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1 .  I N T R O D U C T I O N

Oil spills are a major concern in both offshore oil production and oil
transport at sea. For an effective oil spil l contingency plan to be
formulated, one needs relevant environmental data. The objective of this
study is to provide such information in a format that can be understood and
used by decision makers in oil spill contingency planning and by scientific
support personnel during actual spills. The concept that a report of this
type should be available was initially developed during the grounding of the
Argo Merchant. At that time it became apparent that there was no source of
key climatological data available for pre-spill planning and post-spill
mitigation purposes. This planning guide discusses the movement of oil at
sea, presents relevant environmental data, and predicts the possible impact of
oil spills on the marine environment. The hope is to provide the necessary
environmental information to help mitigate adverse effects in the event of a
major  o i l  sp i l l .  The gu ide can a lso  be used sp i l l s  types such as
hazardous chemicals, since of the governing environmental processes and
impacted resources would be the same.

T h i s  i s  t h e  s e c o n d  i n  a  s e r i e s  d e s i g n e d  t o  c o v e r  a l l  U . S .  R e g i o n a l
Response Areas. The first planning guide covered the New York Bight (Coastal
Region II) ; report is the Gulf of Maine/Georges Bank (Coastal Region
I ) .
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2 .  F A T E  O F  O I L  A T  S E A

2 . 1  I n t r o d u c t i o n

Env i ronmen ta l  p rocesses  de te rm ine  the  movemen t  and  mod i f i ca t i on  o f  o i l
s p i l l e d  a t  s e a .  A f t e r  a  l a r g e  s p i l l ,  t h e  o i l  b e g i n s  t o  s p r e a d  o v e r  t h e  s e a
s u r f a c e ,  r a p i d l y  a t  f i r s t ,  t h e n  m o r e  s l o w l y .  I n  a  f e w  h o u r s ,  i t  f o r m s  a
s l ick .  Evapora t ion  and the d isso lv ing  o f  some o i l  components  leave a  res idue
wi th  chemica l  p roper t ies  d i f fe r ing  f rom those  o f  the  o r ig ina l  o i l .  Chemica l
and  b io log i ca l  deg rada t ion  may  occu r  a long  w i th  the  fo rma t ion  o f  wa te r - i n -o i l
e m u l s i o n s .  T h e  s i z e  a n d  t h i c k n e s s  o f  a  s l i c k  w i l l  i n f l u e n c e  t h e  r a t e  o f  t h e s e
processes .  Wind  and  waves  tend  to  b reak  up  the  s l i ck  in to  pa tches  tha t  a re
e v e n t u a l l y  a d v e c t e d  a n d  d i f f u s e d  f r o m  t h e  s p i l l  s i t e .  A l l  t h e s e  i n t e r a c t i o n s
r e s u l t  i n  c h a n g e s  o f  t h e  o i l ' s  p r o p e r t i e s  a n d  t h u s  i n f l u e n c e  t h e  f i n a l  f a t e  o f
o i l  a t  sea .  I n  gene ra l ,  t he  p r ima ry  f ac to r s  conce rn ing  o i l  f a t e ,  as
i l l u s t r a t e d  i n  f i g u r e  1 ,  a r e :

S p r e a d i n g
A d v e c t i o n

T u r b u l e n t  d i f f u s i o n

E m u l s i o n  f o r m a t i o n

P h o t o c h e m i c a l  o x i d a t i o n

S o l u t i o n  a n d  d i s p e r s i o n
M i c r o b i o l o g i c a l  a c t i o n
E v a p o r a t i o n
A e r s o l  f o r m a t i o n

S u b s u r f a c e  T r a n s p o r t
S e d i m e n t a t i o n

2 . 2  S p r e a d i n g

Theoret ical  at tempts to describe the spreading of an oi l  s l ick have been
unsophisticated and are generally considered to be of marginal value for use
at sea. The commonly used Fay (1969) theory postulates that oil spreads in
th ree s tages (F igure  2) .  Th is  d iagram might  be o f  l im i ted use to  es t imate  the
amount of cleanup resources required by giving est imates of spi l l  s ize and
t h i c k n e s s .

Oil weathering processes influence oil spreading. Weathering and
e m u l s i f i c a t i o n ,  f o r  i n s t a n c e ,  d e c r e a s e  t h e  o f  o i l .  T h i s  i s  d u e  t o  a n
increase in density and viscosity as the oi l  forms into lumps and smal ler
i n d i v i d u a l  s l i c k s .

Surface film formation lessens spreading, acting as a "chemical boom"
that traps the spreading oil. Other physical parameters, such as temperature
and sal ini ty,  inf luence oi l  spreading. In turn, spreading wi l l  inf luence some
weather ing processes, including the rates of  evaporat ion and dissolut ion.
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Figure - - diagram showing the fate of an oil slick (after Kolpack and
Plu tchak ,  1976 ) .
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m i n 10  m in  1 /2  hou r  1  hou r 1/2 day 1 day 2 days 1 week

Figure 2.--The spreading of an oil slick as function of time (Otto, 1973).
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2 . 3  A d v e c t i o n

P r e d i c t i n g  t h e  a d v e c t i o n  o f  a n  o i l  s l i c k  b y  c u r r e n t s  i s  c r i t i c a l  f o r
impac t  m i t i ga t ion  p rocedures  to  be  mos t  e f fec t i ve .  When es t imat ing  advec t ion ,
o n e  m u s t  f i r s t  u n d e r s t a n d  i t s  r e l a t i o n s h i p s  t o  t h e  a v e r a g i n g  i n t e r v a l .
C u r r e n t s  t h a t  o c c u r  a t  i n t e r v a l s  e q u a l  t o  o r  l e s s  t h a n  t h a t  t i m e  m a y  r e s u l t  i n
e i t h e r  n o  n e t  m o v e m e n t  ( i f  t h e y  a r e  p e r i o d i c )  o r  a  d i f f u s i v e  e f f e c t  ( i f  t h e y
a r e  r a n d o m ) .  I n  e s t i m a t i n g  o i l  s p i l l  a d v e c t i o n  o v e r  a  l a r g e  d i s t a n c e ,  o n e
usual ly  uses a t las  va lues that  have been averaged seasonal ly  over  many years
o f  o b s e r v a t i o n s .  T h e s e  c u r r e n t s  a r e  t e r m e d  p e r m a n e n t  c u r r e n t s .  F o r  t h i s
i n te rva l ,  t i da l  cu r ren ts  a re  pe r i od i c ;  and  t rans ien t  w ind -d r i ven  cu r ren ts  have
a random,  nonadvec t ive  component .  One must  be  care fu l  here .  For  example ,  i f
t h e  o i l  i s  n e a r  t h e  c o a s t ,  t h e  t i d a l  c u r r e n t  a n d / o r  " r a n d o m "  w i n d d r i f t  m a y
d r i v e  t h e  o i l  s l i c k  o n s h o r e  o v e r  a  s h o r t e r  t h a n  a d v e c t i v e  t i m e - s c a l e .  T h u s ,

these types o f  per iod ic  and random mot ions become impor tant  fo r  advect ion near
i m p a c t  p o i n t s .

C u r r e n t  c o n v e r g e n c e  l i n e s  m a y  a c t  a s  a  n a t u r a l  " b o o m "  t h a t  i n h i b i t s
a d v e c t i o n .  F u r t h e r m o r e ,  o i l  m a y  b e  v e r t i c a l l y  d i s p e r s e d  a s  s m a l l  d r o p l e t s
s u s p e n d e d  i n  w a t e r  w h e n  t u r n e d  u n d e r  b y  w a v e  a n d  s u r f  a c t i o n .  O n c e  i n  d e e p e r
w a t e r s ,  t h e  o i l  i s  a d v e c t e d  a w a y  f r o m  t h e  s u r f a c e  o i l  b y  s u b - s u r f a c e
c u r r e n t s .  T e c h n i q u e s  t o  e s t i m a t e  o i l  s p i l l  a d v e c t i o n  w i l l  b e  d i s c u s s e d  i n
m o r e  d e t a i l  i n  s e c t i o n  2 . 1 3 .

2 . 4  T u r b u l e n t  D i f f u s i o n

E n v i r o n m e n t a l  a c t i o n  c a u s e s  o i l  s l i c k s  t o  b r e a k  u p  i n t o  p a t c h e s .  T h e s e
patches  are  genera l l y  advec ted  w i th  the  permanent  cur ren t ,  bu t  they  are  a lso
s u b  t o  r a n d o m  e d d i e s  i n  t h e  c u r r e n t  f i e l d  w h i c h  s p r e a d  t h e  p a t c h e s  o v e r
a  l a r g e  a r e a .  T h e  r a t e  o f  s p r e a d i n g  o f  t h e s e  p a t c h e s  o v e r  v a r i o u s  t i m e  a n d
space  sca les  has  been  rough ly  es t imated  (F igure  3 ) .  For  example ,  o i l  pa tches
will be dispersed to an area of about 10 cm 2 (i.e., a radius of about a
k i l o m e t e r )  i n  a p p r o x i m a t e l y  o n e  d a y  b e c a u s e  o f  a m b i e n t  t u r b u l e n c e .

2 . 5  E m u l s i o n  F o r m a t i o n

A  s h o r t  t i m e  a f t e r  t h e  s p i l l ,  t h e  h e a v i e r  o i l  f r a c t i o n s  w i l l  t a k e  o n  a
h igh l y  v i scous  cons i s tency  caused  by  t he  f o rma t i on  o f  a  wa te r - i n -o i l  emu ls i on
t e r m e d  " m o u s s e " .  L u m p s  o f  o i l  i n  t h i s  f o r m  w i l l  p e r s i s t  f o r  m o n t h s  i n  t h e  s e a
a n d  m a y  b e  a d v e c t e d  t o  d i s t a n t  s h o r e l i n e s .  A n  o i l - i n - w a t e r  e m u l s i o n  c a n  a l s o
e x i s t  w i t h  t h e  o i l  i n  s u s p e n s i o n .  A  t h i c k e r  s l i c k  a n d  a g i t a t e d  s e a  s t a t e
f a v o r  e m u l s i o n  f o r m a t i o n .

2 . 6  P h o t o c h e m i c a l  O x i d a t i o n

T h e  l e s s  v o l a t i l e  f r a c t i o n s  o f  o i l  a r e  h y d r o c a r b o n s  w h o s e  s o l u b i l i t y  i n
w a t e r  i s  s l i g h t .  U n d e r  t h e  i n f l u e n c e  o f  s u n l i g h t ,  h o w e v e r ,  t h e s e  f r a c t i o n s
can  reac t  w i th  a tmospher i c  oxygen  to  p roduce  more  so lub le  compounds .  Th is
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Figure 3.-- dye patch o2r as a function of (after Okubo,
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process  is  smal l  and becomes impor tan t  on ly  when o i l  i s  spread in  a  th in
f i l m .  P h o t o c h e m i c a l  o x i d a t i o n  m a y  b e c o m e  a  f a c t o r  i n  b r e a k i n g  d o w n  s l i c k s  a
f e w  m i c r o n s  t h i c k .

P h o t o - o x i d a t i o n  o p e r a t e s  m o s t l y  a f t e r  t h e  f i r s t  2 4  t o  4 8  h o u r s ;  t h u s ,  t h e
l i g h t e r ,  v o l a t i l e  f r a c t i o n s  o f  o i l  t h a t  r a p i d l y  e v a p o r a t e  w i t h i n  t h e  f i r s t  2 4
h o u r s  l e a v e  t h e  s l i c k  b e f o r e  b e i n g  t r a n s f o r m e d  b y  t h i s  p r o c e s s .

E n v i r o n m e n t a l  f a c t o r s  s u c h  a s  t e m p e r a t u r e  i n f l u e n c e  t h e  r e m o v a l  r a t e  o f
o i l  b y  c h e m i c a l  d e c o m p o s i t i o n .  L o w  t e m p e r a t u r e s  r e s u l t  i n  a  l o w  r a t e  o f
r e m o v a l  b e c a u s e  o f  d e c r e a s e d  r e a c t i o n  r a t e s .  T e m p e r a t u r e s  b e l o w  5  C  l e a d  t o
n o  s i g n i f i c a n t  c h e m i c a l  b r e a k d o w n  o f  t h e  o i l .

2 . 7  S o l u t i o n  a n d  D i s p e r s i o n

A  s m a l l  a m o u n t  o f  t h e  o i l  s l i c k  m a y  a c t u a l l y  p a s s  i n t o  s o l u t i o n  i n  s e a -
w a t e r .  T h i s  m a y  c o n s t i t u t e  a  l a r g e r  p o l l u t i o n  h a z a r d  b e c a u s e  t h i s  i s  t h e
e a s i e s t  s t a t e  f o r  i n t e r a c t i o n  w i t h  m a r i n e  o r g a n i s m s .  T h e  s o l u b i l i t y  o f
h y d r o c a r b o n s  i s  s m a l l  w h e n  c o m p a r e d  w i t h  t h e  a m o u n t  o f  o i l  d i s p e r s e d  a s  f i n e
d r o p l e t s .  S o l u t i o n  a n d  d i s p e r s i o n  p r o c e s s e s  m o v e  o i l  f r o m  t h e  s l i c k  t o  t h e
w a t e r  c o l u m n .  S e a  s t a t e  ( w a v e  h e i g h t )  i s  t h e  m o s t  i m p o r t a n t  e n v i r o n m e n t a l
c o n d i t i o n  g o v e r n i n g  t h e s e  p r o c e s s e s  a n d  m a y  l e a d  t o  c o n c e n t r a t i o n s  o f  o i l  o f
u p  1 0 p p m  t o  d e p t h s  o f  a  f e w  m e t e r s  b e l o w  a  s l i c k .  D i s p e r s e d  o i l  c a n  e a s i l y
b e  i n g e s t e d  b y  m a r i n e  o r g a n i s m s .

2 . 8  M i c r o b i o l o g i c a l  A c t i o n

S e a w a t e r  c o n t a i n s  m a n y  s p e c i e s  o f  b a c t e r i a ,  m o l d s ,  a n d  y e a s t s  c a p a b l e  o f
a t t a c k i n g  o i l .  A s  w i t h  p h o t o c h e m i c a l  o x i d a t i o n ,  b i o l o g i c a l  p r o c e s s e s  a r e
s l o w e d  b y  l o w  t e m p e r a t u r e s  o r  h i g h  p r e s s u r e s .  B e l o w  1 , 0 0 0  m e t e r s ,  t h e r e  i s
o n l y  s l i g h t  m i c r o b i a l  a c t i v i t y .  T h e s e  o r g a n i s m s ,  w h i c h  a r e  m o r e  n u m e r o u s  i n
c o a s t a l  w a t e r s  t h a n  i n  t h e  o p e n  s e a ,  u s e  h y d r o c a r b o n s  a s  a n  e n e r g y  s o u r c e ;  b u t
t h e i r  a c t i v i t y  d e p e n d s  o n  a  p l e n t i f u l  s u p p l y  o f  n u t r i e n t s .  N u t r i e n t  a n d
o x y g e n  l e v e l s  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  r e m o v a l  o f  s p i l l e d  o i l  b y
m i c r o b i o l o g i c a l  a c t i o n .  T h e r e f o r e ,  o i l  i n  d e e p  w a t e r s  w i l l  p e r s i s t  f o r  l o n g
p e r i o d s ,  a n d  e v e n  u n d e r  t h e  m o s t  f a v o r a b l e  c o n d i t i o n s ,  a  p e r i o d  o f  m o n t h s  i s
r e q u i r e d  t o  r e m o v e  a  l a r g e  p o r t i o n  o f  a  s l i c k .

