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CHESAPEAKE BAY PLUME  DYNAMICS  FROM  LANDSAT1 

John C. Munday,Jr.  and  Michael S. Fedosh 
Remote Sensing  Center 

School of Marine  Science 
College  of  W i l l i a m  and Mary 
Glouces t e r   Po in t ,   V i rg in i a  

ABSTRACT 

Examination  of 81 dates  of  Landsat  images  with  enhancement  and  density 
s l i c i n g   h a s  shown t h a t   t h e  Chesapeake Bay plume usua l ly   f r equen t s   t he   V i rg in i a  
coas t   south   o f   the  Bay mouth.  Southwestern  (compared to   nor thern)   winds   spread  
t h e  plume e a s t e r l y   o v e r  a l a r g e  area. Ebb t i d e  images  (compared t o   f l o o d   t i d e  
images) show a more d i spe r sed  plume.  Flooding waters produce   h igh   tu rb id i ty  
leve ls   over   the   sha l low  nor thern   por t ion   o f   the  Bay mouth. 

INTRODUCTION 

A c e n t r a l   r e s e a r c h   q u e s t i o n   f o r   t h e   A t l a n t i c   m a r i n e   f i s h e r y  i s  t h e   d i s t r i -  
bu t ion   o f   nu t r i en t s   and   po l lu t an t s   ou twe l l ed  from c o a s t a l   b a y s  and e s t u a r i e s .  
Inves t iga t ing   the   seaward   f lux   o f  materials, bo th   spa t ia l ly   and   tempora l ly ,  
should be f ru i t fu l   t oward   unde r s t and ing   f i she ry   p roduc t iv i ty   and  i t s  f luc tua -  
t i o n s .  The plume of  the  Chesapeake Bay, queen  of   the east c o a s t   e s t u a r i e s ,  i s  
a t t r a c t i v e   t o   s t u d y   i n   t h i s   r e g a r d  from several viewpoints  (plume composition, 
volume d ischarge ,  Bay p r o d u c t i v i t y ,  and  Bay-shelf  ecology),  and  has become t h e  
i n i t i a l   f o c u s   f o r   f l u x   s t u d i e s   c o o r d i n a t e d  by t h e  NOAA National  Marine 
F i she r i e s   Se rv ice .  

A leading  phase  of   such  s tudy i s  t o   r e s o l v e   t h e  dynamics  of t h e  Chesapeake 
Bay plume. To do so by  ship-based  s tudy  a lone would i n v o l v e   p r o h i b i t i v e l y  
l a rge   e f fo r t   ove r   l ong  times; t h e r e f o r e ,  it is  advantageous  to   use  remote  sens-  
ing  technology  provided by NASA t o   r e d u c e   t h e   e f f o r t  and   p rov ide   r epe t i t i ve  
synopt ic  views ove r   l a rge  areas. The  most s t r i k i n g  view i s  provided  by  the 
NASA Landsa t   s a t e l l i t e ,   wh ich   s ince  i t s  f i r s t   l a u n c h   i n  1972 has  produced  over 
e ighty  c loud-free  images of the  lower  Chesapeake Bay reg ion .  The l i m i t a t i o n s  
of   Landsat   for  Bay plume s tudy  a re  recognized -- t he   s enso r s   p r imar i ly   d i sc r im-  
inate  suspended  sediment  in  the  upper  few metres o f   t he  water column,  and t h e  

1 Supported  by NOAA Nat ional   Marine  Fisher ies   Service  through  Grant  NA-80-FA- 
C-00051. 
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images are only  snapshots   of   cont inuous  dynamic  processes  -- neve r the l e s s ,  
Landsat  can  provide  an  overview  of  the  plume  dynamics  which i s  u s e f u l   i n   g u i d -  
i n g   f u t u r e  aerial remote  sensing  and  ship-based  invest igat ions.  

I n  t h i s   s t u d y  a l a r g e  set  of  Landsat  images  has  been  examined  using  visual 
methods  and  image  enhancement  devices.  The p r i n c i p a l   o b j e c t i v e   h a s   b e e n   t o  
de te rmine   what   cont inenta l   she l f   reg ions  are f requented  by t h e  Bay plume. A 
s e c o n d   o b j e c t i v e   h a s   b e e n   t o   d e t e r m i n e   t h e   e f f e c t s   o f   t i d a l   p h a s e   a n d  wind  on 
plume  dynamics. 

