
A m odel o f daily  
tem perature changes 
in th e upper sea layer 
taking superficial 
and bulk pollu tion  

• w ith  petroleum  
substances (D K T z-3) 
into consideration

G r a z y n a  K a r b o w n i c z e k - G r a t k o w s k a  
Medical Physics Division,
Pomeranian Medical Academy,
Szczecin

A n d r z e j  Z i e l i n s k i  
Institute of Oceanology,
Polish Academy of Sciences,
Sopot

M anuscript received October 6, 1992, in  final form April 15, 1993.

Abstract

The paper presents a m athem atical model of daily tem perature changes in the 
upper sea layer taking into account the time-variable appearance of superficial and 
bulk pollution by petroleum substances. The model utilizes the expression for 
the transmission of radiation in the sea given by Czyszek (1985). The effect of 
tem porary pollution was taken into account by modifying the coefficient of sea­
water absorption. The calculations were performed for the southern Baltic. The 
effect of pollution by petroleum substances on the evolution and depth of the daily 
thermocline was examined.

1· Introduction

H eat exchange betw een  th e  sea ancLthe a tm o sp h ere , m ixing due to  wave 
ac tion , as well as convective m ovem ents, m ay  lead to  d iu rn a l w a te r  te m ­
p e ra tu re  varia tions. In m an y  oceans these  v aria tio n s a re  as g rea t as 1.5°C 
over a  tw o-day  period  (P e rry  and  W alker, 1982). M ath em a tica l m odelling 
of u p p er sea layer te m p e ra tu re  varia tions co n stitu te s  an  im p o rta n t step  
tow ards a  b e t te r  u n d e rs tan d in g  of th e  physical principles o f th e  clim ate,
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w eath er variab ility  and  m u tu a l in te rac tio n  betw een  th e  a tm o sp h ere  an d  th e  
ocean. Today, w hen analysing  te m p e ra tu re  d is trib u tio n , it is necessary  to  
consider p o llu ta n ts  as facto rs in terfering  w ith  th e  in te ra c tio n  of th e  p a r tic u ­
la r e lem ents of th e  ocean -  a tm o sp h ere  system . K arbow niczek -G ratkow ska 
(1990, 1991) and  K arbow niczek-G ratkow ska and  Zieliński (1990) have p re ­
sen ted  m a th em atica l m odels of seasonal changes in th e  te m p e ra tu re  of th e  
u p p er layer of a  sea po llu ted  superficially  or in bu lk  by  p e tro leu m  substances 
(D K T z-1  and  D K T z-2). T h e  m odels w ere a d a p ta tio n s  of th e  in teg ra l, un id i­
m ensional m odel d isregard ing  th e  effect of po llu tion  p resen ted  by  T hom pson  
(1976) and  called by him  D K T  to  em phasize th a t  it was a  co n tin u a tio n  of 
th e  w ork by D enm an (1973), and  K raus and  T u rn e r (1967). T h ey  can be 
re la tive ly  easily ad a p te d  to  th e  analysis of sh o rt- te rm  v aria tio n s  in seaw ater 
te m p e ra tu re . In th is  case one m u st consider th e  tran sm issio n  o f th e  en tire  
range of solar ra d ia tio n , as well as its  dependence on th e  elevation  of th e  
Sun and  on w eath er p a ram ete rs . I t has been d em o n stra ted  th a t  in m odel 
calcu lations of th e  te m p e ra tu re  of a  calm  sea th e  differences in param e- 
triz a tio n  of solar energy transm ission  in seaw ater m ay  re su lt in significant 
differences betw een  th e  resu lts  o b ta in ed  (S im pson and  Dickey, 1981). I t has 
been observed th a t  th e  clim ate and  th e  global circu lation  in seas a re  very  
strong ly  dependen t on th e  tran sp a ren cy  of ocean w a te rs , an d  hence, on th e  
transm ission  of solar rad ia tio n  (W oods et al., 1984). Czyszek (1985) deri­
ved an expression for solar rad ia tio n  transm ission  in seaw ate r tak in g  in to  
accoun t its  dependence on m easured  en v iro n m en ta l p a ra m e te rs  in a  m ore 
com prehensive way. In th e  case of long -term  te m p e ra tu re  v aria tio n s consi­
dering such a  dependence is n o t necessary. T h is  expression h as  been  utilized 
in th e  D K Tz-3 m odel of daily  varia tions in th e  u p p er sea lay er te m p e ra tu re  
p resen ted  in th is  p ap e r (K arbow niczek-G ratkow ska, 1991).

2. Assumptions and description of the DKTz-3 model

T h e  following assum ptions have been ad o p ted  in th e  D K T z-3  m odel:

•  th e  sea is uniform ly s tra tified ,

• th e  d ep th  of th e  basin  exam ined is g re a te r  th a n  th e  ra d ia tio n  pen e­
t ra tio n  d ep th ,

• th e  processes of vertica l exchange betw een  th e  sea and  th e  a tm o sp h ere  
and  vertical m ixing in th e  sea a lte r  th e  local conditions in th e  u p p er 
layer to  a  m uch g rea te r ex ten t th a n  h o rizo n ta l advection  and  diffusion,

• ab so rp tio n  of solar rad ia tio n  in th e  sea tak es  p lace in th e  en tire  w a te r 
volum e,

• th e  sea surface is sm ooth  and  covered w ith  a  th in , un iform  crude oil 
layer of th ickness h ,



• bu lk  po llu tion  w ith  crude oil is uniform  in th e  u p p er sea layer,

• th e  volum e con cen tra tio n  of crude oil in w a te r is low an d  does n o t 
affect th e  seaw ater density ,

• th e  ab so rp tio n  of ligh t by th e  p e tro leum  substances and  by  th e  re m a­
ining com ponen ts of seaw ater is add itive ,

• th e  occurrence of suspensions and  p o llu ta n ts  o th e r th a n  oil is allowed 
for by  changing th e  value of th e  light ab so rp tio n  coefficient of sea 
w ate r.

T h e  u p p er sea layer is divided in to  N  sublayers. If th e  in itia l te m p e ­
ra tu re  profile has th e  form  [Tn (f)]5 w here T n (t)  is th e  te m p e ra tu re  of th e  

sub layer (n  =  1 , 2 , . . .  N ) ,  th en  a fte r a  tim e A t  th e  profile T n (t  +  A t) 
ls ob ta ined . A ssum ing bulk  ab so rp tio n  of solar energy, th e  follow ing depen­
dences a re  ob ta ined :

T i ( t  + A t )  = T \ { t )  +  [Q0 + t](0) -  r j ( A z ) \ / ( c ppwA z )  
i T 2(t  + A t ) =  T2(i) +  [ v ( A z ) - r / ( 2 A z ) ] / ( c pp wA z )

T n+1(t  + A t )  = Tn+1( t ) +  { r j ( n A z )  -  r)[(n+ l ) A z ] } / ( c pp wA z ) ,

where
A z -  sub layer th ickness,
Qo -  h ea t of exchange a t th e  sea -  a tm o sp h ere  b o undary ,
V -  so lar rad ia tio n  dose,
P -  seaw ater density , 
cp -  seaw ater specific h ea t.