2 . 9  E v a p o r a t i o n

A  s u r f a c e  o i l  s l i c k  w i l l  l o s e  m a s s  t h r o u g h  s u r f a c e  e v a p o r a t i o n .  T h e
a m o u n t  o f  l o s s  i s  r e l a t e d  d i r e c t l y  t o  t h e  c a r b o n  n u m b e r  o f  t h e  o i l  f r a c t i o n  i n
q u e s t i o n .  I t  a l s o  d e p e n d s  o n  e n v i r o n m e n t a l  f a c t o r s  s u c h  a s  w i n d  s p e e d  a n d  t h e
a m o u n t  o f  w i n d - w a v e  w h i t e  c a p p i n g ;  t h u s ,  i n c r e a s e d  w i n d  s p e e d  r e s u l t s  i n
g r e a t e r  e v a p o r a t i o n  o f  t h e  v o l a t i l e  c o m p o n e n t s  i n  t h e  o i l .
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2 . 1 0  A e r o s o l  F o r m a t i o n

S t r o n g  w a t e r  a g i t a t i o n  d u e  t o  w a v e  a c t i o n  l e a d s  t o  b u b b l i n g  o f  t h e  w a t e r
a t  t h e  s e a  s u r f a c e .  T h i s  a l l o w s  o i l  a t  t h e  s e a  s u r f a c e  t o  l e a v e  t h e  w a t e r  a s

a n  a e r o s o l .  A l t h o u g h  t h i s  p r o c e s s  i s  u s u a l l y  n e g l i g i b l e ,  i t  b e c o m e s
i n c r e a s i n g l y  i m p o r t a n t  a s  r o u g h e r  s e a s  p e r s i s t .  S t u d i e s  h a v e  s h o w n  t h a t  s o l a r
r a d i a t i o n  e n h a n c e s  t h i s  e f f e c t .

2 . 1 1  S u b s u r f a c e  T r a n s p o r t

M i x i n g  o f  a  s u r f a c e  o i l  s l i c k  c a n  e a s i l y  r e s u l t  i n  d i f f u s i o n  o f  o i l  i n t o
t h e  w a t e r  c o l u m n  w h e r e  i t  c a n  b e  t r a n s p o r t e d  o v e r  c o n s i d e r a b l e  d i s t a n c e s .
O r b i t a l  m o t i o n  o f  s u r f a c e  w a t e r s  a s  a  r e s u l t  o f  w a v e  a c t i o n  c a n  r e s u l t  i n  t h e

t r a n s p o r t  o f  o i l  t o  d e p t h s  o f  s e v e r a l  t e n s  o f  m e t e r s .  S u c h  o i l  i n  t h e  f o r m  o f

d r o p l e t s  c a n  r a p i d l y  a c h i e v e  a  d e n s i t y  c l o s e  t o  t h a t  o f  t h e  s u r r o u n d i n g
w a t e r .  I n  s u c h  a  r e l a t i v e l y  n e u t r a l  s t a t e  o f  b u o y a n c y ,  d r o p l e t s  c a n  t h e n  m o v e
f o r  m i l e s  b e f o r e  t h e y  a r e  c o n s u m e d  b y  m i c r o o r g a n i s m s ,  p a r t i a l l y
d i s s o l v e d ,  o r  d e p o s i t e d  o n  t h e  o c e a n  f l o o r  o r  a  c o a s t l i n e .

O n c e  s u b m e r g e d ,  o i l  m a y  c o o l  s u f f i c i e n t l y  o r  a d h e r e  t o  p a r t i c u l a t e  m a t t e r
s o  t h a t  i t  s i n k s  d e e p e r  i n t o  t h e  w a t e r  c o l u m n .  S i n c e  t h e  s i n k i n g  p r o c e s s  m a y
t a k e  p l a c e  v e r y  s l o w l y ,  t h e  u l t i m a t e  d e p o s i t i o n  o f  t h e  o i l  m a y  o c c u r  f a r  f r o m
t h e  a c t u a l  s p i l l  s i t e .  T h e  p r o c e s s e s  w h i c h  c a n  a c t  o n  o i l  a t  t h e  w a t e r
sur face and move i t  in to  the water  co lumn are  capable  o f  removing f resh
s u r f a c e  o i l  a s  w e l l  a s  o l d  w e a t h e r e d  o i l ,  e m u l s i o n s ,  d i s c r e t e  s u b s u r f a c e
g l o b u l e s ,  a n d  d i s s o l v e d  c o m p o n e n t s  o f  o i l .

2 . 1 2  S e d i m e n t a t i o n

A n o t h e r  p r o c e s s  t h a t  i n v o l v e s  t h e  r e m o v a l  o f  o i l  f r o m  a  s u r f a c e  s l i c k  i s
t h a t  o f  s e d i m e n t a t i o n ,  o r  t h e  a t t a c h m e n t  o f  o i l  t o  s u s p e n d e d  p a r t i c u l a t e
m a t t e r  i n  t h e  w a t e r  c o l u m n .  W h i l e  r e l a t i v e l y  l i t t l e  i s  k n o w n  a b o u t  t h i s
p r o c e s s ,  o b s e r v a t i o n s  d u r i n g  a c c i d e n t a l  a n d  e x p e r i m e n t a l  s p i l l s  h a v e  s h o w n  o i l
h a s  a  t e n d e n c y  t o  a d h e r e  t o  o r g a n i c  m a t e r i a l ,  s i l t ,  s a n d ,  a n d  e v e n  s h e l l
f r agmen ts .

I t  has  been observed that  the  amount  o f  o i l  adsorbed by  water -borne
sed iments  normal ly  inc reases  as  the  s ize  o f  the  sed iment  g ra ins  decreases- -on
a  u n i t  m a s s  b a s i s ,  t h e  s m a l l e r  t h e  g r a i n s ,  t h e  m o r e  t o t a l  s u r f a c e  a r e a  t h e r e
i s  f o r  a t t a c h m e n t .  F o r  t h i s  r e a s o n ,  f i n e - g r a i n e d  m i n e r a l s  a r e  t h o u g h t  t o  b e
capable  o f  removing large vo lumes of  o i l  f rom the sur face and d is t r ibut ing
t ha t  o i l  i n  t he  wa te r  co lumn  o r  on  t he  ocean  f l oo r .  Howeve r ,  f i ne ,  suspended
s e d i m e n t s  d o  n o t  a l w a y s  a c c o u n t  f o r  t h e  r e m o v a l  o f  o i l  f r o m  t h e  s u r f a c e .  T h e

age of the sediments, and therefore the amount of accumulated organic matter
on  the i r  su r faces ,  s t rong ly  i n f l uences  the  ex ten t  to  wh ich  they  can  absorb
oi l .  Thus,  "young"  sediments such as those associated wi th  g lac ia l  s i l t  may
h a v e  l i t t l e  e f f e c t  t h e  r e m o v a l  o f  s u r f a c e  s l i c k s  t h r o u g h
sed imenta t ion .  Turbu lent  mix ing  o f  an  o i l  f i lm down in to  the  water  co lumn may
we l l  be  t he  reason  why  obse rve rs  f r equen t l y  assoc ia te  t he  remova l  o f  o i l  f r om
t h e  s u r f a c e  w i t h  t h e  p r o c e s s  o f  s e d i m e n t a t i o n .
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2 .13  Fac to r s  I n f l uenc ing  Rea l -T ime  O i l  Sp i l l  M i t i ga t i on

At  t imes  an  es t ima te  o f  t he  f a te  sp i l l ed  o i l  i s  needed  be fo re
qualified scientific advice can be received. In this case, estimated
trajectories might helpful in cleanup operations. In this section, several
environmental factors influencing oil spills will be discussed in the overall
c o n t e x t  o f  o i l  s p i l l  m i t i g a t i o n .

First, the spill type (continuous, noncontinuous, collision, grounding,
leakage, hose rupture, etc.), size and location should be determined. The
type of spill often dictates the volume of discharged oil. Usually, an
estimate of spill volume can be calculated once the spill type and ship size
are known. the facts about the spi l l  are unknown, a rough est imate of
spill size can be by air, the oil slick's surface area and approximate
t h i c k n e s s  b e i n g  t h e  t w o  p e r t i n e n t  i n  t h i s  c a l c u l a t i o n .

Est imates  o f  the  s i ze  and  vo lume o f  an  o i l  sp i l l  a re  impor tan t  fo r  a
number of reasons. The transport, modif ication, and ult imate disposit ion of a
spill, for example, depend in part upon the areal extent and thickness of the
spill throughout its existence. These factors, in turn, influence the many
decis ions involved in  the p lanning of  an ef fect ive o i l  sp i l l  conta inment  and
recovery operation. Spill size and volume estimates are also essential for
identifying probable oil spill impact zones, types of impact, and possible
means eliminating or reducing such impact. These considerations, together
with the obvious role that size and volume est imates play in documentat ion and
l i t igat ion matters,  suggest s imple techniques developed for such
e s t i m a t i o n s .

C o n v e r s i o n  F a c t o r s  -  T a b l e  1  c o n t a i n s  c o n v e r s i o n  f a c t o r s  t o  f a c i l i t a t e
e s t i m a t i o n s  s p i l l  s i z e  a n d  v o l u m e  a s  n e e d e d .

Volume/Color/Thickness Relationships - The volume of oil contained in a
s u r f a c e  s l i c k  c a n  b e  e x p r e s s e d  a s :

V  =  ( A )  ( t ) 3
where, V = Volume (m ) 2

A = Area of slick (m ² )
t  =  T h i c k n e s s  o f  s l i c k  ( m )

Since observat ions and est imates rarely involve the same basic uni ts for
each of the above parameters, the following expression is provided using the
same equat ion with more common units:

5
V  =  ( 4 . 1 4  X  1 0  )  ( A )  ( t )
where ,  V  =  Vo lume (bar re ls ) 2

A =  A rea  o f  s l i c k  (m i l es  )
t  =  T h i c k n e s s  o f  s l i c k  ( i n c h e s )
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T A B L E  1

APPROXIMATE CONVERSION FACTORS FOR CRUDE OIL

I N T O

TO CONVERTMetric TonsLong TonsShort TonsBarrelsKiloliters (cu. m.)Gallons (Imp.)Gallons (U.S.)
MULTIPLY BY

Metric Tons1 0.9840.1027 . 3 01 . 1 60.2550.306
L o n g  T o n s1 . 0 1 61 1 . 1 2 07 . 4 21 . 1 80 . 2 6 00 . 3 1 2
S h o r t  T o n s0 . 9 0 70 . 8 9 31 6 . 6 31 . 0 50 . 2 3 10 . 2 7 7
B a r r e l s0 . 1 3 70 . 1 3 50 . 1 5 11 0 . 1 5 90 . 0 3 50 . 0 4 2

Kiloliters (cu. m.)0.8630.8490.9516.291 0.2200.264
1,000 Gallons (Imp.)3.923.864.3228.64 . 5 51 1.201
1,000 Gallons (U.S.)3.623.213 . 623.83 . 7 90.8331

FROM

TO CONVERTBarrels to Metric TonsMetric Tons to BarrelsBarrels/Day to Tons/YearTons/Year to Barrels/Day
MULTIPLY BY

Crude Oi l0 . 1 3 77 . 3 05 0 . 00 . 0 2 0 0
M o t o r  S p i r i t0 . 1 1 88 . 4 54 3 . 20 . 0 2 3 2
K e r o s e n e0 . 1 2 87 . 8 04 6 . 80 . 0 2 1 4
G a s / D i e s e l0 . 1 3 37 . 5 04 8 . 70 . 0 2 0 5
F u e l  O i l0 . 1 4 96 . 7 05 4 . 50 . 0 1 8 4

T o  C o n v e r tM u l t i p l y  B yT o  O b t a i n
A c r e s4 . 3 5  XS q u a r e  f e e t
A c r e s1 . 5 6 2  X  1 0 - 3S q u a r e  m i l e s
B a r r e l s  ( U . S . )4 2G a l l o n s  ( U . S . )
C u b i c  f e e t7 . 4 8G a l l o n s  ( U . S . )
F e e t / s e c o n d5 . 9 2 1  Z  1 0 - 1K n o t s
F e e t / s e c o n d6 . 8 1 8  X  1 0 - 1M i l e s / h o u r
K n o t s6 . 0 7 6  X  1 0F e e t / h o u r
K n o t s1 . 1 5 1S t a t u t e  m i l e s / h o u r
M i l e  ( n a u t i c a l )2 . 0 2 5 4  X  1 0  3Y a r d s
M i l e s / h o u r8 8F e e t / m i n u t e
S q u a r e  f e e t3 . 5 8 7  X  1 0  - 8S q u a r e  m i l e s
S q u a r e  f e e t6 . 4 0  X  1 0A c r e s
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Using the above equation, a slick covering an area of approximately 13

square mile with an average thickness of 10 inch (or 1/1000 inch) would
contain about 414 barrels of oi l .  Ir idescent (or rainbow colored) f i lms are
typically on the order of a hundred thousandth (10-3 ) of an inch thick,
resulting in only about barrels per square mile. At thicknesses on the
order of one thousandth (10-3) of an inch or more, dark oils (e. g. , crude and
bunker C) begin to appear their natural dark blue/black color, resulting in
volumes of approximately 400 barrels of oil per square mile or more.

Open Water Estimates - The estimation of oil slick volumes associated
with open water conditions is difficult because there are rarely good
reference points (such as docks, ships, and drilling platforms) nearby.
Without such ob jects to aid in the est imat ion of  s l ick dimensions, area
e s t i m a t e s  a n d  t h u s  v o l u m e  c a l c u l a t i o n s ,  m a y  b e  i n a c c u r a t e .

When observations and/or photographs can be obtained with suff icient
scaling information (piers, marker buoys, camera angle and altitude, etc.),
rough estimates can be made a slick's approximate area by envisioning or
sketching simple boxes, circles, or triangles a comparable size around the
s l i c k  o r  i t s  c o m p o n e n t  s u b s l i c k s .

