rder to  investigate the influence o f  optical non-hom ogeneity o f  the ocean 
on  the reflected radiance, exem plary calculations were carried  ou t fo r a two-layer 
m odel consisting o f  a  polluted near surface layer o f  optical thickness r = 0 .5 ,  1, 2, 
an d  a semi-infinite layer o f  the clean ocean. F o r a model defined in this m anner the 
co n trast w ith  the uniform ly polluted ocean was calculated (Table 2).

7. Discussion of the results

The calculated values o f  con trast fo r the m odel described are presented in Figures 
3, 4, 5, and  6. There is a qualitative difference between the influence o f  em ulsions 
(Fig. 3) and  solutions (Figs. 4, 5 ,6 ) o f  crude oil on the diffusively reflected light.

C ontam inants affect diffusively reflected light in two ways: back-scattering on 
contam inants brings abou t the increase o f  quantity  o f  reflected light, absorp tion  — the 
decrease. Since em ulsions absorb  light very strongly (for the sample E l 5 ap =  75.5 m ~ 1, 
fo r  the sample E15N14 ap — 5 m ~ ') ,  these po llu tan ts  strongly decrease diffusively 
reflected light. F o r the ocean w ith the po llu tan ts  such as in the sam ple E l 5, vertically



reflected radiance constitutes only ca 0.03 o f  the radiance reflected by the clean ocean 
and  fo r the sam ple E15N 14—about

The solutions o f  crude oil act in the opposite ways, contribu ting  to  the increase 
in  diffusively reflected radiance th rough  partic ipation  in light scattering. D ue to  
sim ilar shape o f  all scattering functions o f  filtered samples*, the con trast is a m ono
tonously increasing function o f  the scattering coefficient bp fo r these sam ples, ie 
larger bp corresponds to  larger con trast. I t  follows from  Table 1 th a t the value o f  
scattering coefficient o f  filtered sam ples is affected by: stirring time —m ost strongly 
(all samples w ith fm =  15 m in have bp larger than  samples w ith tm= 6 0 min), followed 
by storage tim e (bp decreases w ith the increase o f  storage tim e), and —eventually — 
illum ination (slight effect). The values o f  contrast, calculated from  equation  (10), 
corresponding to  the samples S15 and  S60N14 are equal to  K x 0.8 (highest value) 
and  K x 0.6 (lowest value), respectively.

On the basis o f  the d a ta  listed in Table 2, containing the values o f  con trast between 
the ocean polluted in a  near surface layer o f  set r = 0 .5 ,  1 ,2 , and the  ocean polluted 
uniform ly, it can  be concluded th a t the near surface layer o f  optical thickness z = 2 

(abou t 6 m) determ ines the properties o f  diffusive reflectance. Hence, the assum ption 
o f  constan t density o f  pollu tants fo r the  en tire depth  m ust be fulfilled only fo r the 
first 6-10 m  in order to  ob tain  the same contrasts as in the hom ogeneous m odel.

The results o f  calculations o f  the con trast in the quasi-single scattering approxim a
tion  suggest the suitability o f  this simple approxim ation owing to  its quite satisfactory 
accuracy —the difference between the results o f  exact calculations an d  the quasi-single 
scattering approxim ation  is equal to  ca 1-7 %.

8. Conclusions

M odel calculations perform ed, although assum ing considerable simplifications 
o f  real conditions, allow to  recognize the problem  o f  the effect o f  volum e crude oil 
pollution on the diffusively reflected light. The contam inants affect the diffusive 
reflectance in a  different m anner, depending on  their com position —crude oil 
em ulsions cause strong a ttenuation  o f  the reflected light, w hereas the solutions act 
in  the opposite way. C rude oil is characterized  by substantial sca tte r o f  optical 
param eters (see Z olotariev  et a l ,  1977) which, in conjunction w ith  the above sta te 
m ent concerning various influences o f  po llu tan ts  o f  crude oil origin on  the reflected 
light, creates difficulties in identification o f  these po llu tan ts  by the m easurem ent 
o f  co n trast in the  visible light region.

F o r  the solar zenith  angle equal to  ca 30° the con trast is alm ost independent o f  
the diffusivity (Fig. 4). Therefore, it is recom m ended to  carry ou t th e  m easuiem ent 
a t this position  o f  the sun.

* Indicatrices o f  dissolved hydrocarbons are similar to each other com pared to com pletely  
different in shape oceanic scattering function; on  the basis o f  small differences in shape o f  the 
scattering function o f  pollutants conclusions concerning the size distribution o f  crude oil droplets 
in  colloidal solutions can be drawn (see M rozek-Lejman et al., in press).
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