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Abstract

A tw o -c o m p a rtm e n t m odel o f P rin ce  W illiam  S o u n d  (PW S), A laska , is developed . O ne 
c o m p a rtm e n t, co rre sp o n d in g  to  th e  so u th e rn  PW S, rep resen ts  advective  p h en o m en a , w hile the 
o th e r  is d o m in a ted  by diffusion. T h is s im ple  m o d el is sh o w n  to  re p ro d u ce  ra th e r  well the 
tem p o ra l ev o lu tio n  o f the m ass o f  a  passive  tra c e r  c o n ta in ed  in  PW S  s im u la ted  by a  com plex, 
th ree -d im en sio n a l m o d el u n d e r five ty p es of surface forcing. T h e  th ree  p a ram e te rs  o f the 
box -m o d el h ave  c lear physical m ean in g s, w hich  helps to  u n d e rs ta n d  th e  h y d ro d y n am ics  of 
PW S. In  p a rticu la r , th e  frac tio n  o f th e  flow  e n te rin g  th e  n o r th e rn  P W S  is estim a ted , as well as 
th e  tu rn o v e r  tim e o f th e  tw o reg ions co n sidered . (Q 1998 E lsevier Science L td . All righ ts 
reserved

1. Introduction

O ne of the largest oil spills o n to  the  seas occurred  in  P rince W illiam  S ound  (PW S), 
A laska, on 24 M arch  1989, as th e  resu lt o f a nav igation  e rro r  of the  E xxon  Valdez. 
Since then , considerab le efforts have been devo ted  to  th e  study  of the  ecosystem  of this 
region. In  this fram ew ork , M o o ers  an d  W ang  (1997)— hereafter referred to  as 
M W  —  used a version of the  th ree -d im en sio n al P rin ce to n  O cean  M odel (e.g. Blum- 
berg  an d  M elior, 1987) to  sim ulate  the  w ate r c ircu la tion  in PW S.

^ C o rre s p o n d in g  a u th o r .  F ax : -t- 32-10-474 .722 ; e -m ail: ericdifl.astr.ucl.ac .be .
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F o r  details a b o u t the to p o g rap h y  of th e  d o m a in  o f in terest, refer to  M W . H erein , it 
is sufficient to  m en tion  th a t the  la te ra l c o m p u ta tio n a l b o u n d ary  is im perm eable, 
except for tw o narro w  passages in the  so u th ern  p a r t  o f PW S, H in ch in b ro o k  E n trance  
an d  M o n tag u e  S tra it. M oreover, it m ust be u n d e rsc o re d  th a t, in  general, w ater 
o rig ina ting  from  the  G u lf o f A laska en ters P W S  th ro u g h  the form er and  leaves 
th ro u g h  the  latter.

M W  conducted  a  sensitivity  analysis o f the P W S  c ircu la tion  to  the  surface stress. In 
the con tro l run , n o  w ind forcing w as app lied . F o u r  ad d itio n a l sim u la tions were 
carried  o u t in w hich the  w ind w as assum ed to  b e  b lo w in g  w ith the sam e speed to w ard  
the east, the  n o rth , the w est a n d  the  sou th , respectively . F o r  each  type of forcing, 
a  flow in sta tistica l equ ilib rium  w as obta ined . T h e  la tte r  was then  used to  sim ulate  the 
fate of a passive tracer released a t a  co n s tan t ra te  fo r  four days by a line source  located  
in  H in ch in b ro o k  E n trance. T h is sim u lated  tra c e r  release w ill help to  u n d e rs ta n d  the 
circu lation  in P W S since a  passive tracer parcel behaves like a  w ate r parcel.

In  each m odel run , th e  source  released tracer in  th e  u p p er 40 m a t the co n s tan t ra te  
O from  tim e t =  0 un til it w as cu t off, a t tim e t — T , w ith T  =  4 days. T hus, the  to ta l 
am o u n t o f tracer injected in to  P W S  w as M  =  <hT. T h e  trace r co n ten t o f PW S, ms, was 
sim ulated  for 33 days by M W  (Fig. 1).