R ad ian t energy doses abso rbed  in th e  first and  subsequen t sub layers a re  
calculated from  (C zyszek, 1985)

' r?(0) - v ( A z )  = T)°TatTp[l — T r{ A z ) \

· · ·  ( 2 )
, v ( n A z )  -  7?[(n +  l ) A z ]  = V° f atTp{Tr { n A z ) -  T r [{n +  1 )A z}},

Where
^(O) -  so lar energy dose ju s t  below  th e  surface,
V {A z )  -  so lar energy dose ju s t  below  th e  first layer,
V ( n A z )  -  so lar energy dose ju s t  below  th e  n - th  layer,
V0 -  so lar energy dose reaching  th e  u p p er a tm o sp h ere  layer,
Tat -  tran sm issio n  of th e  so lar energy dose th ro u g h  th e  a tm o sp h ere ,
I'p ~ transm ission  of th e  solar energy dose th ro u g h  th e  sea surface,
Tr ( n A z )  -  transm ission  of th e  so lar energy dose th ro u g h  n  layers.

Solar energy  doses reaching  d ep th  z  can be calcu lated  from

ri{z) =  7i ° f atTpT r (z) .  (3)



A bsorp tion  coefficients of seaw ater po llu ted  w ith  crude oil a re  ca lcu la ted  
from  th e  equation

<z(AAm) =  Ck<iT(AAm) +  (1 c^)ctty(z\Arn) — cii [o,r ( A \ m ') -|- 

®w(^Am )] ct^^AAjn), (4)

w here
a r (A A m) -  crude oil ab so rp tio n  coefficient in th e  AAm w aveleng th  range , 
aw(AAm ) -  seaw ater ab so rp tio n  coefficient in th e  AAm w aveleng th  range, 
cT = w V'T/ ■ -  volum e co n cen tra tio n  of crude oil in w a te r,v r ~r y w
Vr -  volum e of oil in w a te r,
Vw -  w a te r volum e.

T h e  ab so rp tio n  coefficient k  ( th e  v irtu a l p a r t  of th e  com plex re frac tio n  
coefficient), ap p earin g  in th e  expressions for th e  energetic  reflection coef­
ficient R ,  ab so rp tio n  of rad ia tio n  in th e  oil layer A \ ,  and  ab so rp tio n  of 
rad ia tio n  in th e  sea A i  (K arbow niczek-G ratkow ska, 1991), is re la ted  to  th e  
ab so rp tio n  coefficient by th e  equation :

a( A) =  47tk(A )/A . (5)

T h e h ea t of exchange Q o a t th e  sea -a tm o sp h ere  b o u n d a ry  in tim e  A t 
has been defined in th e  sam e w ay as th e  concept of ra d ia n t energy  dose:

Qo =  /  Q dt  -  Q A t ,  (6)
JAt

w here

Q  =  Qe +  Qh +  Qb +  n ,  (7)

w here
Qo -  m ean h ea t exchange flux a t  th e  sea -  a tm o sp h ere  b o u n d a ry  in tim e 

A t ,
Q  -  h ea t exchange flux a t  th e  sea -  a tm o sp h ere  b o u n d ary ,
Q e -  h ea t of ev ap o ra tio n  flux,
Qh -  flux of h ea t conducted  from  sea to  th e  a tm o sp h ere ,
Qb -  flux of effective h ea t rad ia tio n  a t th e  sea -  a tm o sp h ere  b o u n d ary ,
II -  flux of rad ia tio n  abso rbed  by th e  oil film.

T h e  change in th e  p o ten tia l energy of th e  surface lay er due to  w ind­
gen e ra ted  tu rb u le n t m ixing in tim e A t  is determ ined  by th e  em pirical for­
m u la  (T u rn er, 1969)

A  = m '  cDp au \ QA t ,  (8)

w here
ti\Q -  w ind velocity  a t  an  a ltitu d e  of 10 m , 
pa -  density  of th e  a tm osphere , 
cd -  m om en tum  exchange coefficient,



m l  -  em pirical p ro p o rtio n a lity  facto r.
T h e  m l  fa c to r in fo rm ula  (8) is variab le  and  depends on dim ension- 

less com binations of num erous p a ram e te rs  charac te riz ing  th e  en v iro n m en ta l 
conditions. In th is  m odel, b o th  th is  fac to r and  th e  m o m en tu m  exchange 
coefficient cp  a re  affected by bulk  and  surface oil po llu tion  (B y u tn e r and 
D ubov, 1985). T h e  daily te m p e ra tu re  varia tions of th e  u p p er sea layer are 
determ ined  by th e  h ea t fluxes resu lting  from  th e  ab so rp tio n  of so lar ra d ia ­
tio n , by  th e  in ten s ity  of tu rb u le n t m ixing, h ea t exchange betw een  th e  sea 
and  th e  a tm o sp h ere , ev ap o ra tio n  and  long-w ave rad ia tio n . All th ese  facto rs  
a re  affected by bulk  and  surface po llu tion  w ith  crude oil.

C alcu lations of solar rad ia tio n  transm ission  in seaw ater a re  perfo rm ed  
accord ing  to  th e  fo rm ula  developed by  Czyszek (1985):

T  (z ) =  £ m [(l -  dE )p (A X m ) +  dE r ( A X m )]Tp( A \ m )
H ; £ m[(l  -  dE )p {{A X m ) +  dE r ( A X m )]Tp( A X m )

x e x p [ - a ( A \ miZ) D l ( A \ m z  = 0)z \,  (9)
w here
dE -  d iffusivity of rad ia tio n  across th e  en tire  sp ec tra l ran g e  re a ­

ching th e  sea surface, 
p ( A X m ) re la tive  energy p ro p o rtio n  of th e  A X m sp ec tra l ran g e  in direc­

tional rad ia tio n  reaching  th e  sea surface u n d er given w ea th er 
conditions and  a t  a  given elevation of th e  Sun, 

r(A A m) -  re la tiv e  energy p ro p o rtio n  of th e  A X m sp ec tra l ran g e  in dif­
fuse rad ia tio n  reaching  th e  sea surface u n d er given w ea th er 
conditions and  a t a  given elevation of th e  Sun,

Tp(A A m) -  transm ission  of rad ia tio n  from  th e  A X m ran g e  th ro u g h  th e  
sea surface,

a ( A X m , z ) - a b s o rp t io n  coefficient of rad ia tio n  from  th e  AAm ran g e  in 
w a te r a t d ep th  z,

D j ( A X m , 0) -  d is trib u tio n  functions of th e  dow nw ard rad ia tio n  a t  th e  z  = 0 
level.