METHODS 

E.ighty-one dates  of  cloud-free  Landsat  images 0-f the  southern  Chesapeake 
Bay (pa th  15, row 3 4 )  were obtained  f rom  the USGS EROS Data Center,   Sioux 
Falls,   South  Dakota.  The overpass  times span   the   phases  of t h e   d i u r n a l   t i d a l  
c y c l e  as shown i n   F i g u r e  l a ;  a c t u a l   t i d e   d a t a  were obta ined   for   Sewel l s   Poin t ,  
Hampton Roads,  which  according t o  NOAA t i d a l   t a b l e s   e x p e r i e n c e s   h i g h   a n d  low 
t i d e  0:52 and 1:15 h o u r s   r e s p e c t i v e l y   a f t e r  Cape  Henry a t  t h e  mouth  of  Chesa- 
peake Bay. T ide   da t a   u sed   i n   ana lys i s   o f   p lume- t ide   r e l a t ionsh ips   d i scussed  
l a t e r  were a d j u s t e d   f o r   t h e s e   d i f f e r e n c e s .  The d i s t r i b u t i o n   o f   d a t e s   o v e r  
months of the   yea r  is shown i n   F i g u r e  Ib; s u r p r i s i n g l y ,   t h e r e  are no seasonal  
data   gaps  due  to   c loud  cover .   Seventy-f ive  images are  18.5-cm (1:1,000,000) 
pos i t i ve   t r anspa renc ie s   o f  "5s band 5 ;  twenty   da tes   ( inc luding   s ix   da tes   no t  
s tud ied   in   the   l a rge   format   images)  were o b t a i n e d   i n   7 0 - m - f o r m a t  (1:3,369,000) 
p o s i t i v e   t r a n s p a r e n c i e s   o f  MSS bands 4 t o  7. 

llz 
W f S e 

- 5 - 4 - 3 - 2  -I 0 I 2 3 4 5 6 7 

MONTH 

Figure  1. Tidal   phases   (1a: top)   and  seasonal   dis t r ibut ion  (1b:bot tom)  for  
Landsat  overpasses  of  southern  Chesapeake Bay. T ida l   r e f e rence :   h igh  
t i d e  a t  Sewel l s   Poin t ,  Hampton Roads. 
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Wind da ta  were obtained from the  Norfolk  Regional  Airport   weather  station 
covering  the twelve hours  preceding  each  overpass a t  3-hour intervals .   These 
da t a  were vector-averaged  for  each  pass;  the  composite  wind  reglme  for a l l  
passes  i s  shown in   F igu re   2a ,  compared t o   t h e  1946-1970 record  for   Norfolk  in  
Figure 2b.  For u s e   i n  image a n a l y s i s   t h e  wind data   of   Figure  2a were grouped 
in to   the   quadrants  0-890 (+O, 90,  180,  and 270°) labe led  1, 2, 3,  and 4. 

The  methods of image ana lys i s   i nc luded   v i sua l   i n t e rp re t a t ion   coup led   w i th  
machine-assisted enhancement. Two interpreters   analyzed  each 18.5-cm image ,on 
a l igh t   . . t ab le ;   the   f i r s t   in te rpre te r   t raced   tu rb id i ty   boundar ies   manual ly   based  
on visual  inspection,  and  the  second  checked  the  tracing, making modif icat ions 
as needed. The 70-mm images were enhanced  with  an  International  Imaging 
Systems (12s) c o l o r   a d d i t i v e  viewer, and the   co lo r  enhancements were photo- 
graphed  on  color  sl ide (35-nun) f i lm   fo r   p ro j ec t ion   du r ing  la ter  ana lys i s .  Each 
18.5-cm  image was enhanced  with  an 12s 32-channel   opt ical   densi ty   analyzer   with 
a v id i con ,   d ig i t a l   p rocesso r ,  and  color-coded  television  display.  A black mask 
covering  land areas was used   du r ing   t h i s   ana lys i s   t o   focus   a t t en t ion  on water 
p a t t e r n s ;   t h a t   t h e  mask had n e g l i g i b l e   e f f e c t  on the   dens i ty   ana lys i s  w a s  evi-  
denced by the  constancy  of   pat terns  when the  image was  rotated  through 900 

9.. . - IO ........ .- ..? . 
"'0 ...... 0 ...... o"' i 

.... 
. .  

a. b. 