The spill location helps to predict the impact of the oil both in the
water and along the shoreline. A simplified methodology used to predict
advection from the spill site is vector addition. (See figures 4a and 4b. )
The wind driven current and permanent current are the major driving mechanisms
acting upon oil movement. They are represented as vectors with their starting
points (origins) on the spill location, oriented in the direction of
propagation, with a vector length proportional to speeds. The resultant
vector is the predicted oi l  advection. (Figure 4c.)

Figure Vector addition for 10 km/hr northwest wind current and 0.3 km/hr
north permanent current (from Woodward-Clyde, 1979).
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C o n s i d e r  t h e  f o l l o w i n g  f i r s t - o r d e r  a p p r o x i m a t i o n  f o r  a d v e c t i o n  i n  c o a s t a l
wate r  ( i . e .  dep th  <  200  m) .  I n  t he  absence  o f  a  s t r ong  pe rmanen t  cu r ren t ,
b o t h  e m p i r i c a l  a n d  t h e o r e t i c a l  s t u d i e s  h a v e  s h o w n  t h a t  a n  o i l  s l i c k  o n  t h e
o c e a n  s u r f a c e  t r a v e l s  a t  a b o u t  3  p e r c e n t  o f  t h e  w i n d  s p e e d ,  d i r e c t e d  a t  a
s l i g h t  a n g l e  ( w i t h i n  1 5  t o  t h e  r i g h t ,  i n  t h e  n o r t h e r n  h e m i s p h e r e )  o f  t h e
d o w n w i n d  d i r e c t i o n .

I n  r eg ions  hav ing  s t r ong  pe rmanen t  cu r ren t s ,  such  as  t he  Gu l f  S t ream,
a v a i l a b l e  a t l a s  p r e s e n t a t i o n s  o r  s a t e l l i t e  d a t a  s h o u l d  b e  c o n s u l t e d .  I n
g e n e r a l ,  t h e  G u l f  S t r e a m  i s  v i s i b l e  o n  t h e  s a t e l l i t e  p h o t o g r a p h  a s  a  d a r k
r e g i o n  a b o u t  1 0 0  k m  w i d e  w i t h  t h e  p e a k  c u r r e n t  ( c o r e )  a b o u t  3 0  k m  f r o m  t h e
s h o r e w a r d  b o u n d a r y .  A  p e a k  c u r r e n t  o f  a b o u t  1 5 0  c m / s e c  c a n  b e  a s s u m e d  f o r  t h e
c o r e .  T h e  a d v e c t i o n  c a n  b e  a p p r o x i m a t e d  a s  t h e  v e c t o r a l  s u m  o f  t h e  w i n d -
d r i v e n  c u r r e n t  a n d  t h e  c u r r e n t .  I f  t h e  o i l  s p i l l  i s  w i t h i n  a  t i d a l
e x c u r s i o n  t o  t h e  i m p a c t  p o i n t ,  a n  e s t i m a t e  o f  t i d a l  c u r r e n t  m a y  a l s o  b e  a d d e d
t o  t h e  c u r r e n t  v e c t o r .

Another  impor tan t  opera t iona l  cons ide ra t ion  i s  the  d i s tance  be tween  sp i l l
s i te  and  impac t  and  how th i s  re la tes  th rough  va r ious  env i ronmenta l  p rocesses
t o  t h e  t i m e  o f  i m p a c t .  F i g u r e  5  i n d i c a t e s  t h e s e  r e l a t i o n s h i p s  b y  p l o t t i n g  t h e
impor tan t  env i ronmenta l  p rocesses  on  a  space- t ime  char t .  One  need  on ly
e s t i m a t e  t h e  d i s t a n c e  t o  t h e  i m p a c t  p o i n t s  a n d  t h e  a d v e c t i o n  v e l o c i t y  t o w a r d
impact .  The diagram indicates impact  t ime and the var ious physical  processes
o f  f o r  t h o s e  l e n g t h  a n d  t i m e  s c a l e s .  F o r  e x a m p l e ,  a  c o n s i d e r a t i o n

3  4
of  t ida l  cur ren ts  i s  needed on ly  a t  a  d is tance o f  10  to  10  m f rom sp i l l
i m p a c t .

Another  concern,  when develop ing a rea l - t ime o i l  sp i l l  mi t igat ion p lan,
i s  t h e  t y p e  o f  o i l  d i s c h a r g e d .  V a r i o u s  c l a s s i f i c a t i o n s  o f  o i l  w i l l  i n t e r a c t
d i f fe ren t ly  w i th  the  env i ronment  and w i l l  requ i re  d i f fe ren t  c leanup
a p p r o a c h e s .  O i l s  c a n  b e  d i v i d e d  i n t o  f o u r  g e n e r a l  c a t e g o r i e s .  ( S e e  T a b l e  2 ) .

C l a s s  1  o i l s  t h e  l i g h t ,  v o l a t i l e  o i l s .  T y p i c a l  o f  t h e s e  a r e  t h e
d i e s e l  o i l s  a n d  o f  t h e  l i g h t  c r u d e  o i l s .  S i n c e  C l a s s  1  o i l s  r e a d i l y
p e n e t r a t e  p o r o u s  s u r f a c e s ,  t h e y  m a y  p e r s i s t  i n  a  c o n t a m i n a t e d  s u b s t r a t e .
F r e s h ,  v o l a t i l e  o i l s  a r e  e x t r e m e l y  t o x i c  a n d  f o r m  u n s t a b l e  e m u l s i o n s .

Class  2  o i l s  cons is t  o f  the  med ium to  heavy  para f f i n  base  o i l s  and  the
f lu id  emuls i f ied  o i ls .  The penet ra t ing tendency is  d i rec t ly  propor t iona l  to
tempera tu re .  Equa l l y  va r iab le  i s  the  tox ic i t y  o f  C lass  2  o i l s .  Weather ing
modif ies the most toxic e lements wi th low temperatures,  may change the
c l a s s  o f  t h e  o i l .

T h e  t h i r d  c l a s s  o f  o i l s  i s  c o m p o s e d  o f  t h e  r e s i d u a l  f u e l  o i l s  a n d
a s p h a l t i c  a n d  m i x e d - b a s e  o i l s  i n  t h e  f l u i d  s t a t e ,  a s  w e l l  a s  t h e  w a t e r - i n - o i l
e m u l s i o n s  w i t h  h i g h  w a t e r  c o n t e n t s .  T h e  b i o l o g i c a l  e f f e c t s  o f  C l a s s  3  o i l s
a r e  r e l a t e d  t o  s m o t h e r i n g  a n d  c o a t i n g  r a t h e r  t h a n  t h e  t o x i c i t y  o f  t h e  o i l .
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Figure 5.--Time-length scales connected with oil spills of various distances
f r o m  s h o r e .
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T h e  p e n e t r a t i n g  a b i l i t y  o f  C l a s s  3  o i l s  i s  s l i g h t .  M a n y  o f  t h e s e  o i l s  s i n k  i n
t h e  o c e a n  d u e  t o  s p e c i f i c  g r a v i t i e s  n e a r  o r  e x c e e d i n g  t h a t  o f  w a t e r .  T h i s
phenomenon leads  to  ta r -  o r  aspha l t - l i ke  ba l l s  o f  o i l  i n  the  C lass  4  range .

C l a s s  4  o i l s  i n c l u d e  t h e  r e s i d u a l  o i l s ,  h e a v y  c r u d e  o i l s ,  s o m e  h i g h
p a r a f f i n  c r u d e  o i l s ,  a n d  w e a t h e r e d  o i l s  t h a t  a r e  s o l i d  o r  n o n f l u i d .  S o l i d
f o r m s  a r e  v i r t u a l l y  n o n t o x i c .

A  t h i r d  c o n c e r n  i n  r e a l - t i m e  s p i l l  m i t i g a t i o n  i s  t h e  a s s e s s m e n t  o f
s h o r e l i n e  c h a r a c t e r i s t i c s .  T h i s  i n c l u d e s  t h e  t y p e  o f  s u b s t r a t e  e n c o u n t e r e d ,
t h e  d e g r e e  o f  s h o r e l i n e  e x p o s u r e ,  a n d  t h e  w a v e  e n e r g y  o f  t h e  r e g i o n .  T h e
o i l ' s  t o t a l  d u r a t i o n  i n  t h e  c o a s t a l  e n v i r o n m e n t  i s  a f f e c t e d  b y  t h i s  p a r a m e t e r .

D i f f e r e n t  s u b s t r a t e s  h a v e  v a r y i n g  p r o p e r t i e s  t h a t  a f f e c t  t h e  o i l ' s
r e s i d e n c e  t i m e  ( e . g .  a b s o r p t i o n ,  g r a i n  s i z e ,  r e s i s t e n c e ,  e t c . ) .  S u b s t r a t e
c l a s s i f i c a t i o n  i n c l u d e s  m u d ,  s a n d ,  g r a v e l ,  c o b b l e ,  b o u l d e r s ,  r o c k s ,  m a r i n e
t e r races ,  and  man-made  s t ruc tu res .  (See  Tab le  3 . )

A n  u n p r o t e c t e d  s h o r e l i n e  l e n d s  i t s e l f  t o  t h e  f u l l  i m p a c t  o f  o i l
c o n t a m i n a t i o n .  A  s h e l t e r e d  a r e a  i s  l e s s  s u b j e c t  t o  p o l l u t i o n .  S i m i l a r l y ,
w a v e  e n e r g y ,  h e i g h t ,  a n d  p e r i o d  c o n t r i b u t e  t o  o i l  d e p o s i t i o n .

F i g u r e  6  i l l u s t r a t e s  t h e  b e a c h  c l a s s i f i c a t i o n  f o r  t h e  s t u d y  a r e a .  I n
g e n e r a l ,  t h e  G u l f  o f  M a i n e  c o a s t l i n e  n o r t h  o f  B o s t o n  H a r b o r  i s  r o c k y .  T h i s
f a c t  a i d s  t h e  d e c i s i o n  m a k e r  w h e n  c o n f r o n t e d  w i t h  p o s s i b l e  o i l  c o n t a m i n a t i o n
o r  p o s t - i m p a c t  c l e a n u p ,  f o r  r o c k y  s h o r e l i n e s  a r e  l e s s  a f f e c t e d  b y  o i l .  T h e r e
i s  a  g o o d  p r o b a b i l i t y  o f  l o w  p e r s i s t e n c e  o f  t h e  o i l  a n d  t h u s  o f  a n  e x p e d i e n t
c l e a n u p ,  a s  o i l  w i l l  m o s t  l i k e l y  s e e p  b e t w e e n  t h e  r o c k s .  T h e r e  i s  g e n e r a l l y
h igh  b io l og i ca l  va lue  assoc ia ted  w i t h  t h i s  t ype  o f  unshe l t e red ,  r ocky
s h o r e l i n e s .

South o f  Boston Harbor ,  e i ther  sand beaches or  pocket  beaches
p redom ina te .  Con tam ina t i on  f o r  sandy  beaches  i s  mo re  seve re  and  more
n o t i c e a b l e  t h a n  f o r  r o c k y  s h o r e s .  O i l  p e n e t r a t e s  t h e  b e a c h  a n d  t e n d s  t o
p e r s i s t .  M o r e o v e r ,  s u c h  b e a c h e s  a r e  t h o u g h t  t o  h a v e  a  l o w  b i o l o g i c a l  v a l u e .

P o c k e t  b e a c h e s  a r e  r a t h e r  w e l l  p r o t e c t e d  f r o m  o i l  p o l l u t i o n ,  y e t  w h e n  o i l
d o e s  r e a c h  t h e s e  a r e a s ,  i t  p e r s i s t s  f o r  l o n g  p e r i o d s  d u e  t o  r e l a t i v e l y  l o w
w a v e  e n e r g y .  T h e  s h e l t e r e d  c o a s t  i s  l e s s  e a s i l y  i m p a c t e d  a n d  l e s s  e a s i l y
c leaned once impacted .  Depend ing  on  the  subs t ra te  ca tegor iza t ion ,  these
b e a c h e s  c a n  s u f f e r  a n y  r a n g e  o f  e f f e c t s  d u e  t o  o i l  s p i l l  c o n t a m i n a t i o n .  T h e
b io l og i ca l  va l ue  o f  t he  beach  d i f f e r s  w i t h  beach  t ype  as  we l l .

G e n e r a l l y ,  t h e  l o n g e r  t h e  o i l  p e r s i s t s  t h e  g r e a t e r  i s  t h e  p e n e t r a t i o n
and/or  bur ied  s ta te .  C lass  1  o i l s  penet ra te  sand or  mud subs t ra tes  qu i te
r a p i d l y .  C l a s s  2 ,  3 ,  a n d  4  o i l s  d o  n o t .  T h e  m o s t  r a p i d  o i l  p e n e t r a t i o n
o c c u r s  i n  l a r g e  g r a i n  s i z e  b e a c h e s .
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T A B L E  2  S P I L L  R E S P O N S E  O I L  C L A S S I F I C A T I O N

( f rom Woodward-Clyde, 1979)

Determined oil TypeDesignationO i l sRepresentative Diagnostic PropertiesPhysical/Chemical Properties

1Light volatile oilsDistillate fuel and most light crude oilsHighly fluid, usually transparent but can be opaque, strong odor, rapid spreading, can be rinsed from plant sample by simple agitation.May be flammable, high rate of evaporate loss of volatile components, assumed to be highly toxic to marine or aquatic biota when fresh, tend to form unstable emulsions, may penetrate substrates.
2Non-sticky oilsMedium to heavy paraffin- base refined and crude oilsModerate to high visco- sity, waxy or oily feel, can be rinsed from surfaces by low pressure water flushing.Generally removable from surfaces, penetration of substrates variable, tox- icity variable, includes water in oil emulsions.