T h e  tem poral evo lu tion  of the  trace r m ass p re se n t in P W S exhibits four d istinct 
phases w hich are qualita tive ly  sim ilar in  every m o d e l run  (Fig. 2). F irs t, from  t =  0 
un til t =  T , ms g row s app ro x im ate ly  linearly , s in ce  a lm ost no  tracer parcel has yet left 
PW S th rough  M o n tag u e  S tra it. T hen , as long  a s  th e  ou tgo ing  trace r flux is negligible, 
the  tracer m ass rem ains v irtua lly  constan t. T h is reg im e lasts un til t =  r, w hich is the
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Fig . 1. T h e  e v o lu tio n  o f  th e  d im e n s io n les s  tra c e r  m ass  p re s en t in P W S , m /M , a s  s im u la ted  by  M W  u s in g  
th e  th re e -d im e n s io n a l P r in c e to n  O c ea n  M o d e l w ith  v a r io u s  su rface  forcings. T h e  d ire c tio n  to w a rd  w hich  
th e  w ind  is b lo w in g  is in d ic a te d . (T hese  cu rv es  a re  o b ta in e d  by  d e le tin g  th e  s lig h t o v e rs h o o tin g s  o f  the  
s im u la ted  m ass, o c c u r r in g  fo r  u n id e n tif ie d  n u m e ric a l re a so n s , a fte r th e  so u rc e  w as c u t  off).
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Fig . 2. S ch e m a tic  illu s tra tio n  o f  th e  fo u r p h ase s , lab e lled  I - I V ,  o f  th e  te m p o ra l e v o lu tio n  o f th e  tra c e r  m ass  
p re s e n t in  P W S.

tim e period  th a t a tracer parcel needs to  travel from  H in ch in b ro o k  E n tran ce  to 
M o n ta g u e  S tra it follow ing the m o st d irec t pathw ay . T hen , the  trace r m ass dim inishes 
m ono ton ica lly . D uring  the th ird  phase, th e  trace r m ass decreases approx im ate ly  
linearly  as tim e progresses. T h e  tran s itio n  from  th e  th ird  to  the fourth  phase  is 
charac terized  by an  a b ru p t change in the  pace a t w hich the  m ass dim inishes. F inally , 
d u rin g  the final phase, the  ra te  o f decrease of the  m ass is m uch  sm aller.

T h e  processes w hich are a t w ork  d u rin g  the  first tw o phases a re  readily  understood . 
T h a t th e  m ass m u st decrease d u rin g  the  su b seq u en t phases is obvious. H ow ever, 
exp la in ing  w hy the  ra te  of decrease of the  m ass changes is n o t stra igh tfo rw ard . T o  do 
so, a  sim ple, co m p artm en ta l m odel is es tab lished , w hich will help infer m ajo r p ro p e r
ties o f the  P W S circu lation , as well as reveal th e  influence of the w ind on them .

2. A two-compartment model

A n a ttem p t will be m ade to  rep resen t th e  evo lu tion  of P W S trace r co n ten t by m eans 
o f a n  elem entary  m odel. T h e  tracer m ass estim ated  therefrom  will be deno ted  m so as 
to  d istingu ish  it from  its c o u n te rp a rt, ms, sim ulated  by M W  using a  com plex, 
th ree -d im ensional m odel.

T h e  trace r m ass obeys

=  (1)

w here  <//'' is the trace r flux en terin g  P W S  th rough  H in ch in b ro o k  E n tran ce  while 
(j)oul rep resen ts the ra te  a t w hich trac e r  leaves P W S  th ro u g h  M o n tag u e  S tra it. T h e  flux
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(j)m is due to  the tracer source, w hile th e  o u tgo ing  flux  d ep e n d s  on  th e  trac e r  con ten t of 
the S ound  an d  the  hyd ro d y n am ic  processes o cc u rrin g  in  it, the m a jo r features of 
w hich m ust be u n d ersto o d  for a su itab le  p a ra m e te r iz a tio n  to  be devised.