Figure 2.  Winds a t  Norfolk  Regional  Airport. 
a. Landsat   passes .   Sol id   l ine:  wind frequency. Dot,ted l ine :   average  wind 

b .  The record   for  1946-1970. Wind frequency  only. 
speed i n   k n o t s .  
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( the  danger  i s  t h a t   e l e c t r o n i c  band   wid th   l imi ta t ions   dur ing   scanning   across  
s h a r p   b r i g h t n e s s   g r a d i e n t s  w i l l  cause   smear ing   in   the   co lor   coded   ou tput ) .  The 
d i s p l a y  w a s  photographed   on   co lor   s l ide  (35-mm) f i l m  f o r   p r o j e c t i o n   d u r i n g  later 
ana lys i s .   Also ,  a contour  map o f   o p t i c a l   d e n s i t y  w a s  prepared  f rom  the  display 
by p l ac ing   an  acetate shee t   on   the  12s l i gh t   t ab l e   and   manua l ly   d rawing   con tour s  
whi le   v iewing   the   d i sp lay   moni tor ;   th i s   p rocedure   p roduced   contour  maps a t  t h e  
o r i g i n a l  image scale. 

The above  procedures  produced two types   o f  maps.  The  one  consists  of 
v i sua l ly -d i sc r imina ted   t u rb id i ty   boundar i e s   ex t end ing  sometimes over   long   d i s -  
t ances ,   poss ib ly   th rough  background  tu rb id i ty   g rad ien ts   no t   no t iceable   v i sua l ly .  
These  background  gradients  would  be  weak,  because  the  eye  during  the  mapping 
process   ignores  weak gradients ,   but   enhances  sharp  gradients   and  emphasizes   the 
con t inu i ty   o f   t u rb id i ty -marked  hydrodynamic f ea tu res   ove r   l ong   d i s t ances .  The 
second type of  map i s  of   photographic   dens i ty   contours   which   qua l i ta t ive ly   p ic -  
t u r e   t h e   a b s o l u t e   t u r b i d i t y  levels. With a p p r o p r i a t e   c a l i b r a t i o n   t h i s   t y p e   o f  
map could become a map of   abso lu te   concent ra t ions   o f   suspended   so l ids .  

I n   t h e   c o n t o u r  map, a plume with a t u r b i d i t y   g r a d i e n t  w i l l  be   d i ssec ted   by  
the   dens i ty   con tour ing   and  may f a i l  t o   b e   n o t i c e d .  On the   o the r   hand ,   t he  12s 
i s  more s e n s i t i v e   t h a n   t h e   e y e   t o  weak dens i ty   changes ,   r evea l ing   t u rb id i ty  
boundaries  which  would  not  be  detected by v i s u a l   a n a l y s i s   a l o n e .  It i s  empha- 
s i z e d   t h a t   v i s u a l  maps and   dens i ty   contour  maps enhance   d i f f e ren t   a spec t s   o f   an  
image  and  should  not  be  expected  to  be similar. Examples  of  the maps a r e  shown 
i n   F i g u r e  3 ;  negat ive   copies   o f  several 
the   l and  areas) are shown i n   F i g u r e  4 .  

18.5-cm MSS 5 images  (with  masking  of 

L 

Figure  3a. Vi sua l ly   d i sc r imina ted  
tu rb id i ty   boundar i e s   fo r   Landsa t  
image of 8 July  1978. 