3Heavy, sticky oilsResidual fuel oils; medium to heavy asphaltic and mixed-base crudesTypically opaque brown or black, sticky or tarry, viscous, cannot be rinsed from plant sample by agitation.High viscosity, hard to re- move from surfaces, tend to form stable emulsions, high specific gravity and poten- tial for sinking after wea- thering, low substrate pene- tration low toxicity (biolo- gical effects due primarily to smothering), will interfere with many types of recovery equipment.
4Nonfluid oils (at ambient temperature)Residual and heavy crude oils (all types)Tarry or waxy lumps.Nonspreading, cannot be re- covered from water surfaces using most conventional cleanup equipment, cannot be pumped without pre-heating or slurrying, initially re- latively nontoxic, may melt and flow when stranded in sun
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TABLE 3 SHORELINE CLASSIFICATION (from Woodward-Clyde, 1979)

Substrate TypeGrain Size (mm) General Descriptive Features
M u d< 0.06 O  1  b e a c h  s l o p e

Develop in areas where there is a source of fine material
Incised by a complex network of creeks and channels despite the generally flat surface

Saturated with water; even at low tide, the mud deposits are usually covered with a thin film of water that cannot drain through the closely packed sediments
Low bearing capacities frequently incapable of supporting the weight of a person

S a n d0.06-2.0 1 °  -  4 0 °  b e a c h  s l o p e  o

Subjected to seasonal erosion and deposition cycles as a consequence of the varying levels of incoming wave energy and to a lesser extent, ebb and flood tidal action
Closely packed substrate with a low water infiltration rate

Gravel2.0-50 Narrower and steeper beach slope than sand beaches
S t o r m  r i d g e s

Cobble50-256 Narrower and steeper beach-face than gravel beaches
Rock fragments are somewhat rounded or modified by abrasion
S t o r m  r i d g e  u s u a l l y  p r e s e n t

Boulder<256 Detached rock masses that are somewhat rounded or otherwise distinctively shaped by abrasion in the course of transport
Typically located near the base of cliffs or rocky outcrops; often found on pocket beaches
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TABLE 3 SHORELINE CLASSIFICATION (Cont'd)

Rock  C l i f f s Typically associated with emergent coastlines

Occur as a result of high relief in the coastal zone because the rocks or unconsolidated material are rapidly eroded by littoral processes
O Often little or no sediment accumulation at the cliff base allowing erosional processes to act directly on the cliffs

Platforms Typically occur in shallow waters at the base of rock cliffs
Sediment cover, if it occurs, does not provide a protective cover; wave- and tide-induced processes act directly on the rock surfaces

Man-Made Structures Any structure found on a shoreline constructed or fabricated by man

Examples include piers, boat ramps, seawalls, groins, rock jetties, oil handling facilities, houses, etc.
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Figure 6.--Shoreline characteristics, Gulf of Maine coastline.
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T h r e e  r u l e s  o f  t h u m b  f o r  o i l  p e r s i s t e n c e  f o l l o w :

(1) The deeper the oi l  penetrates into the substrate, the longer is i ts
p e r s i s t e n c e .  O i l  b e n e a t h  t h e  s u r f a c e  i s  p r o t e c t e d  f r o m  s o l a r  r a d i a t i o n  a n d
mechanica l  energy.  Oi l  is  bur ied rap id ly  in  areas of  h igh sedimentat ion.

(2) The lower the substrates energy level, the longer the oi l  wi l l
remain.  Greater  wave act ion,  leads to greater  mechanical  energy,  which
serves to degrade and weather the oil. Other processes such as photo-
oxidat ion,  b iodegradat ion,  d isso lu t ion,  evaporat ion,  and emuls i f icat ion are
a l s o  r e l a t e d  t o  e n e r g y  l e v e l .

(3) The colder the air and water temperatures, the longer the oil
persists. Decreasing temperatures lead to decreasing physical and biological
( m i c r o b i a l )  d e g r a d a t i o n  r a t e s .

It should be noted that oil can have secondary effects on ad jacent
shorel ines. Once oi l  reaches a speci f ic beach region i t  can be washed back
out to sea and deposi ted elsewhere,  creat ing fur ther damage.

2.14 General Environmental Considerations for Oil Mit igation

A p a r t  t h e  i n d i r e c t  e f f e c t  o f  e n v i r o n m e n t a l  c o n d i t i o n s  w h i c h  c a u s e
spreading, weathering and emulsification, meteorological and oceanographic
condit ions direct ly inf luence the abi l i ty to take countermeasures against oi l
spi l ls .  Envi ronmental  condi t ions such as wind,  v is ib i l i ty ,  and waves
i n f l u e n c e  a t - s e a  o p e r a t i o n s  f o r  s h i p s  a n d  a i r c r a f t .  T h e  c h o i c e  o f
coun te rmeasu res  w i l l  be  t hus  i n f l uenced  by  t hese  cond i t i ons .

Severa l  o i l  m i t i ga t ion  techn iques  ex is t .  Dev ices  such  as  mechan ica l
booms ( that  act  as barr iers to t rap the oi l ) ,  chemical  barr iers ( that  conf ine
oil slicks), spray dispersants, sinking devices, oil burning, and pumps and
f i l ters aid in oi l  c leanup. Al l  of  these depend upon the environmental
f a c t o r s  a c t i n g  o n  t h e  o i l  s p i l l .

The following sections give a brief description of mitigation techniques
a n d  c e r t a i n  e n v i r o n m e n t a l  r e s t r i c t i o n s .

2 . 1 4 . 1  M e c h a n i c a l  b o o m s

Currents and wave height are important factors determining the efficiency
o f  b o o m s .  M o s t  a u t h o r s  t h a t  t h e  t y p e s  o f  b o o m s  w i t h  w h i c h  t h e r e  i s
su f f i c ien t  exper ience  fa i l  a t  cu r ren t  speeds  o f  0 .5  to  1 .0  m/s  o r  even  less .
A t  t h e s e  s p e e d s ,  o i l  d r o p l e t s  a r e  c a r r i e d  w i t h  t h e  w a t e r  u n d e r n e a t h  t h e
b o o m .  F a i l u r e  a b o v e  a  w a v e  h e i g h t - w a v e  l e n g t h  r a t i o  o f  a b o u t  0 . 0 8 .
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2 . 1 4 . 2  P n e u m a t i c  b o o m s

These devices may be effective with current speeds up to 0.3 m/s. In the
presence of short waves breaking at the pneumatic barrier, failure occurs at
lower current speeds than in calm conditions; long waves can pass without
d is tu rb ing  the  func t ion ing  o f  the  boom.

2 . 1 4 . 3  C h e m i c a l  b a r r i e r s

It can be expected that the mono-molecular layers used to confine oil
s l i c k s  w i l l  b e  l e s s  e f f e c t i v e  i n  t h e  c a s e  o f  s t r o n g  w i n d s .  F u r t h e r m o r e ,  s e a
c o n d i t i o n s  h i n d e r  t h e  a p p l i c a t i o n  f r o m  s h i p s  a n d  p e r h a p s  a l s o  f r o m
a i r c r a f t .

2 . 1 4 . 4  S p r a y i n g  w i t h  d i s p e r s a n t s

Spraying equipment aboard ships usually can be operated only if the sea
is not too rough. On the other hand, some agitat ion of the surface water is
f a v o r a b l e  f o r  d i s p e r s i o n .

2 . 1 4 . 5  O i l  s i n k i n g

Weather conditions, and possibly chemical dispersants, may influence oil
sinking. To determine the feasibi l i ty of this method, information on the
r e g i o n ' s  b o t t o m  c u r r e n t s  i s  n e c e s s a r y .

2 . 1 4 . 6  B u r n i n g  o i l

F i r e  r i s k s  a n d  t h e  p o s s i b i l i t y  o f  a i r  p o l l u t i o n  r e q u i r e  r e a l - t i m e
meteorological information (atmospheric stability, wind speed and direction)
b e f o r e  t h i s  a p p r o a c h  i s  c o n s i d e r e d .

2 . 1 5  O i l  S p i l l  M o d e l i n g

Oil spi l l  models can be useful  for oi l  spi l l  cont ingency planning and
real t ime mit igat ion. Knowledge of the movement of a surface oi l  s l ick is
important in warning of possible shoreline pollution and in application of
cleanup countermeasures. spil l modeling techniques have been developed to
predict the movement an oi l  spi l l  under actual or hypothetical condit ions.

G e n e r a l l y ,  o i l  s p i l l  m o d e l s  h a v e  e v o l v e d  i n t o  t w o  g r o u p s :

Type  I  mode ls :  Mu l t i p l e  t r a jec to ry  mode ls  f o r  l ong - te rm
s t r a t e g i c  o n  a r c h i v e d  c l i m a t o l o g i c a l  d a t a ,
a n d

Type I I  models:  Single event  models for  speci f ic  day-to-day
t a c t i c a l  f o r e c a s t s ,  u s u a l l y  b a s e d  o n  u p - t o - d a t e  r e a l - t i m e
d a t a .
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T y p e  I  m o d e l s  a r e  p r o b a b i l i s t i c  i n  n a t u r e .  T h e  s p i l l  i s  h y p o t h e t i c a l  a n d
t h e  m o d e l  i s  u s e d  p r i m a r i l y  f o r  e n v i r o n m e n t a l  a s s e s s m e n t  f o r  p l a n n i n g
p u r p o s e s .  T h e s e  m o d e l s  m a k e  u s e  o f  a  c l i m a t o l o g i c a l  r e p r e s e n t a t i o n  o f  b o t h
t h e  o c e a n  c u r r e n t s  a n d  a n  a d d e d  d r i f t  i n d u c e d  b y  l o c a l  w i n d .  O c e a n  c u r r e n t s
a r e  r e p r e s e n t e d  o n  a  g r i d ,  w h i l e  w i n d  d r i f t  c o m p o n e n t s ,  f o r  w h i c h  f a r  g r e a t e r
a m o u n t  o f  u s a b l e  d a t a  a r e  a v a i l a b l e ,  a r e  t r e a t e d  a s  a  t i m e  s e r i e s .  T i d a l
m o t i o n s  m a y  b e  i n c o r p o r a t e d  i n  n e a r s h o r e  a n d  e m b a y m e n t  a r e a s  w h e r e  t h e y  m a y  b e
d e e m e d  t o  c o n t r i b u t e  t o  a d v e c t i v e  t r a n s p o r t .

T y p e  I  m o d e l s  t r e a t  a d v e c t i o n  o n l y  o n  t h e  s u r f a c e ,  a n d  m a y  i n c o r p o r a t e
p o t e n t i a l  i m p a c t  t a r g e t s  s u c h  a s  s p a w n i n g  a r e a s ,  f i s h  m i g r a t i o n  r o u t e s ,  a n d
a r e a s  o f  c o m m e r c i a l  f i s h i n g .  A l l  T y p e  I  m o d e l s  c o n t a i n  r e p r e s e n t a t i o n s  o f
s h o r e l i n e s  a s  p o t e n t i a l  t a r g e t s ,  b u t  f e w  T y p e  I  m o d e l s  e x p l i c i t l y  i n c l u d e  o i l
w e a t h e r i n g  a l g o r i t h m s .  T y p e  I  m o d e l s  c a n  b e  u s e d  t o  c o m p u t e  s p i l l
t ra jector ies for real- t ime spi l ls ,  provided their  use is not intended to project  in
t i m e  a n d  s p a c e  b e y o n d  b y  l o c a l  w e a t h e r  f o r e c a s t s .

T y p e  I I  m o d e l s  a r e  d e t e r m i n i s t i c  i n  t h a t  t h e  s p i l l  h a s  o c c u r r e d ,  o r  i s
e x p e c t e d  t o  o c c u r ,  i n  r e a l  t i m e ;  t h u s ,  t h e  d r i v i n g  f o r c e s  a c t i n g  o n  t h e  s p i l l
a r e  d e t e r m i n e d  f r o m  r e a l - t i m e  o r  f o r e c a s t a b l e  p a r a m e t e r s .

T h e  s u c c e s s  o f  T y p e  I I  m o d e l s  d e p e n d s  o n  f o r e c a s t  w i n d  s p e e d s  a n d
d i r e c t i o n s .  T h e  a d v a n t a g e s  o f  w o r k i n g  w i t h  T y p e  I I  m o d e l s  i n c l u d e  t h e  h i g h
q u a l i t y  o f  o u t p u t  i n f o r m a t i o n  c o n c e r n i n g  t h e  s p i l l  i n  q u e s t i o n .  D i s a d v a n t a g e s
i n c l u d e  t h e  l i m i t e d  r e s p o n s e  t i m e  t o  i n c o r p o r a t e  t h e  r e a l - t i m e  d a t a ,  a n d  t h e
l a r g e  a m o u n t  o f  i n p u t  d a t a  r e q u i r e d .

S e v e r a l  m o d e l i n g  t e c h n i q u e s  a r e  f o u n d  w i t h i n  t h e s e  g e n e r a l  m o d e l  t y p e s .
S o m e  o f  t h e  c o m m o n l y  u s e d  m o d e l i n g  t e c h n i q u e s  i n c l u d e :

O i l  f a t e  m o d e l s  ( T y p e  I I )
O i l  f a t e  a n d  e f f e c t  m o d e l s  ( T y p e  I  a n d  T y p e  I I )
S i n g l e  e v e n t  m o d e l s  ( T y p e  I I )
C l i m a t o l o g i c a l  m o d e l s  ( T y p e  I )

2 . 1 5 . 1  O i l  F a t e  M o d e l s

T h e  o i l  f a t e  m o d e l  i s  u s e d  t o  e s t i m a t e  t h e  c o n c e n t r a t i o n ,  d i s t r i b u t i o n ,
a n d  r e s i d e n c e  t i m e  o f  v a r i o u s  f r a c t i o n s  o f  o i l  i n t o  v a r i o u s  e n v i r o n m e n t a l

s i n k s .  A n  a t t e m p t  i s  m a d e  t o  t r a c e  a l l  t h e  p a t h w a y s  t h a t  o i l  t a k e s  a s  i t
c o m e s  i n t o  c o n t a c t  w i t h  t h e  b i o t a .  T h e  r e s u l t i n g  c o m p u t e r  c a l c u l a t i o n s
i n c l u d e  a l l  k n o w n  a n d  p a r a m e t e r s  a n d  t h e i r  v a r i a b l e  r e a c t i o n
r a t e s .  T h i s  a p p r o a c h  i s  p r o b a b l y  t h e  m o s t  a d v a n c e d  s c i e n t i f i c a l l y ,  b u t ,
b e c a u s e  o f  t h e  d e t a i l e d  e n v i r o n m e n t a l  d a t a  i n p u t s  r e q u i r e d ,  h a s  l i m i t e d
o p e r a t i o n a l  u s e .

-  2 1  -



2 . 1 5 . 2  O i l  F a t e  a n d  E f f e c t  M o d e l s

T h e  o i l  f a t e  a n d  e f f e c t  m o d e l  i s  s i m i l a r  t o  t h e  f a t e  m o d e l .  I t  e x t e n d s

t h i s  t y p e  o f  c a l c u l a t i o n  b y  u s i n g  t h e  o u t p u t  o f  a  f a t e  m o d e l  a s  i n p u t  t o  a
b i o l o g i c a l  e f f e c t  m o d e l .  I t  a l s o  r e q u i r e s  d e t a i l e d  e n v i r o n m e n t a l  d a t a  b u t ,  i n
g e n e r a l ,  i s  l e s s  s o p h i s t i c a t e d  i n  i t s  p h y s i c a l  a n d  c h e m i c a l  p a r a m e t e r s  t h a n
t h e  f a t e  m o d e l .  T h i s  i s  a  u s e f u l  r e s e a r c h  t o o l  b u t  t o  d a t e  i s  a l s o  n o t

c o n s i d e r e d  t o  b e  a n  o p e r a t i o n a l  t o o l  t h a t  c a n  b e  u s e d  u n d e r  a c t u a l  s p i l l
c o n d i t i o n s .