T h e  tran sm issio n  of so lar rad ia tio n  from  th e  AAm ran g e  th ro u g h  a  sea 
surface covered w ith  an  oil film of th ickness h  can be ca lcu la ted  from

=  (“ >
w here
T p( AAm) -  transm ission  of rad ia tio n  from  th e  AAm ran g e  th ro u g h  a 

clean sea surface,
^ 2 ( 0 , h, A X m) -  energy coefficient of ab so rp tio n  of rad ia tio n  from  th e  AAm 

range in a  sea covered by a  th in  film of oil of th ickness h  
for an  angle of incidence 0  (in p a r tic u la r  h  =  0).



T h e tran sm issio n  of so lar energy rad ia tio n  th ro u g h  th e  sea su rface  T p is 
averaged  for th e  en tire  w avelength  range; th is  can be done in m an y  w ays. 
In th e  num erical ca lcu lations, th e  a r ith m etic  m ean  was ado p ted :

-  =  Z m T p( h , A \ m ) ' 
m

T em p e ra tu re  changes in th e  d ifferent sublayers A z  cause th e  p o ten tia l 
energy  of th e  en tire  surface to  change. T h e  solar energy  ab so rb ed  stabilizes 
th e  en tire  layer by decreasing its p o ten tia l energy. T h e  m ain  fa c to r d e s ta ­
bilizing th e  layer is tu rb u le n t m ixing, g en e ra ted  in th e  surface lay er by  th e  
w ind. T h e  a lg o rith m  of th e  calcu lations is based  on th e  p rincip le  th a t  th e  
energy balance of th e  influence of th e  stab iliz ing  an d  th e  destab iliz ing  fac­
to rs  is ca lcu lated  in each tim e  step . T h e  p o ten tia l energy  increases during  
tu rb u le n t m ixing. T his proceeds in such a  m an n er th a t  th e  in itia lly  uniform  
first layer is jo ined  by  th e  consecutive layers lying below  it. T h e  th ickness 
and  th e  te m p e ra tu re  of th e  m ixed layer a re  ca lcu la ted  in th e  w ay rep o rted  
by K arbow niczek-G ratkow ska (1991).

3. Results of numerical calculations using the DKTz-3  
model

T h e  values of p(A A m , z  =  0“ ), r(A A m ,0 _ ) and  Tp(AAm ) depend  on 
th e  elevation of th e  Sun and  on th e  w ea th er conditions ( tu rb id ity  of 
th e  a tm o sp h ere , cloud cover). To de term ine  th e  in s tan tan eo u s  values of 
p ( A \ m , z  — 0“ ) and  r ( A \ m , z  =  0- ) is very  com plicated  and  requires com ­
plex in s tru m en ta tio n . Hence, w hen ca lcu la ting  th e  tran sm issio n  of rad ia tio n  
in w a te r one does b e t te r  to  use th e  l i te ra tu re  values of th ese  coefficients 
based  on long-term  m easu rem en ts. For a  clear sky, th e  d is trib u tio n  co­
efficients p ( A \ m , z  = 0~ )  and  r ( A \ m , z = 0 ~ )  w ere ca lcu la ted  from  d a ta  
(G lagolev, 1970) on th e  q u a n tity  of solar rad ia tio n  energy  in a  given spec­
t ra l  ran g e  AAm a t th e  low er b o u n d ary  of th e  a tm o sp h ere  (C zyszek, 1985). 
T h e  coefficients p ( A \ m }z  =  0- ) and  r(A A m ,z  =  0“ ) w ere ca lcu la ted  de­
pend ing  on th e  elevation of th e  Sun and  a tm o sp h eric  tu rb id ity . O wing to  
th e  lack of d a ta  r ( A \ m , z  =  0) was assum ed to  hav e  th e  sam e value for all 
a tm ospheric  tu rb id itie s  in calcu lations of th e  so lar ra d ia tio n  tran sm issio n  
in th e  sea. N on-selectiv ity  of solar rad ia tio n  tran sm issio n  th ro u g h  th e  sea 
surface, Tp( A X m ) =  0.95, was assum ed for com pletely  and  p a r tly  overcast 
skies. U nder th e  so-called m ean conditions of ra d ia tio n  to  th e  sea surface 
(p a rtia l cloud cover) a  value of d s  =  0.46 was ad o p ted  (R usin , 1979). W hen 
th e  sky w as com pletely  overcast it was assum ed th a t  cIe  =  1, i-e. th a t  only



sca tte red  rad ia tio n  reached  th e  sea surface. T h e  values of p ( A \ m , z  =  0“ ) 
r ( A X m , z  =  0 " ) ,  Tp(AAm), _D/(AAm ,0 ) and  d,E for various w ea th e r condi­
tions a re  listed  in T ables 1-7. T able 8 gives th e  values of th e  rad ia tio n  
ab so rp tio n  coefficients in ligh t and heavy  oil and  in eu tro p h ic  w a te r used 
in ca lcu la ting  th e  transm ission  accord ing  to  equ a tio n  (9) (A rst an d  K ard , 
1983).

T ab le  1. Coefficients of relative spectral distribution of directional illumination 
reaching the sea surface pm = p((AXm ,z  = 0“ ) vs. solar elevation (clear sky, small 
opacity) (Czyszek, 1985)