J 

Figure  3b. Photographic   dens i ty  
contours   f rom  densi ty   analyzer  
enhancement  of same image. 
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Patterns  on  the  original  18.5-cm  images  and  on  the  several  data  reduction 
products  were  simultaneously  compared  during  extraction of measurements.  Meas- 
urements  were  based  on  a 1 - m  grid  overlay  (graph  paper)  facilitating  use  of 
the  image  scale of  1 m:l km. The distance  and  direction of plume-related  fea- 
tures  were  measured  with  respect  to  an  origin  at 370 N latitude/760 W longitude. 
Azimuthal  sectors  and 1-cm-grid squares  frequented  by  turbid  boundaries  associ- 
ated  with  the  plume  were  determined  using  the  sector  and  grid  map  in  Figure 5; 
when  an  edge  of  the  rcplume"  (see  below)  was  noticed  at  some  radial  distance  and 
direction  from  the  origin,  sector/zone  segments  radially  outward  to  this  posi- 
tion  were  "counted"  (as  having  been  "visited").  Simple  relationships  were  then 
sought  between  the  spatial  distribution  of  counts  and  several  variables  includ- 
ing  wind  direction  by  quadrants  (from  12-hour  average  wind  vectors),  wind 
speeds,  wind  duration,  tidal  phase,  bathymetry,  passage  of  weather  fronts,  and 
fresh  water  inflow  into  the  Bay. 

To  the  present,  it  has  been  possible  to  complete  only  some  spatial  analy- 
sis  and  statistical  analysis  using  single-variable  statistics.  Further  work  is 
needed  using  multi-variate  methods. 

Figure 5. Sector  and  grid  map  for  image  data  extraction. 
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DEFINITION OF THE "PLUME" 

The  counting  of areas as "v is i ted"  was based   on ly   on   the   p resence  of t u r -  
b i d i t y   d i s c o n t i n u i t i e s   w h i c h   a p p e a r e d   t o   b e   s i g n i f i c a n t   w i t h   r e s p e c t  t o  Chesa- 
peake Bay plume  dynamics. Th i s   coun t ing   po l i cy  was  made de l ibe ra t e ly   w ide   and  
somewhat vague ,   because   o f   the  lack o f   h i s t o r i c a l   d a t a   o n  plume  dynamics. It 
g a v e   t h e   i n t e r p r e t e r s  much f reedom  of   choice .   In   subsequent   s tud ies ,  a more 
restrictive p o l i c y   c a n   b e   u s e d   b a s e d   o n   t h e   r e s u l t s   o b t a i n e d   h e r e .  

There are several consequences   o f   the   above   po l icy .   F i r s t ,  some o f   t h e  
f ea tu res   o f   t u rb id i ty   wh ich  were "counted" may be   a s soc ia t ed ,   no t   w i th   t he  3 

plume, bu t   w i th   a long- shore   cu r ren t s .   Accord ing   t o  Bumpus (1973) ,   there  is 
gene ra l ly  a n e t   n o n - t i d a l   s o u t h e r l y   c u r r e n t   a l o n g   t h e   E a s t e r n   S h o r e   a n d  V i r -  
ginia-North  Carolina  borders  toward Cape Hatteras. Th i s   cu r ren t   cou ld   i nvo lve  
shea r   and   t u rb id i ty   g rad ien t s  (some images g i v e   t h e   i m p r e s s i o n   o f   t u r b i d i t y  
d i s c o n t i n u i t i e s   p a r a l l e l   t o   s h o r e  a t  t h e  30-m isobath) .   Second,   s tud ies  by 
Harr i son  e t  a l .  (1967),  Johnson  (1976),  and  Ruzecki e t  a l .  (1976) show t h a t  
f l o w   a d j a c e n t   t o  Cape  Henry i s  r o t a r y ,   t h a t   t h e   g e n e r a l   s o u t h e r l y   f l o w  i s  
sporadic   ra ther   than   cont inuous ,   and   tha t   f low i s  wind- inf luenced   in   the   a long-  
sho re   d i r ec t ion .   These   f i nd ings   shou ld   be   cons ide red   i n   t he   i n t e rp re t a t ion   o f  
any  observed  features.  