2 . 1 5 . 3  S i n g l e  E v e n t  M o d e l s

T h e  s i n g l e  e v e n t  m o d e l  i s  p r o b a b l y  t h e  b e s t  t o o l  d e c i s i o n  m a k e r s  h a v e  a t
t h e i r  d i s p o s a l  f o r  a n  a c t u a l  s p i l l ,  p r o v i d e d  t h a t  t h e  a p p r o p r i a t e
e n v i r o n m e n t a l  d a t a  i s  a v a i l a b l e  t o  t h e  m o d e l i n g  s u p p o r t  g r o u p .  T h i s  m o d e l
t y p e  g e n e r a l l y  a t t e m p t s  t o  i n c o r p o r a t e  t h e  m o s t  i m p o r t a n t  p h y s i c a l  p r o c e s s e s
s u c h  a s  a d v e c t i o n ,  d i f f u s i o n ,  a n d  s p r e a d i n g .  I t  a t t e m p t s  t o  c a l c u l a t e  f u t u r e
l o c a t i o n s  o f  o i l  b a s e d  o n  i n p u t  p a r a m e t e r s  s u c h  a s  w i n d  c o n d i t i o n s  a n d  t h e
a m b i e n t  c u r r e n t  p a t t e r n s ,  b u t  i t  i s  l i m i t e d  b y  d a t a  i n p u t s ;  a n d  t h u s
c a l c u l a t e d  t r a j e c t o r i e s  a r e  o n l y  a s  a c c u r a t e  a s  t h e  s o m e t i m e s  u n a v a i l a b l e
i n p u t s .

2 . 1 5 . 4  C l i m a t o l o g i c a l  M o d e l s

T h e  c l i m a t o l o g i c a l  m o d e l i n g  t e c h n i q u e  i s  b a s e d  o n  a r c h i v e d  e n v i r o n m e n t a l
d a t a .  I t  u s e s  f i r s t - o r d e r  c a l c u l a t i o n s  o f  c u r r e n t s  t o  e s t i m a t e  o i l

a d v e c t i o n .  U s u a l l y  a d v e c t i o n  i s  d o m i n a n t  o v e r  o t h e r  e n v i r o n m e n t a l  f a c t o r s ,
a n d  t h u s  r e s u l t s  h a v e  b e e n  u s e f u l  i n  s u c h  s p i l l s  a s  t h a t  o f  t h e  A r g o
M e r c h a n t .  T h e  " p e r m a n e n t "  c u r r e n t  ( d e r i v e d  f r o m  a v a i l a b l e  a t l a s
p r e s e n t a t i o n s )  a n d  a  t r a n s i e n t  w i n d - d r i v e n  c u r r e n t  ( d e r i v e d  f r o m  l o c a l  w i n d
r e c o r d s  u s i n g  t h e  3  p e r c e n t  r u l e ;  s e e  s e c t i o n  3 . 1 )  a r e  a d d e d  t o  p r o d u c e  a
t r a j e c t o r y .  T h e  t r a j e c t o r y  i s  t r a c k e d  i n  3 - h o u r  i n t e r v a l s  u s i n g  a  c o m p u t e r
s i m u l a t i o n  f r o m  t h e  h y p o t h e t i c a l  s p i l l  s i t e .  A d d i t i o n a l  t r a j e c t o r i e s  a r e
t r a c e d  u n t i l  r e l a t i v e  r i s k  d i a g r a m s  c a n  b e  d r a w n  t h a t  i n d i c a t e  t h e  m a  j o r
d i r e c t i o n  o f  o i l  m o v e m e n t  a n d  i t s  v a r i a b i l i t y .  T h e  a d v a n t a g e  o f  t h i s
c a l c u l a t i o n  i s  t h a t  i t  c a n  b e  d o n e  b e f o r e  t h e  s p i l l  o c c u r s  a n d  k e p t  a v a i l a b l e
i n  a  p l a n n i n g  g u i d e  f o r  a  s p e c i f i c  l o c a t i o n .  T h e  d i s a d v a n t a g e  i s  t h a t  u n d e r
a c t u a l  c o n d i t i o n s  t h e  m o d e l  i s  o n l y  a s  r e l i a b l e  a s  t h e  s i m p l e  m o d e l
a s s u m p t i o n s .  A l s o ,  u s i n g  t y p e  o f  m o d e l  f o r  r e a l - t i m e  f o r e c a s t  i s  l i m i t e d  b y
t h e  a s s u m p t i o n  t h a t  c o n d i t i o n s  a t  s p i l l  t i m e  a r e  c l o s e  t o  t h e  c l i m a t o l o g i c a l
m e a n .  T h i s  a p p r o x i m a t i o n  m a y  b e  v a l i d  i f  t h e  d i s t a n c e  t o  a n  i m p a c t  p o i n t  i s
l a r g e .

I n  s e c t i o n  3 . 1 0 ,  r e l a t i v e  r i s k  d i a g r a m s  a r e  p r e s e n t e d  f o r  t h e  G u l f  o f
M a i n e / G e o r g e s  B a n k  r e g i o n  u s i n g  a  c l i m a t o l o g i c a l  c o m p u t e r  s i m u l a t i o n ,  a s
e x p l a i n e d  i n  B i s h o p  ( 1 9 7 6 ) .  O n e  c a n  e s t i m a t e  t h e  r e l a t i v e  r i s k  o f  v a r i o u s
r e g i o n s  t o  i m p a c t  b y  u s i n g  t h e  d i a g r a m s  g i v e n  t h e  r e s o u r c e  l o c a t i o n s  a s
e x p l a i n e d  i n  s e c t i o n  3 . 1 1 .
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3 .  E N V I R O N M E N T A L  D A T A

3 . 1  S u r f a c e  W i n d  F i e l d

A n  o i l  s p i l l  a t  s e a  i s  i n f l u e n c e d  b y  w e a t h e r  c o n d i t i o n s .  S u r f a c e  w i n d
c o n d i t i o n s  p r o d u c e  w i n d  w a v e s  a n d  w i n d - d r i v e n  c u r r e n t s .  W i n d  w a v e s  m i x  t h e

oi l  both into the water  column and hor izonta l ly .  Also,  in  theory,  wave height
i s  re la ted to  a downwind wave-dr iven current .  Sur face wind-dr iven currents ,
i n  t h e o r y ,  f l o w  t o  t h e  r i g h t  o f  t h e  w i n d .  T h e  c o m b i n e d  o i l  a d v e c t i o n  d u e  t o
waves  and  w ind -d r i f t  has  been ,obse rved  t o  be  abou t  3  pe r cen t  o f  t he  w ind ' s
m a g n i t u d e ,  d i r e c t e d  w i t h i n  1 5  t o  t h e  r i g h t  o f  t h e  w i n d  ( i n  t h e  N o r t h e r n
Hemisphere) .  Other  meteoro log ica l  fac tors ,  such as  the  movement  and locat ion
of  major  weather  systems and atmospher ic  f ronts,  are important  because of
s h i f t i n g  w i n d  c o n d i t i o n s  a s s o c i a t e d  w i t h  s u c h  d i s t u r b a n c e s .

T h e  s t u d y  r e g i o n  l i e s  i n  a  z o n e  o f  p r e v a i l i n g  w e s t e r l y  w i n d s  t h a t
d o m i n a t e  t h e  n o r t h e a s t e r n  U n i t e d  S t a t e s .  T h e  w e a t h e r  p a t t e r n s  a r e  i n f l u e n c e d
by  severa l  ma jo r  a tmospher ic  fea tu res ,  by  ma jo r  oceanograph ic  fea tu res  and ,  on
a  l o c a l  l e v e l ,  b y  t h e  i n t e r a c t i o n  b e t w e e n  t h e  a t m o s p h e r e  a n d  t h e  o c e a n

The two  semi -permanen t  p ressure  cen te rs  tha t  a l te rna te ly  domina te  the
region, the Icelandic Low (approximately 63 N) and the Bermuda-Azores High
(approximately 31 N), inf luence the pressure pattern and therefore the general
a i r  c i r c u l a t i o n .  T h e  a l t e r n a t i n g  d o m i n a n c e  o f  t h e  I c e l a n d i c  L o w  i n  t h e  w i n t e r
and the Bermuda-Azores High in the summer contributes to the varying weather
patterns and storm tracks in the region. As the Icelandic Low develops during
t h e  w i n t e r ,  p r e v a i l i n g  w i n d s  s h i f t  t o  t h e  n o r t h w e s t  a n d  t h e  e a s t e r n  o f f s h o r e
region becomes a major area of  cyclogenesis.  Hurr icanes are infrequent ly
o b s e r v e d  i n  l a t e  a n d  e a r l y  a u t u m n .  T h e  p r e v a i l i n g  p r e s s u r e  p a t t e r n s  i n
t he  no r t hwes t  A t l an t i c  a re  i l l u s t r a ted  i n  F i gu re  7 .

The po la r  f ron t  co inc ides  w i th  the  je t  s t ream,  an  upper - leve l  the rma l
grad ient  separa t ing  a i r  masses o f  po lar  and t rop ica l  o r ig in .  The f ront  has  a
genera l l y  southwest  nor theas t  o r ien ta t ion  and is  impor tan t  fo r  s to rm
development and direct ion of  movement (Figure 8).  The seasonal movement of
f rontal locat ions leads to the seasonal march in the me an wind f ield (Figures
9 - 2 0 ) .

The above diagrams concerning the mean wind can be interpreted in terms
o f  o i l  sp i l l  t r a j ec to r y  es t ima tes  i n  t he  f o l l ow ing  manne r .  I n  r eg ions  t ha t
are  fa r  enough f rom the  impac t  po in t  ( fo r  example ,  ou ts ide  one  t ida l
excursion), the most probable impact would occur along the mean wind
d i rec t i on .  Th i s  t ype  o f  c l ima to log i ca l  p ro j ec t i on ,  based  on  w ind -d r i ven
c u r r e n t s ,  i s  m o s t  a c c u r a t e  d u r i n g  s e a s o n s  o f  l o w  v a r i a b i l i t y  a n d  w i l l  b e
modi f ied in  the presence of  the prevai l ing permanent  current .  The var iabi l i ty
can  be  in te rp re ted  in  the  con tex t  o f  the  spread  o f  o i l  sp i l l  t ra jec to r ies
starting from a common point. The climatological presentation depicting wind
variabi l i ty is the wind rose. Figures 21 through 32 show surface wind roses
f o r  t h e  s t u d y  i n  w h i c h  a n d  s u m m e r  r o s e s  i n d i c a t e  m o r e  o f  t h i s
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F igure  - -P reva i l i ng  w in te r  and  summer  p ressure  pa t te rns  in  the  Nor th
A t l a n t i c  ( a f t e r  W r i g h t ,  1 9 7 6 ) .
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Figure 8.--Storm tracks, winter and summer (after Wright, 1976).
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Figure 9. -January mean wind vectors in knots (after Godshall  et. al l ,  1980).
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F i g u r e  - -  m e a n  w i n d  v e c t o r s  i n  k n o t s  ( a f t e r  G o d s h a l l  e t .  a l . ,
1 9 8 0 ) .
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F i g u r e  1 1 .  - M a r c h  m e a n  w i n d  v e c t o r s  i n  k n o t s  ( a f t e r  G o d s h a l l  e t .  a l . ,  ,  1 9 8 0 ) .
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Figure 12. .--April -- mean wind vectors in knots (after Godshall et. al., 1980).
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Figure 13.--May me an wind vectors in knots (after Godshall et. al. 1980).
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Figure -- June mean wind vectors in knots (after Godshall et. al., , 1980).
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F i g u r e  1 5 .  - -  m e a n  w i n d  i n  k n o t s  ( a f t e r  G o d s h a l l  e t .  a l .  1 9 8 0 ) .,
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Figure 16. - mean wind vectors in knots (after Godshall  al .  1980).
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Figure 17. - September mean wind vectors in knots (after
1980) .
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Figure - - October mean wind vectors in knots (after al.,  ,
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Figure 19. -- November me an wind vectors in knots (after Godshall ,

1980) .
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F i g u r e  2 0 .  - -  D e c e m b e r  m e a n  w i n d  v e c t o r s  i n  k n o t s  ( a f t e r  G o d s h a l l  e t .  a l .
1980 ) .
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Figure  21.  -January  sur face w ind roses (a f te r  the  Nat iona l  Weather  Serv ice ,
1976) .
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Figure --February surface wind roses (after the National Weather
Serv ice ,  1976) .
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F igu re  23 .  -  - -March  su r face  w ind  roses  (a f te r  the  Na t iona l  Wea ther
S e r v i c e ,  1 9 7 6 ) .
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Figure  24 . - -Apr i l  sur face  w ind  roses  (a f te r  the  Nat iona l  Weather
S e r v i c e ,  1 9 7 6 ) .
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Figure 25.--May surface wind (after the National Weather Service,
1976 ) .
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Figure -- June surface wind roses (after the National Weather Service,
1976).
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Figure 27.--July surface wind (after the National Weather Service,
1976).
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Figure 28. --August surface wind roses (after the National Weather Service,
1976) .
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Figure  29. - -September  w ind roses (a f te r  the  Nat iona l  Weather  Serv ice ,
1 9 7 6 ) .
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F igu re  30 .  -Oc tobe r  su r f ace  w ind  roses  (a f t e r  t he  Na t i ona l  Wea the r  Se rv i ce ,
1976) .
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Figure 31. -  -November surface wind (after
1976) .
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Figure 32.--December surface wind roses (after the National Weather Service,
1 9 7 6 ) .
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u n i d i r e c t i o n a l  t e n d e n c y  t h a n  t h o s e  o f  w i n t e r  a n d  f a l l .  T h e  t e n d e n c y  g e n e r a l l y
a g r e e s  w i t h  t h e  c a l c u l a t i o n s  o f  v a r i a b i l i t y  g i v e n  b y  G o d s h a l l  e t .  a l .
( 1 9 8 0 ) .  H e n c e ,  o i l  s p i l l s  i n  s p r i n g  a n d  s u m m e r  c a n  b e  e x p e c t e d  t o  b e  a d v e c t e d
w i t h  a  h i g h e r  p r o b a b i l i t y  i n  t h e  m e a n  w i n d  d i r e c t i o n  t h a n  i n  w i n t e r  a n d  f a l l .