AAm [/.im] 10° 20° CO O o

Solar elevation 
40° 50° 60°

oO oO00

0.30-0.32 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
0.32-0.34 0.0010 0.0020 0.0030 0.0025 0.0020 0.0035 0.0045 0.0055
0.34-0.36 0.0020 0.0040 0.0060 0.0070 0.0080 0.0090 0.0100 0.0105
0.36-0.38 0.0030 0.0060 0.0095 0.0110 0.0120 0.0135 0.0150 0.0165
0.38-0.40 0.0035 0.0075 0.0115 0.0130 0.0145 0.0150 0.0165 0.0195
0.40-0.44 0.0265 0.0310 0.0355 0.0365 0.0375 0.0380 0.0380 0.0385
0.44-0.48 0.0365 0.0440 0.0510 0.0525 0.0540 0.0535 0.0535 0.0530
0.48-0.52 0.0390 0.0470 0.0545 0.0555 0.0565 0.0565 0.0570 0.0570
0.52-0.56 0.0415 0.0500 0.0585 0.0590 0.0595 0.0595 0.0600 0.0600
0.56-0.60 0.0430 0.0515 0.0595 0.0600 0.0605 0.0610 0.0610 0.0615
0.60-0.64 0.0420 0.0500 0.0580 0.0585 0.0590 0.0595 0.0595 0.0600
0.64-0.68 0.0425 0.0505 0.0585 0.0590 0.0595 0.0600 0.0600 0.0605
0.68-0.70 0.0210 0.0250 0.0285 0.0290 0.0290 0.0295 0.0295 0.0300
0.70-0.74 0.0635 0.0575 0.0515 0.0510 0.0500 0.0500 0.0490 0.0490
0.74-0.79 0.0800 0.0730 0.0655 0.0640 0.0620 0.0610 0.0610 0.0600
0.79-0.84 0.0660 0.0605 0.0545 0.0535 0.0520 0.0510 0.0510 0.0500
0.84-0.86 0.0270 0.0240 0.0210 0.0205 0.0200 0.0200 0.0200 0.0200
0.86-0.99 0.0110 0.0525 0.0935 0.0925 0.0910 0.0895 0.0880 0.0865
0.99-1.03 0.0405 0.0360 0.0315 0.0320 0.0320 0.0320 0.0320 0.0320
1.03-1.23 0.0125 0.0570 0.1015 0.0990 0.0960 0.0950 0.0945 0.0940
1.23-1.25 0.0165 0.0140 0.0115 0.0125 0.0130 0.0120 0.0110 0.0105
1.25-1.53 0.0430 0.0390 0.0345 0.0345 0.0345 0.0340 0.0330 0.0320
1.53-2.10 0.0855 0.0780 0.0700 0.0690 0.0680 0.0670 0.0665 0.0655
2.10-3.00 0.0300 0.0275 0.0245 0.0240 0.0230 0.0225 0.0225 0.0220
3.00-4.00 0.0090 0.0085 0.0075 0.0070 0.0065 0.0045 0.0025 0.0005



T ab le  2. Coefficients of relative spectral distribution of directional illumination re­
aching the sea surface pm =  p(AAm, z = 0~) vs. solar elevation (clear sky, medium 
opacity) (Czyszek, 1985)

Solar elevation
AAm [/im] 10° 20° CO O o oO

50° 60° o o oo o o

0.30-0.32 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
0.32-0.34 0.0015 0.0010 0.0005 0.0015 0.0030 0.0035 0.0045 0.0050
0.34-0.36 0.0020 0.0040 0.0060 0.0060 0.0060 0.0075 0.0090 0.0105
0.36-0.38 0.0025 0.0060 0.0095 0.0095 0.0095 0.0110 0.0130 0.0145
0.38-0.40 0.0025 0.0065 0.0105 0.0110 0.0115 0.0130 0.0145 0.0160
0.40-0.44 0.0265 0.0315 0.0360 0.0370 0.0380 0.0380 0.0380 0.0380
0.44-0.48 0.0365 0.0440 0.0520 0.0535 0.0545 0.0545 0.0545 0.0545
0.48-0.52 0.0380 0.0465 0.0545 0.0560 0.0570 0.0570 0.0570 0.0570
0.52-0.56 0.0400 0.0495 0.0590 0.0600 0.0615 0.0615 0.0615 0.0615
0.56-0.60 0.0415 0.0510 0.0605 0.0620 0.0630 0.0630 0.0630 0.0630
0.60-0.64 0.0405 0.0500 0.0595 0.0605 0.0620 0.0620 0.0620 0.0620
0.64-0.68 0.0410 0.0505 0.0600 0.0610 0.0625 0.0625 0.0625 0.0625
0.68-0.70 0.0410 0.0355 0.0300 0.0310 0.0320 0.0310 0.0300 0.0295
0.70-0.74 0.0665 0.0585 0.0505 0.0500 0.0490 0.0480 0.0475 0.0465
0.74-0.79 0.0830 0.0740 0.0645 0.0635 0.0620 0.0615 0.0610 0.0600
0.79-0.84 0.0690 0.0610 0.0530 0.0525 0.0515 0.0505 0.0500 0.0490
0.84-0.86 0.0270 0.0235 0.0200 0.0195 0.0195 0.0195 0.0195 0.0195
0.86-0.99 0.1190 0.1055 0.0920 0.0905 0.0890 0.0880 0.0870 0.0860
0.99-1.03 0.0420 0.0375 0.0330 0.0325 0.0320 0.0315 0.0315 0.0310
1.03-1.23 0.1295 0.1150 0.1000 0.0985 0.0970 0.0955 0.0945 0.0930
1.23-1.25 0.0140 0.0130 0.0120 0.0115 0.0110 0.0110 0.0110 0.0110
1.25-1.53 0.0435 0.0395 0.0355 0.0350 0.0345 0.0340 0.0335 0.0330
1.53-2.10 0.0890 0.0790 0.0690 0.0680 0.0670 0.0660 0.0650 0.0645
2.10-3.00 0.0300 0.0265 0.0230 0.0225 0.0225 0.0225 0.0220 0.0220
3.00-4.00 0.0090 0.0080 0.0070 0.0070 0.0070 0.0070 0.0070 0.0070



T ab le  3. Coefficients of relative spectral distribution of directional illumination 
reaching the sea surface pm =  p(AXm ,z  — 0 ") vs. solar elevation (clear sky, high 
opacity) (Czyszek, 1985)

AAm [pm] 10° 20° 30°
Solar elevation 

40° 50° 60°

oO oO00

0.30-0.32 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005
0.32-0.34 0.0005 0.0010 0.0015 0.0010 0.0005 0.0005 0.0005 0.0005
0.34-0.36 0.0005 0.0020 0.0030 0.0045 0.0060 0.0070 0.0080 0.0090
0.36-0.38 0.0005 0.0030 0.0060 0.0075 0.0095 0.0100 0.0105 0.0115
0.38-0.40 0.0005 0.0040 0.0080 0.0095 0.0105 0.0115 0.0125 0.0140
0.40-0.44 0.0180 0.0250 0.0320 0.0330 0.0340 0.0350 0.0365 0.0380
0.44-0.48 0.0270 0.0345 0.0480 0.0490 0.0500 0.0515 0.0530 0.0545
0.48-0.52 0.0270 0.0385 0.0500 0.0515 0.0530 0.0545 0.0560 0.0585
0.52-0.56 0.0275 0.0405 0.0530 0.0555 0.0585 0.0595 0.0605 0.0615
0.56-0.60 0.0300 0.0425 0.0550 0.0570 0.0595 0.0605 0.0615 0.0625
0.60-0.64 0.0305 0.0320 0.0540 0.0555 0.0575 0.0585 0.0595 0.0610
0.64-0.68 0.0300 0.0415 0.0530 0.0555 0.0585 0.0595 0.0605 0.0615
0.68-0.70 0.0130 0.0325 0.0540 0.0530 0.0515 0.0540 0.0565 0.0590
0.70-0.74 0.0710 0.0620 0.0530 0.0410 0.0500 0.0495 0.0490 0.0485
0.74-0.79 0.0775 0.0730 0.0690 0.0665 0.0640 0.0630 0.0620 0.0610
0.79-0.84 0.0750 0.0645 0.0560 0.0550 0.0540 0.0530 0.0520 0.0505
0.84-0.86 0.0290 0.0250 0.0215 0.0210 0.0205 0.0205 0.0200 0.0200
0.86-0.99 0.1300 0.1150 0.1000 0.0965 0.0935 0.0910 0.0885 0.0860
0.99-1.03 0.0460 0.0400 0.0340 0.0335 0.0330 0.0325 0.0320 0.0310
1.03-1.23 0.1400 0.1230 0.1060 0.1030 0.1000 0.1000 0.0955 0.0955
1.23-1.25 0.0175 0.0150 0.0130 0.0120 0.0110 0.0110 0.0110 0.0110
1.25-1.53 0.0500 0.0430 0.0365 0.0350 0.0335 0.0335 0.0330 0.0330
1.53-2.10 0.0975 0.0855 0.0730 0.0640 0.0555 0.0590 0.0620 0.0655
2.10-3.00 0.0330 0.0290 0.0250 0.0240 0.0230 0.0225 0.0220 0.0215
3.00-4.00 0.0090 0.0080 0.0075 0.0070 0.0070 0.0065 0.0060 0.0055