T he M W  m odelled cu rren t m aps clearly  suggest th a t  a tra c e r  parcel m ay  follow  tw o 
d istinct types of p a th  lead ing  from  H in ch in b ro o k  E n tra n c e  to  M o n tag u e  S tra it. T he 
largest cu rren t speeds occur betw een K n ig h t Is lan d  an d  M o n ta g u e  Island , im plying 
th a t the  qu ickest pathw ay  is associa ted  w ith a d v e c tio n  th ro u g h  th is  region. T he 
second ro u te  is th a t o f parcels go ing  fu rthe r n o r th  in to  the S ound , w here the 
c ircu la tion  is m uch slow er an d  in trica te , p artly  because o f num erous to p o g rap h ic  
features, such  as islands, fjords, o r head lands. At th e  scale o f  the  n o rth e rn  PW S, these 
advective processes m ay a m o u n t to  diffusion.

T his descrip tion  provides a  basis for divid ing P W S  in to  tw o parts , the so u th ern  
P W S —  also  term ed ‘reg ion  1’ below  —  d o m in a te d  by  ad vection  an d  the n o rth e rn  
P W S —  also  called ‘region 2’ hereafter —  w here diffusive m echanism s prevail. T h ere 
fore, the trace r m ass p resen t in P W S  a t a  given tim e, m(t), m ay  be regarded  as the  sum  
of m ,(f) an d  m 2(t), w here m f t )  (i =  1, 2) is the  tra c e r  m ass co n ta ined  in region i. If 
(¡)\n an d  (j)0“' d eno te  the fluxes en terin g  an d  leav ing  reg ion  i, respectively, m¡ obeys

2 m¡(£) = (¿j”(f)-,K"(í). ¡ = 1.2 (2)

Since region 1 is assum ed to  be d o m in a ted  by advection ,

=  t)  (3)

w here the tim e lag x, as a lready  m e n tio n ed  in  the  p reced ing  section , is the period  of 
tim e th a t a  tracer parcel, follow ing the  qu ickest p a th , needs to  tran s it from  H in ch in 
b ro o k  E n tran ce  to  M o n tag u e  S tra it.

If  the diffusive processes ta k in g  p lace in  region 2 a re  ra th e r  strong , then  the  tracer 
co n cen tra tio n  there in  m ay be assum ed  to  be sufficiently hom ogeneous for the  tracer 
flux leaving th is region to  be p ro p o rtio n a l to  the trac e r  m ass p resen t in  it, i.e.

« “' 0 = ^  (4)

w here the  tim e scale 0 is the  tu rn o v e r  tim e of reg ion  2. T h e  la tte r  is defined to  be the 
average over the n o r th e rn  P W S  of the residence tim e —  w hich, a t a  given p o in t of 
region 2, is the  period  o f tim e th a t a  w ate r parcel, in itially  located  a t the  p o in t 
considered, needs to  leave the  n o r th e rn  PW S. A dd itiona l exp lanations an d  a p p ro p r i
a te  references on such h y d ro d y n am ic  tim e scales, as well as param ete riza tio n s sim ilar 
to  Eq. (4), m ay  be found  in  B olin  an d  R odhe  (1973) an d  T artinv ille  et al. (1997).

Let a d en o te  the  fraction  o f the  trac e r  flux en te rin g  PW S th a t goes directly  in to
region (2). H ence,

<ÊÏ(t) =  a 0 ta(t) (5)

T h e  tracer flux leav ing  reg ion  2 m ay be assum ed  to  jo in  th a t ex iting  the  so u th ern  
PW S. H ow ever, it is read ily  seen th a t such  a  flux arran g em en t w ould  preven t the  PW S
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Fig . 3. S c h e m a tic  illu s tra tio n  o f th e  tra c e r  fluxes a c c o u n te d  fo r  in th e  c o m p a r tm e n ta l  m odel.

trac e r  co n ten t from  grow ing linearly  d u rin g  the  first p hase  o f the trac e r  m ass 
evolu tion . In  add ition , m could  n o t rem a in  a lm ost c o n s tan t fo r a ce rta in  p eriod  of tim e 
after the source is cu t off. T o circum ven t these  p rob lem s, the  trac e r  pa thw ay  involving 
reg ion  2 m u st include an  ap p ro p r ia te  tim e lag. F o r  th e  sake of sim plicity, it is decided 
th a t the flux leaving region 2 en ters the  so u th e rn  P W S (Fig. 3), i.e.