3 . 2  F o g

A n o t h e r  i m p o r t a n t  e n v i r o n m e n t a l  f a c t o r  i n  c o n n e c t i o n  w i t h  o i l  s p i l l
m i t i g a t i o n  c o n s i d e r a t i o n s  i s  v i s i b i l i t y .  V i s i b i l i t y ,  o r  v i s u a l  r a n g e ,  i s
commonly def ined as the maximum distance at which a prominent object can be
seen aga ins t  the  background.  V isua l  range i s  impor tan t  to  one  who must  make
p l a n s  c o n c e r n i n g  o f f s h o r e  m a r i n e  o p e r a t i o n  d u r i n g  a n  o i l  s p i l l .  I n  t h e  s t u d y
r e g i o n ,  r e s t r i c t i o n s  t o  v i s i b i l i t y  t h a t  a r e  c o m m o n l y  r e p o r t e d  a r e
p r e c i p i t a t i o n ,  f o g  a n d  s p r a y .

T h e  f o r m a t i o n  o f  f o g  o v e r  t h e  G u l f  o f  M a i n e  a n d  G e o r g e s  B a n k  i s  a
commonly known phenomenon. This fog is attributed to condensation caused by
warm a i r  pass ing  over  co ld  water  sur faces .  The combina t ion  o f  co ld  water  in
t h e  G u l f  o f  M a i n e  a n d  t h e  S c o t i a n  S h e l f  c r e a t e s  t h e  p o t e n t i a l  f o r  a d v e c t i o n
fog .  Dur ing  spr ing  and summer ,  the  p reva i l ing  w ind  over  the  reg ion  i s  f rom
t h e  s o u t h w e s t ,  w h i c h  t e n d s  t o  p r o d u c e  a i r  m o v e m e n t  f r o m  w a r m  t o  c o o l e r  w a t e r
s u r f a c e  a r e a s  ( F i g u r e  3 3 ) .

3 . 3  W i n d  W a v e s

O c e a n  w a v e s  h a v e  a n  i m p o r t a n t  i n f l u e n c e  o n  t h e  e v e n t u a l  f a t e  a n d  c l e a n u p
o f  s p i l l e d  o i l  a t  s e a .  W i n d  w a v e s  p r o v i d e  s u r f a c e  t u r b u l e n c e  w h i c h  m i x e s  a
s u r f a c e  s l i c k  i n t o  t h e  w a t e r  c o l u m n .  A l s o ,  b e c a u s e  o f  t h e  e x p o n e n t i a l  d e c a y
o f  w a v e  p a r t i c l e  v e l o c i t y  w i t h  d e p t h ,  p a r t i c l e s  o n  w a v e  c r e s t s  m o v e  s l i g h t l y
f o r w a r d  c o m p a r e d  w i t h  t h o s e  a t  t h e  t r o u g h ,  r e s u l t i n g  i n  a  s l i g h t  w a v e - i n d u c e d
d r i f t  ( a b o u t  1  p e r c e n t  o f  w i n d  s p e e d )  i n  t h e  d o w n w i n d  d i r e c t i o n .

B e c a u s e  o f  t h e  c o a s t l i n e ,  t h e  G u l f  o f  M a i n e  i s  f e t c h - l i m i t e d  ( w a v e s
cannot  g row to  the  theore t i ca l  max imum fo r  a  g iven  w ind  speed)  to  the  wes t  and
nor th ;  t hus ,  f o r  a  g i ven  du ra t i on ,  max imum waves  wou ld  no t  be  expec ted  when
t h e  w i n d  i s  f r o m  t h e s e  d i r e c t i o n s .  M o n t h l y  w a v e  r o s e s  i n  t h i s  a r e a  a r e  s h o w n
i n  F i g u r e  3 4 .  D e s p i t e  a p p a r e n t  f e t c h  l i m i t a t i o n  t o  t h i s  a r e a  f r o m  t h e  n o r t h
and  nor thwes te r l y  d i rec t ion ,  the  occur rence  o f  the  la rge r  waves  (>3  m)  f rom
t h e s e  d i r e c t i o n s  i s  e v i d e n t .

Dur ing  the  w in te r  ( January )  the  wave  p ropaga t ion  d i rec t i on  ove r  the  s tudy
r e g i o n  i s  p r e d o m i n a n t l y  2 . 0  m  f o r  t h e  e n t i r e  r e g i o n ,  w h i l e  f o r  t h e  s u m m e r  i t
i s  a p p r o x i m a t e l y  1 . 0  m .  G e o r g e s  B a n k  e x h i b i t s  w a v e  c h a r a c t e r i s t i c s  o f  a  z o n e
o f  t r a n s i t i o n  f r o m  d e e p  w a t e r  a r e a s  t o  t h e  s o u t h  a n d  e a s t  w i t h i n  t h e  G u l f  o f
M a i n e .  I n  t h e  s u m m e r  ( J u l y ) ,  t h e  w i n d  i s  p r e d o m i n a n t l y  f r o m  t h e  s o u t h  o r
s o u t h w e s t .  A  s e a s o n a l  p a t t e r n  o f  l a r g e  ( >  3  m )  w a v e s  p r o p a g a t i n g  f r o m  t h e
nor thwest  and west  dur ing  w in ter  and o f  s ign i f i cant ly  smal le r  waves (<  2  m)
p r o g a t i n g  t h e  s o u t h  a n d  s o u t h w e s t  i n  t h e  s u m m e r  m o n t h s  i s  o b s e r v e d
( F i g u r e  3 5 ) .
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Figure 33. -- of fog over the North Atlantic Ocean during the
months (after Kotch, 1970).
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Figure 34.  - -Monthly wave roses (af ter  Godshal l  et .  a l . ,  1980).

-  5 2  -



F i g u r e  3 5 .  T y p i c a l  w i n t e r / s u m m e r  w a v e  h e i g h t  -  p e r i o d  h i s t o g r a m s
( a f t e r  G o d s h a l l  e t .  a l .  1 9 8 0 ) .,
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3 . 4  W a t e r  T e m p e r a t u r e s

3 . 4 . 1  T e m p e r a t u r e  D i s t r i b u t i o n

The mix ing rate of  o i l  in  the water  is  re lated to water  temperature in
that  h igher  temperatures increase mix ing.  A lso,  because of  the re lat ions ip
between water  temperature and c i rcu la t ion features,  temperature gradients
u s u a l l y  c o i n c i d e  w i t h  c i r c u l a t i o n  b o u n d a r i e s .

B e c a u s e  o f  i n c r e a s e d  w i n d  m i x i n g  i n  t h e  w i n t e r ,  a  v e r t i c a l l y  c o n s t a n t
temperature is observed throughout the water column with the coldest surface
w a t e r  n e a r  s h o r e ,  i n c r e a s i n g  o f f s h o r e .

I n  coas ta l  wa te rs  (<  100  m in  dep th ) ,  a  rap id  ve r t i ca l  change  o f
temperature (thermocline) appears in May and continues to intensify to a
maximum temperature difference of about 7 C in early September. Thus, during
the summer the water column is at  a point  of  minimum mixing abi l i ty  (maximum
s t a b i l i t y ) .  F i g u r e s  t o  s h o w  t h e  m e a n  m o n t h l y  t e m p e r a t u r e  d i s t r i b u t i o n
for the Gulf of Maine/Georges Bank area at the sea surface and at a depth of
100 m. F igures to 51 ind icate average temperatures cross-sect ional  s l ices
t h r o u g h  t h e  s t u d y  a r e a .

3.4.2 Sea-Surface Temperature (remote sensing techniques)

The  "ave rage"  p i c tu re  o f  wa te r  t empera tu res  p resen ted  i n  t he  p rev ious
s e c t i o n  i s  c l e a r l y  a n  o v e r s i m p l i f i c a t i o n  t h a t  t e n d s  t o  s m o o t h  o u t  t h e
convo lu ted  f ron ts  and  sharp  g rad ien ts  wh ich  may ex is t .  The  complex i ty  o f  the
sea  su r face  tempera tu re  s t ruc tu re  i n  th i s  reg ion  has  been  con f i rmed  by  h igh
r e s o l u t i o n  s a t e l l i t e  i m a g e r y .

One opera t i ona l  p roduc t  based  on  these  sa te l l i t e  images  i s  t he  ana lys i s
produced by the US CG Oceanographic Unit, the U.S. Navy and NOAA (Figure 52).
Each ana lys is ,  based on  severa l  days  o f  observa t ion ,  shows the  pos i t ion  o f  the
ma jo r  t he rma l  f r on t s ,  t he  l oca t i ons  o f  co l d  and  wa rm  edd ies ,  and  i den t i f i e s
t h e  d i f f e r e n t  w a t e r  m a s s e s .  T h e s e  c h a r t s  s h o w  t h a t  c o n d i t i o n s  c a n  r a n g e  f r o m

t h e  r e l a t i v e l y  s i m p l e  t o  t h e  c o m p l i c a t e d .  F o r  i n f o r m a t i o n  c o n c e r n i n g  t h i s
a n a l y s e s  o n e  s h o u l d  c o n t a c t :

NOAA/NESS S132

D i r e c t o r ,  E n v i r o n m e n t a l  P r o d u c t s  B r a n c h
Wor ld  Weather  B ldg . ,  Room 510
W a s h i n g t o n ,  D . C  2 0 2 3 3

S a t e l l i t e s  a r e  e x t r e m e l y  v a l u a b l e  t o o l s  t o  m a p  l a r g e  s c a l e  c i r c u l a t i o n
fea tures  such as  permanent  cur rents ,  water  mass boundar ies  and la rge edd ies ,
b u t  t h e y  d o  h a v e  l i m i t a t i o n s .

1 .  A t  b e s t ,  t h e y  r e c o r d  o n l y  t h e  s k i n  t e m p e r a t u r e  o f  t h e  o c e a n  a s
opposed to  the  bu lk  tempera ture  measured  by  o rd inary  immersed
t he rmomete rs .  Excep t  du r ing  pe r iods  o f  unusua l  ca lm,  the  no rma l
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stirring by waves eliminates this as a serious problem. However,
even bulk surface temperatures are not reliable indicators of deeper
t e m p e r a t u r e  p a t t e r n s .

2. More serious is the effect of atmospheric water vapor on satellite
measurements. These errors can be corrected to some extent by using
an assumed water vapor profile from a model atmosphere. A better
solution will have two infrared bands that respond quite differently
to water  vapor.  The di f ferences in measured radiance can be used to
determine the atmospheric correction. It is expected that absolute
t e m p e r a t u r e s  s h o u l d  b e  a c c u r a t e  t o  a b o u t  1  C .

3. Cloud cover is a serious limitation to satellite mapping, since sea-
surface temperatures can be observed only when the satellite pass
happens to coincide with a cloud-free period. Oceanic phenomena
change more slowly than those in the atmosphere so that the
cont inua l l y  improv ing  coverage  in  t ime w i l l  e l im ina te  much o f  th is
p r o b l e m ,  e x c e p t  f o r  p e r i o d s  o f  e x t e n d e d  c l o u d  c o v e r .

A second technique for mapping sea-surface termperatures is the use of
airborn radiation therometer (ART). This technique, employed by the Coast
Guard Oceanographic Unit, is useful in locating the region of sharp gradients,
such as those that occur near major current boundaries and large scale
eddies. Except for special studies, ART data should be supplemented by
satell i te imagery which provides broader and is more nearly
instantaneous over  a large area.

For climatological purposes, the best regular reports on sea-surface
temperature are provided by "Gulfstream", a monthly publication of the
National Weather Service. These reports are based on available information
from ships, aircraft and satellites. Each issue includes a schematic drawing
of the locations of the oceanic fronts and eddies, a selection of
bathythermograms (BTs) and charts giving the mean surface temperature for the
month, from the 100-year mean for the month, and the change from the
previous month, all on a one-degree from 25 N to 45 N and 55 W to 85°W.

3 . 5  S a l i n i t y  D i s t r i b u t i o n

The observed salinity distribution is a result of the balance between
river runoff, evaporation minus precipitation, advection, and mixing.
Salinity in coastal waters is at a maximum at the end of winter (owing to
subfreezing conditions the continent) and at minimum in early summer
(because of spring runoff). 53 to 56 show both surface and 125 meter
sa l i n i t y  f i e l ds  f o r  t he  s t udy  r eg i on .

3 . 6  D e n s i t y  D i s t r i b u t i o n

In the Gulf of Maine/Georges Bank region, the water reaches its maximum
density the winter months because of the annual minimum in temperature
a n d  m a x i m u m  i n  I n  t h e  s p r i n g ,  o f  t h e  s u r f a c e  w a t e r  w i t h  a
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1 0 0  M e t e r s

Figure 36. - - January temperature isotherms at surface and 100 meters (after
Co l t on  and  S todda rd ,  1972 ) .
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1 0 0  M e t e r s

Figure 37. - -  February temperature isotherms at surface and 100 meters (after
C o l t o n  a n d  S t o d d a r d ,  1 9 7 2 ) .
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1 0 0  M e t e r s

Figure - March temperature isotherms
Colton and Stoddard, 1972).
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1 0 0  M e t e r s

Figure 39. -- April temperature isotherms
Colton and Stoddard, 1972).
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1 0 0  M e t e r s

Figure -- May temperature isotherms at surface and meters (after Colton
and Stoddard,  1972) .
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1 0 0  M e t e r s

Figure 41. - -  June temperature isotherms at surface and 100 meters (after Colton
a n d  S t o d d a r d ,  1 9 7 2 ) .
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1 0 0  M e t e r s

Figure - - July temperature isotherms at surface and 100 meters (after Colton
a n d  S t o d d a r d ,  1 9 7 2 ) .
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1 0 0  M e t e r s

F igure  43 .  -  -  Augus t  tempera tu re  i so therms  a t  su r face  and  100  mete rs  (a f te r
C o l t o n  a n d  S t o d d a r d ,  1 9 7 2 ) .
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1 0 0  M e t e r s

Figure - - September temperature isotherms at surface and 100 meters (after
C o l t o n  a n d  S t o d d a r d ,  1 9 7 2 ) .
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1 0 0  M e t e r s

Figure  45 .  -  -  Oc tober  tempera tu re  i so therms a t  su r face  and  100  mete rs  (a f te r
C o l t o n  a n d  S t o d d a r d ,  1 9 7 2 ) .
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1 0 0  M e t e r s

Figure 46. - - November temperature isotherms at surface and 100 meters (after
Co l ton  and  S todda rd ,  1972 ) .
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1 0 0  M e t e r s

F i g u r e  4 7 .  - -  D e c e m b e r  i s o t h e r m s  s u r f a c e  a n d  1 0 0  m e t e r s  ( a f t e r
Co l ton  and  S toddard ,  1972) .
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F i g u r e  4 8 .  u s e d  f o r  t e m p e r a t u r e  p r o f i l e s  ( a f t e r  C o l t o n  a n d
S t o d d a r d ,  1 9 7 2 ) .
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SECTION A (70°30'W)

K I L O M E T E R S K I L O M E T E R S

Figure 49. - Monthly mean temperature profiles (after Colton and Stoddard,
1 9 7 2 ) .
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SECTION B (68°30 'W)

KILOMETERSKILOMETERS

F igu re  50 . - -Mon th l y  mean  tempera tu re  p ro f i l es  (a f t e r  Co l t on  and  S todda rd ,
1972 ) .