" 

Third,  i t  i s  p r o b a b l e   t h a t   t h e   c o l l e c t i o n   o f  plume features   on  any  one 
image is der ived  from s e v e r a l   ' t i d a l   c y c l e s .   I n   t h i s   r e g a r d ,   t h e   d i s t a n c e   o f  
f e a t u r e s  from t h e  mou th   shou ld   be   he lp fu l   i n   d i sc r imina t ing   t he   d i f f e ren t  
cycles .   Drogue  data   publ ished by  Johnson  (1976)  and  Ruzecki e t  a l .  (1976)  sug- 
g e s t   t h a t   t h e   t i d a l   e x c u r s i o n  a t  t h e  Bay mouth i s  only  about  8 km, whereas a t  
the  Chesapeake  Light   Stat ion (23  km east) t h e   t i d a l   e x c u r s i o n  i s  n e g l i g i b l e .  
Thus,  features  beyond  15-20 lan a l m o s t   c e r t a i n l y   r e s u l t  from non-tidal  f low  and 
t h e   n e t  movement from several c y c l e s   o f   t i d a l   f l o w .  

However, a p a r t  from t h e   d i s t a n c e   f a c t o r ,   t h e   f e a t u r e s   t h e m s e l v e s  do not  
suggest  a d i s t i n c t i o n   b e t w e e n   f e a t u r e s   f o r   t h e   c y c l e   i n   p r o g r e s s  from t h o s e   f o r  
preceding   cyc les .   Dis t inguish ing   sequent ia l   p lumes   us ing   mul t i spec t ra l  satel- 
l i t e  images w a s  f i r s t   d e s c r i b e d  by Mairs and  Clark  (1973);   their   approach w a s  
not   successful   here   because  plumes are t o o   f a i n t  on t h e  small set of   mult ispec-  
t r a l  images  on  hand.  Defining  plumes  more  clearly  using  digital   processing of 
Landsat CCT da t a   shou ld   p rove   u se fu l .   I n   con t r a s t ,   f o r   t he  smaller plumes from 
t h e   E a s t e r n   S h o r e   i n l e t s ,   t h e   d i s t i n c t i o n   o f   s e q u e n t i a l . t i d a 1   c y c l e s  i s  pos- 
s i b l e  on s i n g l e  band   images ;   the   in le t   p lumes   of ten   have   the   appearance   o f  a 
sequence   of   tu rb id i ty   pu lses .  

Fourth,  it should  be  noted  that   Landsat   records  upwell ing  radiance  f rom 
on ly   t he   su r f ace   l aye r s .  The depth   o f   the   observed   tu rb id i ty  varies i n v e r s e l y  
wi th  i t s  o p a c i t y ,   w i t h   t h e   d e p t h   o f   o b s e r v a t i o n   f o r   p r e v a i l i n g   t u r b i d i t i e s  
being  perhaps 5 m. Thus,  plume f e a t u r e s  a t  g rea t e r   dep th  are not   recorded.  
A l s o ,   h i g h e r   t u r b i d i t i e s  are produced  by  scour  and  resuspension  over  shallow 
dep ths ,   w i th   t he   consequence   t ha t   t u rb id i ty  levels become decoupled f r h  plume 
waters per se. General ly ,   then,   Landsat  i s  not  always  recording  plume water 
boundaries  as def ined  by vertical  p r o f i l e s   o f   t e m p e r a t u r e ,   s a l i n i t y ,   n u t r i e n t s  
a n d   b i o l o g i c a l   v a r i a b l e s .  
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RESULTS 

Composites  of  0bserve.d  Boundaries 

Composi tes   o f   the   tu rb id   boundar ies   seen   on  a l l  t h e  images  divided  into 
f lood   and   ebb   t ide   g roups  are shown i n   F i g u r e  6. Viewed i n   t h e  manner of a 
g e o l o g i c   f a u l t  map, t he   ebb   t i de   compos i t e  shows most  "lineaments"  found  be- 
tween  Cape  Charles  and  Cape  Henry are oriented  toward  1200. The f l o o d   t i d e  
l ineaments  al though  more random are o r i e n t e d   s i m i l a r l y .   I n   b o t h  cases, most 
lineaments  beyond  the  mouth are found  near   the  coast   southward;   only a few 
lineaments  beyond  the  mouth are found  toward 400 t o  900. An i n i t i a l   h y p o t h e s i s  
was t h e r e f o r e   t h a t   t h e  plume usua l ly   f r equen t s   t he   sou theas t e r ly   d i r ec t ion .  
Subsequent   ana lys i s  was o r i en ted   t oward   t e s t ing   t h i s   hypo thes i s .  