T his is a m odelling  choice w hich does n o t req u ire  in tro d u c in g  a  tim e lag  specific to  the 
n o r th e rn  PW S, since use is m ade o f th a t  associa ted  w ith  reg ion  I.

T h e  tw o -co m p artm en t m odel m ean t to  represen t the  m a jo r  features of the tracer 
ev o lu tio n  in P W S consists o f Eqs. ( l)- (6 ), the so lu tion  o f w hich reads

if m (  0) =  0. In  th e  case considered  above , cf)m =  <t> if 0 ^  t <  T  ( =  4 days), and  <ƒ>"' =  0 
o therw ise . T herefore, if T  <  r,

0?(t) = d  -  *)<F(o + r2ut(t) (6)

o

(8a)
(8b)

(8 c )m(f) =  0 ( T  +  t  — r) +  a<D0(l -  e (t" ' )/0), t  <  t ^  T  +  t
and

m(t) =  a® ö(eT'° -  l ) e (t“ í)/0, T  +  x ^ t (8d)
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3. Assessment and discussion

As expected, the so lu tion  above exhibits four d iffe ren t phases. It rem ains to  be seen 
w hether o r n o t th e  three p a ram ete rs  z, 0 a n -Id  a  m a y  be ca lib ra ted  in  such  a  way tha t 
the  evolution  of the  tracer co n ten t p red ic ted  by th e  co m p artm e n ta l m odel, m, is close 
to  th a t sim ulated  by M W , ms .

T he dim ensionless d istance betw een m and  ms m a y  be defined as 

- 11 /2

(m _  m s)2 d t

e =  (9)

w here imax =  33 days is the  d u ra tio n  of M W ’s th ree -d im en sio n a l sim ulations. O bv i
ously, the values of the param ete rs  z, 0, an d  a  to  b e  considered  are th o se  th a t m inim ize 
s. T hey  are ob ta ined  by m eans of a  sim ple, ite ra tiv e  a lgorithm . A sim ple inspection  of 
the  th ree-dim ensional m odel results (Fig. 1) suggests selecting 7 days, 50 days an d  0.7 
as the in itial values of z, 9 an d  a, respectively. In  fac t, z  is the  tim e elapsed a t the end  of 
the  second phase of the ev o lu tio n  of the P W S  tra c e r  con ten t. N ext, a m ay  be estim ated  
from  the slope of the trace r m ass d u rin g  p hase  III  —  as is illu stra ted  by  the asym pto tic  
expansion  (10) below. F inally , know ing  z, 6 m ay b e  ap p ro a ch ed  th ro u g h  ca lcu la tion  of 
the  ra tio  o f th e  tracer m ass a t the beg inning  of th e  fou rth  phase to  th a t a t the end  of 
the three-d im ensional s im u la tio n  period .

As m ay be seen in  T ab le  1, fo r every type o f  surface forcing, s is ra th e r  sm all, 
ind icating  th a t there is an  excellent ag reem ent betw een  the evo lu tion  of th e  tracer 
m ass sim ulated  by M W  an d  th a t derived from  th e  presen t co m p artm en ta l m odel, 
w hich is clearly confirm ed by th e  sim ilarity  of F ig s. 1 and  4.