-  7 0  -



SECTION C (66°30'W)

K I L O M E T E R S KILOMETERS

K I L O M E T E R S K I L O M E T E R S

Figure 51. -Monthly me an temperature profiles (after Colton and Stoddard,
1 9 7 2 ) .
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Figure 52. - Oceanographic Analysis for August 13, 1980 (after U.S. Coast
G u a r d ,  1 9 8 0 ) .

-  7 2  -



1 2 5  M e t e r s

F i g u r e  5 3 .  -  M e a n  s e a s o n a l  i s o h a l i n e s  a t  s u r f a c e  a n d  a t  1 2 5  m e t e r s  ( a f t e r
G o d s h a l l  e t .  a l .  ,  1 9 8 0 ) .
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1 2 5  M e t e r s

Figure - - Mean seasonal isohalines at surface and at meters (after
G o d s h a l l  e t .  a l . ,  1 9 8 0 ) .
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1 2 5  M e t e r s

Figure 55. - Mean seasonal isohalines at surface and at 125 meters (after
G o d s h a l l  e t .  a l . ,  1 9 8 0 ) .
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1 2 5  M e t e r s

F i g u r e  5 6 .  -  -  M e a n  s e a s o n a l  i s o h a l i n e s  a t  t h e  s u r f a c e  a n d  a t  1 2 5  m e t e r s
( a f t e r  G o d s h a l l  e t .  a l .  ,  1 9 8 0 ) .
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l a r g e  i n c r e a s e  i n  r u n o f f  p r o d u c e  a  m a r k e d  v e r t i c a l  a n d  h o r i z o n t a l
s t r a t i f i c a t i o n  o f  t h e  w a t e r  c o l u m n .  T h e  h o r i z o n t a l  s t r a t i f i c a t i o n  d r i v e s  a

s o u t h w a r d - d i r e c t e d  c o a s t a l  f l o w  t h a t  i n c r e a s e s  i n  m a g n i t u d e  ( i .  e .  1 0 - 1 5
c m / s e c )  i n t o  l a t e  s u m m e r .  T h i s  m e a n  d e n s i t y - d r i v e n  c u r r e n t  m a y  b e  i m p o r t a n t
i n  t h e  l o n g - t e r m  a d v e c t i o n  o f  a n  o i l  s p i l l  a t  s e a  d u r i n g  c a l m  p e r i o d s .  T h e
v e r t i c a l  s t r a t i f i c a t i o n  l e a d s  t o  a  d e v e l o p m e n t  o f  a  s h a r p  d e n s i t y  c h a n g e
( p y c n o c l i n e ) .  T h i s  d e v e l o p s  ( a s  d o e s  t h e  t h e r m o c l i n e )  i n  M a y  a n d  c o n t i n u e s  t o
i n c r e a s e  i n  i n t e n s i t y  t o  a  m a x i m u m  i n  S e p t e m b e r .  T h i s  c o n d i t i o n  c a u s e s  o i l
s p i l l e d  i n  t h e  m i x e d  l a y e r  ( i n  t h e  u p p e r  1 0 - 1 5  m e t e r s )  t o  b e  t r a p p e d  a b o v e  t h e
s t r o n g  p y c n o c l i n e  a t  1 5 - 3 0  m e t e r s .  F i g u r e s  5 7  a n d  5 8  s h o w  t y p i c a l  v e r t i c a l
d e n s i t y  p r o f i l e s  f o r  t h e  G u l f  o f  M a i n e / G e o r g e s  B a n k  r e g i o n s .

3 . 7  V e r t i c a l  M i x i n g

V e r t i c a l  m i x i n g  o f  o i l  i n  t h e  o c e a n  c a n  o c c u r  b y  c o n v e c t i v e  p r o c e s s e s ,  b y
m e c h a n i c a l  s t i r r i n g  s u c h  a s  s u r f a c e  w i n d - w a v e  m i x i n g ,  b y  t i d a l  c u r r e n t  m i x i n g ,
o r  b y  d i f f u s i o n .  V e r t i c a l  m i x i n g  i s  a  f u n c t i o n  o f  t h e  d e n s i t y  s t r a t i f i c a t i o n
a n d  o f  t h e  v e r t i c a l  t u r b u l e n c e .

I m p l i c a t i o n s  r e g a r d i n g  t h e  e x t e n t  o f  v e r t i c a l  m i x i n g  a r e  d r a w n  f r o m  t h e
a n a l y s i s  o f  w a t e r  " s t a b i l i t y " ,  E ,  d e f i n e d  b y  H e s s e l b e r g  a n d  S v e r d r u p  ( 1 9 1 4 )  t o
b e  t h e  v e r t i c a l  d e n s i t y  g r a d i e n t .  L a r g e  p o s i t i v e  v a l u e s  o f  E  i m p l y  s t r o n g
v e r t i c a l  s t r a t i f i c a t i o n ,  w h i c h  i n h i b i t s  v e r t i c a l  m i x i n g ;  s m a l l  p o s i t i v e  v a l u e s
o f  E  i m p l y  d e e p  v e r t i c a l  m i x i n g ,  a s  c a u s e d ,  f o r  e x a m p l e ,  b y  s t r o n g  w i n t e r
winds. Here E wil l  be approximated by T/AZ, the vert ical gradient of
sigma-t [of = (density-1) 1000].

T y p i c a l  v e r t i c a l  p r o f i l e s  o f  s t a b i l i t y  f o r  t h e  s t u d y  a r e a  a r e  g i v e n  i n
F i g u r e s  5 9  a n d  6 0  f o r  w i n t e r  a n d  s u m m e r .

W i n t e r .  I n  t h e  w i n t e r ,  s t a b i l i t y  i s  l o w  i n  t h e  u p p e r  4 0  m  a l t h o u g h
v a r i a b i l i t y  i s  h i g h .  T h e  w a t e r  c o l u m n ,  s h o w n  i n  F i g u r e  5 9 ,  h a s  a  m a x i m u m
s t a b i l i t y  a t  a b o u t  7 0  m e t e r s .  S t r o n g  w i n d  m i x i n g  a n d  s u r f a c e  c o o l i n g  a c c o u n t
f o r  t h i s  o c c u r r e n c e .  S t a b i l i t y  b e l o w  1 0 0  m e t e r s  ( m )  d e c r e a s e s  s m o o t h l y  t o
n e a r  z e r o  i n  t h e  b o t t o m  l a y e r s .  D u r i n g  w i n t e r ,  d e n s i t y  i n c r e a s e s  v e r y
g r a d u a l l y  w i t h  d e p t h ,  a n d  m i x i n g  o c c u r s  t h r o u g h o u t  t h e  w a t e r  c o l u m n  o n  t h e
s h e l f  a n d  d o w n  t o  t h e  d e p t h  o f  p e n e t r a t i o n  o f  s e a s o n a l  i n f l u e n c e  o n  t h e  s l o p e
( >  2 0 0  m ) .  T h e s e  c o n d i t i o n s  l e a d  t o  e n h a n c e d  m i x i n g  o f  a  s u r f a c e  o i l  s p i l l
t h r o u g h o u t  t h e  f i r s t  4 0 - 7 0  m  o f  t h e  w a t e r  c o l u m n .

S u m m e r .  I n  t h e  s u m m e r ,  s t a b i l i t y  i s  h i g h  f o r  t h e  n e a r - s u r f a c e  w a t e r
( w i t h i n  2 0 - 3 0  m ) .  S u r f a c e  h e a t i n g  a n d  i n f l o w  o f  r i v e r  w a t e r  a r e  a s s o c i a t e d
w i t h  a  f u r t h e r  i n c r e a s e  n e a r  4 0  m e t e r s .  A  s h a r p  d e c r e a s e  i n  s t a b i l i t y  i s
s h o w n  b e l o w  4 0  s l o w l y  d e c r e a s i n g  b e l o w  1 0 0  m  u n t i l  i t  n e a r s  z e r o  a t  t h e
b o t t o m  o f  t h e  c o l u m n .  D u r i n g  t h i s  s e a s o n ,  a  s u r f a c e  o i l  s p i l l  w i l l  m o s t
p r o b a b l y  b e  t r a p p e d  i n  t h e  u p p e r  m i x e d  l a y e r  b e c a u s e  o f  t h e  d e v e l o p m e n t  o f  t h e
s t r o n g  p y c n o c l i n e  a n d  l o w  w i n d  v e l o c i t y .
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Figure 57. -- density profiles, Gulf of Maine (Lat. 42.5°N Long. 67.5°W)
( a f t e r  Godsha l l  e t .  a l . ,  1980 ) .
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Figure 58. -- Mean density profiles, Nantucket Shoals (Lat. N Long. 70.5°W)
( a f t e r  G o d s h a l l  e t .  a l . ,  1 9 8 0 ) .
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S T A B I L I T Y

Figure 59. -Mean winter stability index Gulf of Maine (after
Godsha l l  e t .  a l . ,  1980) .
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Stability

Figure 60.--Mean summer stability profile, Gulf of Maine (after
G o d s h a l l  e t .  a l .  1 9 8 0 ) .,
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3 . 8  O c e a n  F r o n t s ,  M e a n d e r s  a n d  E d d i e s

The watermass boundary ( front)  between coastal  (shelf)  water and slope
water occurs at a sharp front located at about the 2000 meter isobath (Figure
61) .  F igure 62 represents  a  typ ica l  ver t ica l  c ross-sect ion through th is
f ronta l  zone across the s tudy reg ion.  Sur face temperature d i f ferences across
t h e  f r o n t  a r e  a b o u t  2  C  t o  4  C ,  t o  a  m a x i m u m  o f  8  C .  S a l i n i t y  d i f f e r e n c e s
are  on  the  o rde r  o f  1  t o  2  pp t  ove r  10 -15  k i l ome te rs  ho r i zon ta l l y ,  and  20  to
40 m ver t i ca l l y .  Meanders  o f  the  f ron ta l  su r face  o f  +75  k i lomete rs  ( toward
land or sea) have been observed to propagate southwest (the opposite of Gulf
St ream meanders ) .  The  s t rong  hor i zon ta l  s t ra t i f i ca t ion  and  ve loc i t y  shears  in
t h e  f r o n t a l  r e g i o n  w o u l d  t e n d  t o  t r a p  a n  o i l  s p i l l  i n  t h i s  r e g i o n .

Anticyclonic eddies that break off  f rom the Gulf  Stream are an important
mechanism for transferr ing propert ies (heat, momentum, salt) from the Gulf
Stream to the slope water. They form from large in-shore Gulf Stream meanders
t ha t  de taches  to  p roduce  a  c lockw ise  vo r tex .  S t rong  cu r ren ts  and
s t ra t i f i ca t ion  a lso  make eddy  loca t ion  impor tan t  in  the  p red ic i tons  o f  o i l
spil l  advection. Oil spi l led on the southern port ion of the eddy wil l  travel
t o w a r d  t h e  o i l  s p i l l e d  o n  t h e  n o r t h e r n  p o r t i o n  o f  t h e  e d d y  w i l l  f l o w
t o w a r d  t h e  e a s t .

The meanders of  the Gul f  St ream occasional ly  become elongated and form
s e p a r a t e  r i n g s  t h a t  r e t a i n  t h e i r  i d e n t i t y  f o r  l o n g  p e r i o d s  o f  t i m e .  T h e
r ings, which break off in the Sargasso Sea, rotate in the counterclockwise
sense  and  con ta in  s lope  wa te r  wh ich  a t  any  dep th  i s  co lde r  than  the
surrounding Saragasso Sea water. Therefore, they are called cyclonic or cold-
core r ings or  edd ies.  Converse ly ,  those which break o f f  in  the s lope water
r o t a t e  c l o c k w i s e  a n d  c o n t a i n  w a t e r  t h a t  i s  a n o m a l o u s l y  w a r m e r ;  t h e y  a r e  k n o w
as ant i -cyclonic or  warm-core r ings or  eddies (Figures 63-64).  One of  the
principal mechanisms producing anomalous condit ions in the water mass over
G e o r g e s  i s  t h e  o f  w a r m - c o r e  S t r e a m  e d d i e s  a l o n g  i t s  o u t e r
edges (NMFS, 1980).

The occurrence and movement of  warm-core r ings are being documented by
both satel l i te imagery and ART aircraf t  f l ights.  The monthly "Gul fst ream"
summaries now regularly show their shape and posit ion. Most warm-core rings
appear to develop in the region of large Gulf Stream meanders east of 66 W,
but  some are  fo rmed in  the  western  s lope water .  A t  the  same t ime tha t  the
r ing is moving, i t  is also rotat ing with speeds near the outer edge ranging up
t o  a b o u t  1  k t  ( 5 2  c m / s e c ) .  F r o m  s a t e l l i t e  o b s e r v a t i o n s ,  i t  a p p e a r s  t h a t  t h e
rotating rings entrain surface shelf water along the shelf/slope boundary and
draw i t  ou t  in to  s lope-water  in  long ,  nar row f i l aments  (Morgan and  B ishop,
1977) .  Warm-core r ings beg in  to  decay shor t ly  a f ter  fo rmat ion;  f i rs t  the
surface cools to the temperature of  the surrounding slope water,  then the warm
water begins to mix away around the circumference. The l i fet ime of a r ing is
estimated at 6 months to a year, but the ring may appear to be re-absorbed by
t h e  G u l f  S t r e a m  b e f o r e  i t  l o s e s  i t s  i d e n t i t y .  T h e  d i a m e t e r s  o f  t h e s e  e d d i e s
vary about  100 to  200 km at  the sur face.  There is  a  tendency for  an eddy
t o  d e c r e a s e  o n c e  c r o s s e s  7 0 ° W .
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F i g u r e  6 1 .  - -  N o r m a l  a n d  e x t r e m e  s h e l f / s l o p e  w a t e r  f r o n t a l  p o s i t i o n s  i n
w i n t e r  a n d  s u m m e r  c o m p a r e d  t o  2 0 0 0  m e t e r  i s o b a t h .  E x t r e m e
s o u t h e r n  s h e l f / s l o p e  w a t e r  p o s i t i o n  i s  s o u t h  o f  3 9  N  L a t i t u d e .
( G o d s h a l l  e t .  a l . ,  1 9 8 0 ) .,
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Figure -- Water mass schematic of the
Gar f ie ld ,  1977) .
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Figure 63.--Anti-cyclonic (warm-core) Gulf Stream Eddy formation.
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Figure 64. - -  Observed development of a warm core r ing (eddy) (after Wright,
1 9 7 6 ) .
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3 . 9  M e a n  C o a s t a l  C u r r e n t s

The "permanent" average flow in the coastal region of the Gulf of
Maine/Georges Bank is variable. Studies by Bumpus (1965) of the permanent
flow inshore of the 100 - meter isobath indicate a mean flow on the order of
(0.1 kt, 5.2 cm/sec) for the area. Bottom currents to be much weaker
(0.008-0.02 kt; 0.4-1.0 cm/sec) than surface currents and flow south and
s o u t h w e s t .  A  s e a s o n a l  f l u c t u a t i o n  i n  t h e  c o a s t a l  c u r r e n t  r e s u l t s
f r o m  v a r i a t i o n  i n  w i n d  s t r e s s  a n d  r u n o f f .