T ab le  4. Coefficients of relative spectral distribution of scattered illumination rea­
ching the sea surface rm =  r(AAm , 2 =  0“ ) vs. solar elevation (clear sky) (Czyszek, 
1985)

Solar elevation
AAm [/zm] 10° 20°

0OCO 0O

50° 60°

0O

80°

0.30-0.32 0.0055 0.0060 0.0065 0.0075 0.0090 0.0095 0.0100 0.0100
0.32-0.34 0.0055 0.0080 0.0105 0.0270 0.0435 0.0455 0.0480 0.0500
0.34-0.36 0.0300 0.0340 0.0380 0.0480 0.0580 0.0600 0.0615 0.0635
0.36-0.38 0.0390 0.0445 0.0500 0.0560 0.0620 0.0650 0.0675 0.0700
0.38-0.40 0.0275 0.0400 0.0530 0.0575 0.0620 0.0650 0.0675 0.0700
0.40-0.44 0.1330 0.1300 0.1270 0.1265 0.1255 0.1240 0.1230 0.1215
0.44-0.48 0.1400 0.1360 0.1320 0.1315 0.1310 0.1300 0.1295 0.1290
0.48-0.52 0.1155 0.1125 0.1100 0.1100 0.1100 0.1090 0.1085 0.1080
0.52-0.56 0.1015 0.0990 0.0960 0.0960 0.0960 0.0950 0.0940 0.0935
0.56-0.60 0.0855 0.0840 0.0830 0.0830 0.0830 0.0820 0.0810 0.0800
0.60-0.64 0.0730 0.0715 0.0705 0.0705 0.0705 0.0700 0.0690 0.0680
0.64-0.68 0.0640 0.0630 0.0620 0.0620 0.0620 0.0620 0.0620 0.0620
0.68-0.70 0.0300 0.0300 0.0300 0.0295 0.0290 0.0290 0.0285 0.0280
0.70-0.74 0.0115 0.0105 0.0100 0.0090 0.0080 0.0075 0.0070 0.0060
0.74-0.79 0.0200 0.0175 0.0150 0.0140 0.0120 0.0115 0.0110 0.0105
0.79-0.84 0.0110 0.0100 0.0090 0.0080 0.0070 0.0065 0.0060 0.0055
0.84-0.86 0.0055 0.0045 0.0035 0.0045 0.0055 0.0055 0.0060 0.0060
0.86-0.99 0.0170 0.0150 0.0125 0.0110 0.0095 0.0090 0.0085 0.0080
0.99-1.03 0.0060 0.0050 0.0040 0.0035 0.0030 0.0030 0.0030 0.0030
1.03-1.23 0.0130 0.0115 0.0100 0.0090 0.0080 0.0070 0.0065 0.0060
1.23-1.25 0.0025 0.0025 0.0025 0.0015 0.0010 0.0010 0.0010 0.0010
1.25-1.53 0.0025 0.0020 0.0020 0.0015 0.0010 0.0010 0.0010 0.0010
1.53-2.10 0.0030 0.0035 0.0040 0.0035 0.0030 0.0030 0.0025 0.0025
2.10-3.00 0.0010 0.0015 0.0020 0.0015 0.0010 0.0010 0.0010 0.0010
3.00-4.00 0.0005 0.0005 0.0005 0.0005. 0.0005 0.0005 0.0005 0.0005



T ab le  5. Coefficients of relative spectral distribution of directional and scattered 
illumination reaching the sea surface pm =  p(AAm, z =  0“ ) and rm =  r(AAm , 2 =  
0“ ) for a partly and completely overcast sky (Czyszek, 1985)

AAm [fim] Pm T m

0.30-0.32 0.0003 0.0053
0.32-0.34 0.0029 0.0277
0.34-0.36 0.0059 0.0359
0.36-0.38 0.0079 0.0392
0.38-0.40 0.0092 0.0366
0.40-0.44 0.0367 0.1073
0.44-0.48 0.0524 0.1127
0.48-0.52 0.0557 0.0928
0.52-0.56 0.0590 0.0819
0.56-0.60 0.0606 0.0708
0.60-0.64 0.0590 0.0598
0.64-0.68 0.0590 0.0528
0.68-0.70 0.0293 0.0247
0.70-0.74 0.0509 0.0327
0.74-0.79 0.0642 0.0498
0.79-0.84 0.0532 0.0310
0.84-0.86 0.0208 0.0139
0.86-0.99 0.0929 0.0413
0.99-1.03 0.0330 0.0186
1.03-1.23 0.1007 0.0352
1.23-1.25 0.0120 0.0050
1.25-1.53 0.0348 0.0059
1.53-2.10 0.0691 0.0147
2.10-3.00 0.0237 0.0042
3.00-4.00 0.0068 0.0008



T ab le  6. Values of radiation transmission from the AAm intervals through the sea 
surface Tp(AAm) for medium atmospheric opacity and solar elevation hQ = 30° 
(Czyszek, 1978)

o 3 tT J3
,

TP

0.30-0.32 0.938
0.32-0.34 0.938
0.34-0.36 0.938
0.36-0.38 0.938
0.38-0.40 0.938
0.40-0.44 0.935
0.44-0.48 0.935
0.48-0.52 0.935
0.52-0.56 0.935
0.56-0.60 0.935
0.60-0.64 0.935
0.64-0.68 0.936
0.68-0.70 0.936
0.70-0.74 0.931
0.74-0.79 0.931
0.79-0.84 0.932
0.84-0.86 0.931
0.86-0.99 0.933
0.99-1.03 0.931
1.03-1.23 0.934
1.23-1.25 0.933
1.25-1.53 0.936
1.53-2.10 0.935
2.10-3.00 0.935
3.00-4.00 0.935