Figure  6a.   Composite  of  turbidity 
boundar i e s   fo r   f l ood   t i de .  

F igu re  6b.  Composite  of t u r b i d i t y  
boundar i e s   fo r  ebb t i d e .  

Sector/Zone  Count  Analyses 

The map i n   F i g u r e   7 a  shows sec to r / zone   coun t s   fo r  a l l  wind c l a s s e s  and 
t i da l   phases ;   zones  A through E f o r   s e c t o r s  a t  0-1500 are the   mos t   f requent ly  
v i s i t e d .   S o r t i n g   t h e   p a s s   d a t e s  by  wind quadrant ,  Q i ,  y i e l d s  Q1 = 20 images, 
42 = 3 ,  43 = 41, 44 = 17 .  Maps f o r   t h e  wind  quadrants are shown i n   F i g u r e s  
7b-d (a map i s  omi t t ed   fo r  42 because  of i t s  low v a l u e ) .  44 produced  the 
t i g h t e s t   p a t t e r n   a l o n g   t h e   V i r g i n i a - N o r t h   C a r o l i n a   c o a s t ;  43 (southwest  winds) 
produced   the   mos t   d i spersed   pa t te rn   (no t ice   espec ia l ly   the  v i s i t s  t o   z o n e s  D-F 
f o r  8 - 900). 
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a.  A l l  wind quadrants. 6. Winds from quadrant 1:  0°-900. 

c .  Winds from quadrant 3: 18Oo-27O0. d .  Winds from quadrant 4: 27Oo-36O0. 

Figure 7 .  Areas vis i ted by the plume under di f ferent  wind conditions.  The 
numerals represent  sector/zone  counts  as  follows:  1: 0-5 counts;  2: 6-10; 
3:  11-20; 4: 21-30; 5 :  31-40; 6: 41-50; 7: >SO. 
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To enhance t h e   d i f f e r e n c e s  between r e s u l t s  from d i f f e r e n t  wind quadrants,  
r a t i o s  have  been  formed  of  sector/zone  counts  using  the  quadrants 3 over 1, 
and 4 over 1. Counts  for  each  quadrant were ad jus ted  upward  by 1 count  for 
each  pass  where no plume was discr iminated (which in   e f f ec t   p roduces  a c o n t r a s t  
s t re tch ing   of   the   ra t ios ) :   the   ad jus tment   f requencies   for   each   quadrant  were 
1, 1, 6, and 0 r e spec t ive ly .  The r a t i o s  were  then  normalized  for  differences 
among t h e  Q i  values .  The r e s u l t i n g   r a t i o s  R are shown in   Tab le s  1 and 2. 
Numerical values  of R near   1 .0   ind ica te  no d i f f e r e n c e   i n   e f f e c t s   o f  wind d i r ec -  
t i o n   f o r   t h e  two quadrants   under   considerat ion.   Table  1 (quadrants 3 over 1) 
shows R >1 f o r  8<140° (zones B-E), a clear demonstration  that   southwest (com- 
pared  to   northeast)   winds  disperse   the plume over a l a r g e r   a r e a  and  swing i t s  
dominant d i r e c t i o n  away from the  southeast   toward  the east. Table 2 (quadrants 
4 over 1) demonstrates   that   nor thwest  (compared t o   n o r t h e a s t )  winds cons t r a in  
the  plume t o   t h e   c o a s t l i n e  toward the   sou theas t .  

TABLE 1 

NORMALIZED RATIOS OF COUNTS 

FOR W I N D  QUADRANT 3 OVER QUADRANT 1 

Sector  69: 7 8 9 10 11 12 13  14  15 16 

A 1.46 1.46 1.46 1 .27  0.91 0.98 1 .12  0.92 0.77 0.83 0.84 
B 00 2.93 1.95 2.44 1.83 1.83 1.95 1.66 1.25 0.84 0.88 
C 3.41 4.39 4.88 2.68 1.79 1.34 2.11 1.71 0.98 0.80 0.98 
D 3.90 3.90 4.39 4.39 3.90 4.39 4.39 2.44 1.46 0.98 0.98 
E 2.93 3.41 3.41 3.41 3.41 3.41 3.41 2.93 1.46 1.30 1.22 

TABLE 2 

NORMALIZED RATIOS OF COUNTS 

FOR W I N D  QUADRANT 4 OVER QUADRANT 1 

Sector  6;k 7 8 9 10 11 1 2  13  14  15 16 
Zone 

~ . .  . .  