T h e  p aram ete rs o f th e  sim ple m o d e l a re  such th a t  z — t « 9  d u rin g  the  th ird  phase of 
the tracer m ass evolu tion , i.e. d u rin g  the  tim e in te rva l z  ^  t ^  T  +  z. As a  result, 
m adm its the follow ing a sy m p to tic  expansion

m(i) «  0 [ T  — (1 -  oi)(t -  r)], z ^ t ^ T  + z (10)

w hich is th e  reason  w hy the  trac e r  m ass decreases alm ost linearly  d u rin g  the th ird  
phase, as m ay be seen in  F igs. 1 an d  4.

T a b le  1
T h e  va lues o f th e  p a ra m e te r s  x, 9  a n d  a  m in im iz in g  e a s  d e te rm in e d  fo r v a r io u s  su rface 
forcings. T h e  d ire c tio n  to w a rd  w h ich  th e  w in d  b low s is in d ica ted . T h e  e r ro r  b a rs  re la te d  to  
these e s tim a te s  a rc  (A t, AÖ, Act) =  (0.1 d a y , 1 d ay , 0.01).

N o  w ind W e s tw a rd S o u th w a rd E a s tw ard N o r th w a rd

t (days) 7.1 7.8 7.4 7.1 7.5
0 (days) 48 80 32 42 97
a 0.68 0.78 0.62 0.62 0.78
£ 0.065 0.066 0.067 0.066 0 .066
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F ig . 4. T h e  e \o lu t io n  o f  th e  d im en sio n less  tra c e r  m a ss  p re s e n t in  P W S , m /M ,  o b ta in e d  from  the 
c o m p a r tm e n ta l  m o d e l w ith  v a rio u s  su rface  fo rcings. T h e  d ire c tio n  to w a rd s  w h ich  th e  w ind  is b lo w in g  is 
in d ic a ted .

I t  is c lear th a t  the  tu rn o v er tim e of the so u th e rn  PW S, as m odelled  above, is 
equa l to  t  2 .  T h a t, in all cases, the  tu rn o v e r tim e  o f reg ion  1 is m uch  sm aller 
th a n  th a t o f reg ion  2 enables suggesting  th e  fo llow ing  scenario: d u rin g  the th ird  
phase, the  o u tg o in g  flux a t M o n tag u e  S tra it is essen tia lly  due to  th e  trace r parcels 
th a t  fo llow ed the qu ickest rou te, i.e. those  th a t d id  n o t en ter region 2; m ost o f the 
trac e r  parcels w hich p ene tra ted  in to  th e  n o r th e rn  P W S  leave P W S  du ring  th e  final 
phase.

A s m ay be expected, the fraction  of the trace r parcels en terin g  the  n o rth en  PW S, a, 
is largest, o r  sm allest, when the w ind  is n o rth w ard , o r so u th w a rd , respectively. W hen 
the  w ind  is n o r th w a rd  or w estw ard  —  w hich induces a  n e t n o rth w ard  E k m an  tra n s 
p o r t— , it is conceivable th a t trace r parcels leave the  n o r th e n  P W S less frequently  to 
en te r the so u th e rn  region, so th a t it  is in such  circum stances th a t the tu rn o v e r tim e of 
reg ion  2, 0, is la rgest (Table 1). C onversely , 0 is sm allest w hen  the  w ind is so u th w a rd  or 
eastw ard .

F o r  reaso n s w hich are still unclear, the  advective tim e lag  x depends w eakly on  the 
surface forcing  considered (Table 1). H ow ever, it  m ay b e  th a t x is d o m in a ted  by  the 
specified c o n s ta n t th roughflow  an d  n o t m uch  influenced by the  E k m an  flow w hich 
varies from  case-to-case, a  hypo thesis  consisten t w ith  M W ’s m odelled  cu rren t 
fields.