T ab le  7. The proportion of scattered radiation dß in the to tal radiation reaching 
the sea surface for a clear sky vs. solar elevation for high, medium and small opacity

Solar elevation
Opacity “ 10° 20° 30° 40° 50° 60° 70° 8Ü“-

high 0.663 0.411 0.311 0.247 0.220 0.199 0.182 0.179 
medium 0.410 0.251 0.178 0.143 0.126 0.117 0.106 0.107 
small 0.330 0.189 0.148 0.122 0.108 0.094 0.092 0.093

T ab le  8. Spectral distribution of the real and imaginary parts of the complex light 
refraction coefficient for seawater and crude oil (Arst, 1983)

Eutrophic Crude oil
seawater

AAm [/im] V2 k2 x 10®
m

light 
ki x 103 m

heavy 
Ki x 1C

0.30-0.32 1.3565 24.67 1.485 0.965 1.582 60.00
0.32-0.34 1.3524 19.17 1.478 0.675 1.570 40.00
0.34-0.36 1.3491 14.76 1.474 0.480 1.556 25.00
0.36-0.38 1.3465 11.19 1.470 0.340 1.548 17.50
0.38-0.40 1.3440 8.38 1.466 0.246. 1.543 14.00
0.40-0.44 1.3412 5.08 1.460 0.146 1.530 9.90
0.44-0.48 1.3382 3.11 1.455 0.089 1.520 6.50
0.48-0.52 1.3360 1.91 1.452 0.059 1.510 4.50
0.52-0.56 1.3342 1.46 1.450 0.039 1.506 3.60
0.56-0.60 1.3318 1.25 1.449 0.025 1.503 3.00
0.60-0.64 1.3308 1.87 1.448 0.016 1.500 2.60
0.64-0.68 1.3304 2.36 1.448 0.011 1.498 2.26
0.68-0.70 1.3302 3.46 1.447 0.009 1.495 2.06
0.70-0.74 1.3295 10.60 1.447 0.007 1.493 1.88
0.74-0.79 1.3288 14.79 1.446 0.005 1.490 1.65
0.79-0.84 1.3277 18.16 1.446 0.005 1.486 1.50
0.84-0.86 1.3271 27.06 1.446 0.004 1.484 1.40
0.86-0.99 1.3280 73.60 1.446 0.004 1.481 1.10
0.99-1.03 1.3260 229.10 1.446 0.005 1.479 0.90
1.03-1.23 1.3230 600.00 1.446 0.009 1.472 0.80
1.23-1.25 1.3190 5260.00 1.446 0.018 1.464 0.74
1.25-1.53 1.3170 3.00-104 1.446 0.030 1.460 0.78
1.53-2.10 1.3180 3.85· 104 1.446 0.105 1.448 1.40
2.10-3.00 1.2510 2.00-106 1.412 1.400 1.490 3.20
3.00-4.00 1.1800 1.20· 109 1.440 1.000 1.490 2.30

È



To exam ine th e  sensitiv ity  of th e  D K T z-3 m odel to  changes in its  p a ­
ra m e te r th e  ex p erim en ta l d a ta  from  26 Ju ly  1980 from  th e  G d an sk  Deep 
was used '(C zyszek , 1985). T hese d a ta  ch arac te rize  th e  en v iro n m en ta l con­
d itions, a  know ledge of w hich is necessary  to  d e term in e  daily  te m p e ra tu re  
varia tions. T hese d a ta  are listed  in T able 9.

T ab le  9. Environmental conditions in Gdansk Deep on 26 July 1980

Hours 63ü- 8 3ü 830—1030 103U-1 2 3Q
Solar elevation 10° CO o ° oO

Cloudiness clear sky
I — d s 0.34 0.69 0.75
«10 5.00 5.25 5.0
v ( o - y 0.419 1.29 1.73

% 0.916 0.939 0.941
Ql -0.524 -0.529 -0.353
Hours 1230-1 4 30 1430-1 6 3U 1630-1 8 30 183O- 2 0 3°
Solar elevation
Cloudiness overcast
1 — d s 0
u 10 5.0 5.0 6.0 6.0
7 ,(0 - )* 4.17 2.08 1.17 0.449
Tp 0.941 0.941 0.940 0.935
Q o -0.0515 -0.217 -0.299 -0.385

7,(0-) =  7?(0-)* X 106 [J m"•2], Qo =  Qo x 106 [J m '- 2] »7(0-) - radiation dose
penetrating directly below the surface.

F igure 1 com pares th e  evolution  of m ixed layer te m p e ra tu re  determ ined  
experim en tally  (C zyszek, 1985) and  calcu lated  from  th e  D K T -3  m odel (in 
th e  absence of p o llu ta n ts ) . T h e  in itia l te m p e ra tu re  profile in th e  D K T z-3 
m odel was assum ed a rb itra rily  on th e  basis of d a ta  from  th e  prev ious day. 
T h e  tim e step  ad o p ted  was 2 h, and  th e  sub layer th ickness A z  =  0.25 m 
a t th e  n u m b er of sublayers N  — 50. T h e  m/ C£> coefficient w as selected  on 
th e  basis of a  num erical experim en t. Its  value in th e  consecutive stages is 
(3, 3, 3, 5.5, 9, 3.5, 3 ) x l 0 - 6 . T h e  ag reem en t betw een  th e  m easu red  and 
th e  calcu lated  tem p e ra tu re s  can be regarded  as sa tisfac to ry , th e  m ore so, 
th a t  th e  m easured  values are charac te rized  by large erro rs and  should  be 
tre a te d  as m axim  u nder th e  given en v ironm en ta l conditions (C zyszek, 1985). 
F igure 2 p resen ts  a  sim ilar com parison for th e  th ickness of th e  m ixed layer. 
P a rticu la r ly  good ag reem en t was o b ta in ed  for th e  tim e  in te rv a l t  — 1230-  
1830.