Seasonal surface current vectors based on a subjective analysis of
available data are presented in Figures 65 to 68. They clearly show the well-
documented mean southwest coastal flow that turns around Cape Cod, and a
n o r t h w a r d  f l o w  o f  t h e  2 0 0  m e t e r  i s o b a t h  o f f  t h e  c o n t i n e n t a l  s h e l f .
The typical mean speed is about 0.1 kt (5.2 cm/sec).

One important feature of the flow is the strong seasonal variability,
especially near the mouths of estuaries. In winter the primary driving force
i s  t h e  n o r t h w e s t  w i n d  w h i l e  i n  i t  i s  t h e  c r o s s - s h e l f  p r e s s u r e
gradient generated by the outf low of low-salinity water from the mouths of
e s t u a r i e s .

3.10 Calculated Climatological Relative Risk Ellipses
for the Gulf of Maine/Georges Bank Region

To get a first-order estimate of the most probable path an oil spill will
take, a climatological approach was used. This technique is based on the
assumption that advection of the oil slick by wind-driven and permanent
currents are the most important factors over long periods. With this
approach, wind drift was given as 3 percent of the hourly wind speed directed
15 to the right of the wind. Permanent currents are taken from Section
3.9. Trajectories were started from a hypothetical spill site and tracked on
an area geographic chart by computer for 10 nautical-mile by 10 nautical-mile
areas. The climatological wind records for Brunswick, Maine and Nantucket
Memorial Airport were obtained from the National Climatic Center at Asheville,
N.C., and were used to develop thousands of trajectories for the four
seasons. The resulting area impacts were divided by the total trajectories,
a n d  r e l a t i v e  r i s k  e l l i p s e s  w e r e  t h u s  f o r m e d .

These ell ipses, Figures 69-72, are appropriate for the section of the
study region specif ied. The winter el l ipses mirror the statist ics of the wind
field since the winter mean wind is toward the southeast and wind variability
is relatively low. Thus, these risk calculations show a northwest/southeast
elliptical distribution. In the summer, when the mean wind is toward the
nor theas t  and  var iab i l i t y  i s  h igh ,  a  more  c i rcu la r  d is t r ibu t ion  i s
calculated. The of these el l ipses in conjunction with the resource charts
of environmentally critical areas is a technique that can be employed to
est imate spi l l  r isk f rom selected spi l l  s i tes.  Such a use is consistent with
pre-sp i l l  cont ingency p lann ing.
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Figure 65.--Sub ject ive Analysis of  winter  mean current  vectors in cm/sec.
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F igu re  66 . - -  Sub jec t i ve  Ana l ys i s  o f  sp r i ng  mean  cu r ren t  vec to rs  i n  cm/sec .
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Figure 67.--Sub jective Analysis of summer mean current vectors in cm/sec.
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Figure 68.-- Subjective Analysis of autumn mean current vectors in cm/sec.
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Figure 69. - - Relative Risk Ellipses (Winter).
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Figure 70.  -  -  Relat ive Risk El l ipses (Spr ing)  .
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Figure  71 .  - -  Re la t i ve  R isk  E l l i pses  (Summer) .
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Figure 72.--Relat ive Risk El l ipses (Autumn).  .
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T h e  j o i n t  u s e  o f  t h e s e  c h a r t s  g i v e s  a  r e l a t i v e  e s t i m a t e  o f  t h e
i m p a c t  o n  t h e  e n v i r o n m e n t  b y  t h e  p l a n n i n g  g u i d e  u s e r .  O n c e  t h e
a p p r o x i m a t e  s p i l l  s i t e  i s  k n o w n ,  t h e  r i s k  e l l i p s e  f o r  t h a t  a r e a  c a n
b e  c o n s u l t e d  i n  c o n j u n c t i o n  w i t h  t h e  r e s o u r c e  c h a r t  ( s )  o f  i n t e r e s t .
T h u s ,  t h e  r e l a t i v e  r i s k  ( p r o b a b i l i t y )  o f  i m p a c t  c a n  b e  d i r e c t l y  e s t i -
m a t e d ,  w i t h o u t  c o m p l i c a t e d  i n t e r p r e t a t i o n .

3 . 1 1  B i o l o g i c a l  a n d  R e c r e a t i o n a l  R e s o u r c e s

I n  t h e  p l a n n i n g  g u i d e  w e  n o t  o n l y  c o n s i d e r  t h e  t r a j e c t o r y  o f  t h e
o i l ,  b u t  a l s o  t h e  s p a t i a l  d i s t r i b u t i o n s  o f  r e s o u r c e s  w h i c h  m a y  b e
p o t e n t i a l l y  i m p a c t e d .  I n  t h e  b i o l o g i c a l l y  p r o d u c t i v e  G u l f  o f  M a i n e /
G e o r g e s  B a n k  r e g i o n  t h i s  f a c t o r  i s  o f  p r i m e  c o n c e r n .  F o r  t h i s  r e a s o n
resources  char ts  (F igure  73-150)  have  been  inc luded  in  the  ana lys is .
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Figure -- Shellfish Distribution: Surf Clams and Soft Clams (after Ray
and Dobbin ,  1980) .

-  9 7  -



Figure 74. - - Shellfish Distribution: Ocean Quahogs
Ray and Dobbin ,  1980) .
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Figure 75. Shellf ish Distribution: Scallops and Sea Scallops (after
Ray and Dobbin ,  1980) .
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Figure 76. --  Shel l f ish Distr ibut ion: American Oyster (af ter Ray and
Dobb in ,  1980 ) .
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Figure 77. -- Lobster Distribution (after Ray and Dobbin, 1980).
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F i g u r e  7 8 .  B l u e  C r a b  D i s t r i b u t i o n  ( a f t e r  R a y  a n d  D o b b i n ,  1 9 8 0 ) .
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Figure 79. -- -Striped Bass Distribution (after Freeman and Walford, 1974).
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Figure 80. -- Bluefish Distribution (after Ray and Dobbin, 1980).
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F i g u r e  - -  M e n h a d e n  D i s t r i b u t i o n  -  A p r i l  t o  A u g u s t  ( a f t e r  R a y
and Dobbin,  1980).
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Figure 82. - - Atlantic Menhaden Distribution - October to March (after Ray
and Dobbin,  1980) .
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Figure 83. -- Atlantic Menhaden Spawning (June-August) and Major Nursery
Areas  (a f te r  Ray  and  Dobb in ,  1980) .
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Figure 84. -Atlantic Cod Distribution (after Fritz, 1965).
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Figure 85. - Atlantic Cod Spawning Areas (January-March) (after Ray and
Dobb in ,  1980) .
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Figure  86.  - -  Haddock Dis t r ibu t ion  (a f te r  Fr i tz ,  1980) .
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Figure 87. -- Haddock Spawning Areas (April-June) (after Ray and Dobbin, 1980).
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F i g u r e  8 8 .  -  -  H a l i b u t  D i s t r i b u t i o n  ( a f t e r  F r e e m a n  a n d  W a l f o r d  -  I ,  I I ,  1 9 7 4 ) .
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F igu re  89 .  - -  Tau tog  D i s t r i bu t i on  ( a f t e r  F reeman  and  Wa l f o rd  -  I ,  I I ,  1974 ) .
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Figure 90. - Winter Flounder Distribution (after Ray and Dobbin, 1980).
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Figure 91. . - - Winter Flounder Spawning and Nursery Area (after Ray and
D o b b i n ,  1 9 8 0 ) .
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Figure 92. --  Summer Flounder Distr ibut ion (after Ray and Dobbin, 1980).  .
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Figure 93. -- Summer Flounder Spawning And Nursery Area (after Ray and
Dobbin, 1980) .
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F igu re  94 .  -  W in te r  F lounder  D is t r i bu t ion  (a f te r  F r i t z ,  1965) .
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Figure 95. -- American Dab (Flounder ) Distribution (after Fritz, 1965).
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F i g u r e  9 6 . - - F o u r  -  S p o t  F l o u n d e r  D i s t r i b u t i o n  ( a f t e r  F r i t z ,  1 9 6 5 ) .
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Figure 97. -- Yellowtail Flounder Distribution (after Fritz, 1965).
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Figure 98. -- Yellowtail Flounder Spawning Areas (April-May) (after Ray
and  Dobb in ,  1980) .
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F i g u r e  9 9 . - - S i l v e r  H a k e  D i s t r i b u t i o n  ( a f t e r  F r i t z ,  1 9 6 5 ) .

-  1 2 3  -



Figure 100. - - Silver Hake Spawning Areas (June-August) (after Ray and
Dobb in ,  1980 ) .
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Figure 101. - - White Hake Distribution (after Fritz, 1965).
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Figure 102. - White Hake Spawning Areas (after Ray and Dobbin, 1980).
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F igu re  103 . - -Red  Hake  D is t r i bu t ion  (a f te r  Ray  and  Dobb in ,  1980) .
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Figure  104. - -Red Hake Areas  (Ju ly -August )  (a f te r  Ray  and
D o b b i n ,  1 9 8 0 ) .
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Figure  105. - -Squ i r re l  Hake Dis t r ibu t ion  (a f te r  Fr i tz ,  1965) .
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Figure 106. Longf in Hake Distr ibution (after Fri tz, 1965).
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Figure 107. -- -Black Sea Bass Distribution (after Ray and Dobbin, 1980).
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Figure 108. - - Black Sea Bass Spawning (June-August) and Nursery Area (after
Ray and Dobb in ,  1980) .
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Figure 109. - American Shad Distribution (after Ray and Dobbin, 1980).
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Figure 110. -- American Shad Spawning Area (after Ray and Dobbin, 1980).
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F igu re  111 . - -Sea  Her r ing  D is t r i bu t i on  (Dec . -May)  (a f te r  F r i t z ,  1965) .
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Figure 112. -- Sea Herring Area (Sept.-Oct.) (after Shack, Smith &
D a v i s ,  1 9 7 6 ) .
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Figure 113.--Scup Distribution (after Ray and Dobbin, 1980).
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Figure 114. -- Scup Spawning Area (after Ray and Dobbin, 1980).
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F i g u r e  - -  M a c k e r a l  D i s t r i b u t i o n  O c t o b e r  t o  ( a f t e r  R a y
and Dobbin,  1980).
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Figure  116.  -  A t lan t i c  Mackera l  D is t r ibu t ion  -  March  to  October  (a f te r  Ray
a n d  D o b b i n ,  1 9 8 0 ) .
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Figure 117. -- Atlantic Mackeral Spawning Area (April-June) (after Ray
and Dobbin,  1980) .
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F igu re  118 .  - -  Red f  i sh  D i s t r i bu t i on  (a f t e r  F r i t z ,  1965 ) .
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Figure 119. Butterfish Distribution (after Fritz, 1965).
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Figure  120.  - -  Amer ican  Po l lock  D is t r ibu t ion  (a f te r  F r i t z ,  1965) .

-  1 4 4  -



Figure 121. - - Spiny Dog Fish Distr ibution (after Fritz, 1965).
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Figure 122. - Thorny Skate Distribution (after Fritz, 1965).
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Figure 123. Argentine Distribution (after Fritz, 1965).
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F igu re  124 .  B rown  Sh r imp  D i s t r i bu t i on  (a f t e r  Ray  and  Dobb in ,  1980 ) .
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Figure 125. - - American Smelt Distribution (after Freeman and Walford
I I ,  1 9 7 4 ) .
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Figure 126. . - - Atlantic Salmon Distribution (after Freeman and Walford, 1974).
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F igu re  127 .  Wh i te  Perch  D is t r i bu t i on  (a f te r  F reeman  and  Wa l fo rd ,  1974) .
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Figure 128. - - Cunner Distribution (after Freeman and Walford, 1974).
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Figure 129. Cusk Distribution (after Freeman and Walford, 1974).
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Figure 130. -- Atlantic Tomcod Distribution (after Freeman and Walford, 1974).
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Figure 131.--Bluefin Tuna Distribution (summer concentration > 150 kg
f i sh )  (a f t e r  Ray  and  Dobb in ,  1980 )
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Figure 132. - - Freshwater Eel Distribution (after Freeman and Walford, 1974).
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Figure 133. Harbor Seal Distr ibution (after Ray and Dobbin, 1980).
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Figure 134. -- -Whale Distribution (after Ray and Dobbin, 1980)
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Figure 135. - Harpor Porpoise Distribution (after Ray and Dobbin, 1980).

-  1 5 9  -



Figure 136.--Gulls, and Skimmers: Breeding Distribution (after Ray
and Dobb in ,  1980) .
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Figure 137.  -  -  Shorebirds:  Winter  Dist r ibut ion (af ter  Ray and Dobbin,  1980).
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Figure 138. Waders : Breeding Colonies (after Ray and Dobbin, 1980).
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Figure 139. - Mute Swan - Winter and Breeding Areas (after Ray and Dobbin,
1980) .
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Figure 140. - - Canada Goose Winter Area (after Ray and Dobbin, 1980).
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Figure 141 . -- Atlantic Brant Winter Area (after Ray and Dobbin, 1980).
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Figure 142. . -- -Surface-feeding Ducks: Winter Distribution (after Ray and
Dobbin,  1980).  .
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F i g u r e  - -  D u c k s :  W i n t e r  R a y
Dobbin, 1980) .
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Figure 144 . Water fowl: Winter Distribution (after Ray and Dobbin, 1980). .
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Figure 145.--Bald -- Eagle Distribution (after Ray and Dobbin, 1980).
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Figure 146. -- Peregrine Falcon Distribution (after Ray and Dobbin, 1980).
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Figure 147.--Kelp Beds (after Smith, Slack and Davis, 1976).
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Figure 148.--Salt Marshes (after Smith, Slack and Davis, 1976).
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Figure 149. - Beaches and Recreation Areas (after Smith, Slack and Davis,
1976).
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Figure 150.  - -  Wi ld l i fe  Sanctuar ies and Winter ing Areas (af ter  Smith,  Slack,  and
Dav is ,  1976)  .
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