I t c a n n o t be claim ed th a t the  sim ple m odel above is m o re  realistic th a n  th e  three- 
d im ensiona l P rin c e to n  O cean  M odel ap p lied  by  M W  to  PW S. T h a t the  co m p artm en 
ta l m odel p rov ides a t  a lm ost no cost an  estim ate  of the tra c e r  tra n sp o rt th ro u g h  P W S 
is m arg ina lly  in teresting , since m o st th ree-d im ensional m odels m ay now  be run
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rou tine ly  in dom ains like PW S. T h e  m ost a p p e a lin g  fea tu re  o f the  tw o-com partm en t 
m odel is th a t it involves on ly  th ree p a ra m e te rs , w hich a ll have a  clear physical 
m eaning, help ing to  u n d ers tan d  the h y d ro d y n am ics  of P W S  —  since the trace r and  
w ate r parcels behave sim ilarly. So, it has been p o ss ib le  to  es tim ate , for every type of 
surface forcing considered, the fraction  of the  w a te r  flux crossing  H in ch in b ro o k  
E n trance  w hich first goes n o rth w ard , in stead  of flow ing  d irec tly  tow ard  M o n tag u e  
S tra it. In  add ition , the tu rn o v er tim es o f the  s o u th e rn  an d  th e  n o rth e rn  regions have 
been evaluated . F inally , it has been suggested th a t th e  h y d ro d y n am ic  processes tak in g  
place in the la tte r  region a m o u n t to  diffusion, w h ile  th e  fo rm er is do m in a ted  by m ere 
advective m echanism s.

T o  design the tw o -co m p artm en t m odel, it h a s  n o t been  necessary to  precisely 
d elinea te th e  bo u n d ary  betw een the  tw o reg ions co n sid ered . In  fact, the only clear-cu t 
difference betw een the tw o boxes is th a t they  a re  d o m in a ted  by hydrodynam ic 
processes of a  different natu re , w hich does n o t  p rev en t them  from  overlapp ing  
geographically . In o th e r w ords, it is h y d ro d y n am ics  ra th e r  th a n  to p o g rap h y  th a t 
allow s distinguish ing  the  tw o co m p artm en ts . T h erefo re , it  w ould  be difficult to  
validate the  sim ple m odel by d irect com p ariso n  w ith  fluxes com pu ted , o r m easured  in 
situ , th ro u g h  a given section  of PW S. T h is co n s id e ra tio n  is w hy an  inverse ap p ro ach  
has been —  and  should  co n tin u e  to  be —  preferred .

In spite of the excellent ag reem en t betw een th e  evo lu tion  of the trace r m ass 
sim ulated  by M W ’s com plex th ree -d im ensional m o d e l a n d  th a t p red ic ted  by the 
present sim ple m odel, the  la tte r  m ay n o t be d eem ed  to  be fully validated . In  fact, it 
w ould  be necessary to  co m p are  th e  p red ic tio n s o f th e  co m p artm en ta l m odel to  those 
o f the th ree-d im ensional m odel over p eriods o f tim e  la rger th a n  the  largest tu rnover 
tim e, i.e. a t least 100 days. O n  the  o th er h an d , fo r every type of flow, only one tracer 
release scenario  has been considered  so far, w h ich  is n o t sufficient. T herefore, for 
a given flow in PW S, it sho u ld  be verified th a t th e  sam e set o f param ete rs  enables the 
tw o-box  m odel to  rep resen t the  ev o lu tio n  o f th e  trace r m ass in a  sa tisfactory  way 
th ro u g h o u t a  series o f tracer releases. F o r  in stan ce , a  c o n s ta n t source located  a t 
H in ch in b ro o k  E n trance  of m ag n itu d e  $  m ay be considered , in w hich case the  tracer 
m ass should  tend  to  ( t  +  aö) <1>. A n o th er in te re s tin g  exam ple consists o f a  source 
releasing an  am o u n t M  of trace r in  an  a rb itra r ily  sh o rt period  of tim e, which 
co rresp o n d s to  the case d eta iled  above in the  lim it T  -> 0. In th is case, acco rd ing  to  the 
sim ple m odel, the  tracer m ass shou ld  rem a in  eq u a l to  M  until t =  t ;  then  m should  
undergo  a  d iscontinu ity , an d  finally decrease as « exp[(x  — t)/0 ] for % <  t.
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