T h e  reaction  of th e  D K Tz-3 m odel to  th e  presence of p o llu ta n ts  was 
exam ined for light and  heavy  crude oil as in th e  cases of th e  D K T z-1 and



t im e

o measured temperature

A calculated tem perature
Fig. 1. The daily evolution of the instantaneous mixed-layer tem perature (Czy- 
szek, 1985) compared with the tem perature calculated using the DKTz-3 model 
(ck =  0, h =  0)

£

time
o measured thickness

A calculated thickness
Fig. 2. The daily evolution of the instantaneous mixed-layer thickness (Czyszek, 
1985) compared with the thickness calculated using the DKTz-3 model (c* =  0, 
h =  0)



D K T z-2 m odels. T h e  occurrence of bu lk  and  surface po llu tion  by  p e tro leu m  
substances was sim ulated  for th e  previously  described en v iro n m en ta l condi­
tions (T ab . 1). T h e  effect of th e  co n cen tra tio n  of bu lk  p o llu tio n  by  ligh t oil 
(T ab . 8) on th e  daily  evolu tion  of th e  m ixed-layer te m p e ra tu re  is i l lu s tra te d  
in F igure 3. I t was assum ed th a t  th e  co n cen tra tio n  Ck w as c o n s tan t during  
th e  en tire  period  of daily hea ting . It follows from  th e  ca lcu la tions th a t  an  
increase in p o llu ta n t co n cen tra tio n  is accom panied  by an increase in te m p e ­
ra tu re  and  a  reduction  in th e  m ixed layer th ickness (F ig . 4 ). T e m p e ra tu re  
differences over th is  co n cen tra tio n  range am o u n ted  to  0.5°C .

F igu re  5 shows th e  effect of th e  th ickness of a  ligh t oil film on th e  daily 
evolu tion  of th e  m ixed-layer te m p e ra tu re  in th e  presence of c o n s tan t bu lk  
po llu tion . A value of Ck =  10-4  and  film th icknesses h  = (0 , 10, 50, 100, 
1000)/xm w ere ad o p ted  for th e  calculations. M axim um  te m p e ra tu re  changes 
due to  th e  presence of th e  film are recorded a round  1430 because th e  m ost 
in tensive h ea tin g  occurs betw een 1230 and  1430. T h e  ca lcu la tions to o k  in to  
accoun t th e  change in th e  h ea t balance a t a  sea surface covered w ith  a  th in  
film of oil. T em p e ra tu re  changes of th e  o rder of 0.8°C  resu lt from  ad o p tin g  
th e  g rea te s t th ickness of th e  film occurring  th e  en tire  daily  period  of hea tin g .

tim e
o c k =0  A c k = 1-10 · c k = 1-1 0 3

Fig. 3. Daily evolution of the mixed-layer tem perature at various volume concen­
trations of light oil (1 .E — n corresponds to 10- n )

T h e  change in th e  h ea t balance in th e  presence of an  oil film significan­
tly  influences th e  calcu lations of te m p e ra tu re  values. T h is  is i l lu s tra te d  in



time
° ck:0 a ck = 1-10"4 · ck= MO’3

Fig. 4. The daily evolution of the mixed-layer thickness at various concentrations 
of light oil

ck. = MO"4

time

°  h = 0 « h = 50 pm -h=1 mm
A h = 10 jjm x h =100 jum

Fig. 5. Daily evolution of the mixed-layer tem perature at various thicknesses of 
light oil film and constant concentration of bulk pollution with light oil Ck =  10-4



F igure  6. A volum e co n cen tra tio n  of =  0 and  film th ickness of h  =  10/xm 
were ad o p ted  in th e  calcu lations. T aking  k\  to  be  0 o r 1 im plies neglec­
tin g  or tak in g  in to  accoun t th e  lim ited  h ea t of ev ap o ra tio n  due to  th e  oil 
film, while values of = 0 or 1 m ean  ignoring or tak in g  in to  consideration  
th e  rad ia tio n  flux absorbed  by th e  oil film. If th e  above fac to rs  a re  no t 
included in th e  h ea t balance, th e  calcu lated  daily  te m p e ra tu re  changes are 
u n d erestim a ted .

F igures 7 and  8 p resen t th e  daily te m p e ra tu re  evolu tion  ca lcu la ted  using 
th e  D K T z-3 m odel for bulk  pollu tion  only, as well as bulk  an d  surface pollu­
tion  by heavy  oil. T h e  p a ram e te r of th e  fam ily  of curves is th e  co n cen tra tio n  
Ck in th e  first case, and  th e  film th ickness h  in th e  second. T h e  p lo ts  are  
sim ilar to  those  for light oil, b u t th e  te m p e ra tu re  changes are  larger.

Fig. 6. The effect of the manner of calculating the heat balance in the presence of 
a light oil film of thickness h =  10 fim on the daily evolution of tem perature from 
the DKTz-3 model



time
o ck = 0 · ck=1 -10 '6 - c k = n O ' i*

A ck=1-10-7 x ck = 1-1Cf 5

Fig. 7. Daily evolution of the mixed-layer thickness at various concentrations of 
heavy oil (bulk pollution)

ck = 1-10 6 , heavy oil

time

o h  = 1(um A h  = 10jjm « h = 3 0 / j m

Fig. 8. Daily evolution of the mixed-layer tem perature at various thicknesses of 
heavy oil film and constant concentration of bulk pollution with heavy oil Ck — 10~6



T h e  tim e-space te m p e ra tu re  varia tions of th e  u p p er sea lay er m ay  be 
conveniently  p resen ted  in th e  form  of co n to u r d iag ram s w ith  iso th erm s in ­
d icated . T hey  enable one to  read  off th e  te m p e ra tu re  a t  p a r tic u la r  dep th s 
and  th e  evolu tion  of th e  m ixed layer th ickness. T h e  d ep th  of th e  th erm o clin e  
is clearly visible w here th e  iso therm s are  bunched . F igures 9-11  illu s tra te  
th e  tim e-space evolu tion  of te m p e ra tu re  of th e  u p p er sea layer de term ined  
using th e  D K Tz-3 m odel for th e  p o llu ta n ts  described.
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4. Conclusions

T h e  in teg ra l, un id im ensional m ixed-layer D K T  m odel w as used to  de­
velop m a th em atica l m odels of th e  seasonal and  daily  te m p e ra tu re  changes 
in an  u p p er sea layer po llu ted  by p e tro leu m  substances: D K T z-1 , D K T z-2 
and  D K T z-3. T h e  D K T z-1 m odel enables seasonal te m p e ra tu re  changes to  
be analysed  and  fo recast for th e  occurrence of any  p e tro leu m  substances 
w hose volum e co n cen tra tio n  in th e  sea is tim e-variab le . A m odification  of 
th is  m odel, m ain ly  affecting th e  w ay in w hich th e  tran sm issio n  coefficient of 
ligh t ab so rp tio n  in sea w a te r and  h ea t balance are  de term in ed , leads to  th e  
D K T z-2 m odel, w hich provides for th e  sim ula tion  of seasonal te m p e ra tu re  
v aria tio n s in th e  presence of b o th  bulk  and  surface p o llu ta n ts  in th e  tim e- 
variab le  co n cen tra tio n . In lim iting  cases th e  m odel enables th e  te m p e ra tu re  
and  th ickness of th e  m ixed layer in th e  presence of only bu lk  o r only su r­
face po llu tion  to  be determ ined . T h e  D K T z-3 m odel p e rm its  th e  analysis of 
sh o rt- te rm  te m p e ra tu re  varia tions in th e  presence of bu lk  an d  surface po llu ­
tion . T his m odel is a  fu r th e r m odification  of th e  prev ious ones, an d  enables 
th e  effect of po llu tion  on th e  evolu tion  of daily  te m p e ra tu re  changes and  th e  
m ixed layer th ickness to  be analysed  num erically . T his is possib le because 
th e  m odel tak es  in to  accoun t th e  tran sm issio n  of th e  en tire  so lar rad ia tio n  
sp ec tru m  and  its  dependence on th e  elevation of th e  Sun and  w e a th e r con­
d itions. T h e  m odel w as verified by  num erical s im ula tions for th e  so u th ern  
B altic . T h e  resu lts  of th ese  sim ulations w ere com pared  w ith  ex p e rim en ta l 
d a ta  for th is  region of th e  B altic  (C zyszek, 1985). T h e  ag reem en t betw een  
th e  ca lcu la ted  and  real te m p e ra tu re  varia tions and  m ixed-layer th ickness 
was satisfac to ry . T h e  resu lts  of th ese  calcu lations allow th e  follow ing conc­
lusion to  be  draw n:

1. T h e  m odel p resen ted  in th is  p ap e r is very  versa tile  and  p e rm its  a  read y  
analysis of th e  te m p e ra tu re  field of any  m arin e  en v iro n m en t (pollu­
ted  or n o t) , ow ing to  th e  in tro d u c tio n  of p a ram e te rs  generally  used 
in m odelling th e rm o d y n am ic  processes re la ted  to  o cean -a tm o sp h ere  
in te rac tio n , and  to  th e  res tr ic tio n  of th e  n u m b er of em pirica l coeffi­
cients. It th u s  fulfils th e  necessary  condition  for inclusion in th e  global 
m odel describing ocean -a tm osphere  in te rac tio n .

2. T h e  occurrence of p e tro leum  p o llu ta n ts  in seaw ate r can be  ta k e n  in to  
consideration  by an  a lte ra tio n  in th e  ab so rp tio n  coefficient o f th e  se­
aw ater -  p e tro leum  substances system . T h e  effective value o f th is  
coefficient is th e  sum  of th e  ab so rp tio n s of th e  ind iv idual e lem ents 
of th e  system , w hereas its  sp ec tru m  is a  su perim position  of p a r tia l 
sp ec tra .



3. T h e  coefficient of solar rad ia tio n  tran sm issio n  in seaw ate r w as d e te r­
m ined from  equ a tio n  (9), w hich tak es  in to  accoun t th e  en tire  sp ec tru m  
of solar rad ia tio n  p en e tra tin g  d irec tly  below  th e  sea surface and  th e  
variab ility  of hydrom eteoro logical conditions.

4. T h e  effect of en v ironm en ta l conditions on th e  te m p e ra tu re  an d  th ick ­
ness of th e  m ixed layer is also tak en  in to  accoun t by  th e  change in th e  
value of th e  mtCd coefficient (m ixing p a ra m e te r) . T h e  values of th is  
coefficient w ere d eterm ined  in a  num erical experim en t by  com paring  
th e  calcu lated  and  real te m p e ra tu re  and  th ickness o f th e  m ixed layer.

5. W hen bulk  po llu tion  occurs, any  increase in its co n cen tra tio n  raises 
th e  te m p e ra tu re  and  reduces th e  th ickness of th e  m ixed layer. W ith  
surface po llu tion , th e  d irection  of changes rem ains th e  sam e w ith  in ­
creasing film th ickness.

6. A t sim ilar co n cen tra tio n s, d ifferent kinds of crude oil (ligh t an d  heavy) 
cause different changes in th e  te m p e ra tu re  m ixed-layer th ickness w ith  
respect to  u n p o llu ted  w a ten sm a lle r in th e  case of ligh t oil, g re a te r  in 
th e  case of heavy.

7. M axim um  changes in th e  m ixed-layer te m p e ra tu re  occur w hen po llu ­
ta n ts  a re  in tro d u ced  du ring  th e  period  of th e  m ost in tensive  h ea tin g .

8. T h e  effect of surface p o llu ta n ts  in th e  form  of a  fla t, un ifo rm  oil layer 
on th e  evolu tion  of th e  te m p e ra tu re  and  th ickness o f th e  m ixed layer 
can be allow ed for in th e  m odel by  a lte rin g  th e  values of th e  t ra n s ­
m ission coefficients in such a  w ay th a t  th e  ab so rp tiv e  and  reflective 
p ro p erties  of th e  a tm o sp h ere  -  oil layer -  seaw ater system  are  tak en  
in to  account.

9. T h e  occurrence of surface pollu tion  w ith  p e tro leu m  su b stan ces  ch an ­
ges th e  th e rm a l conditions of th e  a tm o sp h ere  -  oil lay er -  sea  w a te r 
system  w ith  respect to  th e  a tm o sp h ere  -  seaw ater sy stem , a  fac t w hich 
should be tak en  in to  accoun t in th e  h ea t balance. D isregard ing  th is  
phenom enon resu lts  in u n d eres tim a ted  te m p e ra tu re  values.

F u rth e r investigations in to  th e  developm ent of un id im ensional m odels 
should deal w ith  th e  effect of so lar rad ia tio n  sca tte rin g  by p e tro leu m  po llu ­
ta n ts  (M rozek-L ejm an, 1984) on th e  evolu tion  of th e  m ixed-layer te m p e ra ­
tu re  and  th ickness. Such stud ies should also tak e  in to  acco u n t th e  change 
in th e  d is trib u tio n  function  of bu lk  p o llu ta n ts  in seaw ater (G u rg u l et al., 
1990). I t does n o t seem , how ever, th a t  th ese  m odifications will significan­
tly  change th e  calcu lated  values of th e  p a ram e te rs . I t is m ore im p o rta n t 
to  develop m odels for two- and  th ree-d im ensional cases. T h ese  should ad ­
d itionally  tak e  in to  accoun t th e  wave m otion  of th e  free sea surface, on 
w hich pa tch es  of p e tro leum  substances of fin ite  d im ensions and  tim e- and



space-variab le  th ickness m ay  occur. T h e  tw o-, and  p a rticu la rly  th e  th ree -
dim ensional m odel w ould m ore accu ra te ly  describe th e  real v aria tio n s in th e
te m p e ra tu re  and  th ickness of th e  m ixed layer, w hich sign ifican tly  influence
th e  m icro- and  m acroclim ate .
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