0 0 0 0.24 0.17 0.34 1.01 1.18 1.01 1.09  1.02 
0 0 0.39  0.29 0.29 0 1.88  1.57 1.02 1.02 

0 0 0 0 0.29  1.18 1.32 1.62 
0 0.39 0.94  1.18 

0 0.39  0.29 

;k 100 i n t e r v a l  from 60° t o  70°; s i m i l a r l y   f o r  a l l  s ec to r s .  
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Sector-count  maps f o r   f l o o d   v e r s u s  ebb t i d e   i n   F i g u r e  8 show  somewhat 
more d i s p e r s i o n  of  plume f e a t u r e s   f o r  ebb t i d e .  A s u b s e t   o f   t h e   e b b   t i d e   d a t a  
for   southwest   winds (43) h ighe r   t han  8 kno t s   i nc luded   on ly   f i ve   images ;   i n  
these  images a p lume  could   no t   be   d i scr imina ted .   These   resu l t s  are f u r t h e r  
evidence  that   southwest   winds  disperse   the  plume  on  ebb  t ide.  

In   subsequen t   s tudy ,   po la r   coo rd ina te s  were de termined   for   the   mos t   d i s -  
t a n t   p o i n t  on  each  plume.  The r e s u l t s   f o r   f l o o d   a n d  ebb t i d e s  and  wind  quad- 
r a n t s  Q 1 ,  Q3, and Q4 are shown in   F igu re   9a   t h rough   9 f .  The r e s u l t s  are 
similar t o   t h e  earlier r e s u l t s .  The r e s u l t s  show tha t   sou thwes te rn   w inds   fo r  
pas ses   du r ing   ebb   t i de  are as soc ia t ed   w i th   t he   g rea t e s t   d i spe r s inn   and   ex ten -  
s i o n   o f   t h e  plume.  For  northern  winds,  plumes  for a l l  t i d a l   p h a s e s  are found 
c l o s e   t o   V i r g i n i a  Beach. 

a. F lood   t ide .  b. 

F igure  8. Areas v i s i t e d  by t h e  p lume  under   d i f fe ren t   t ida l   phases .  
Same numerical  symbols as i n   F i g u r e  7. 

- Cape " - Char les  - . . Grid   Analys is  

Many images reveal t u r b i d i t y   i n   l a t e - e b b / e a r l y - f l o o d ,   l o c a t e d   a d j a c e n t   t o  
F i s h e r m a n ' s   I s l a n d   ( a t   t h e   t i p   o f  Cape Char les )   on   the   nor th   s ide   o f   the  Bay 
mouth (Munday and  Fedosh, 1980). The p a t t e r n s   s u g g e s t   t h a t   e a r l y   f l o o d  waters 
moving i n t o   t h e   n o r t h e r n   s i d e   o f   t h e  Bay mouth car ry   res idua l   suspended   sed i -  
ment  from the   Eas te rn   Shore   nearshore   zone ,   and   addi t iona l  material resuspended 
i n   t h e   s h a l l o w  areas a d j a c e n t   t o   F i s h e r m a n ' s   I s l a n d .   I f   t r u e ,   t u r b i d i t y   o n  
the   wes t e rn   s ide   o f   t he  mouth  (compared t o   t h e   e a s t e r n   s i d e )   s h o u l d   b e  rela- 
t i v e l y  more  f requent   during  f lood,  as f looding waters traverse inc reas ing  areas 
of   shal lows.  
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I t 
a. Flood; Oo-900. b.  Flood; 18O0-2700. C.  Flood; 270°-3600. 

I 

d.  Ebb; Oo-900. e. Ebb; 180'-270°. f .  Ebb; 270'-360'. 

F igure  9 .  Plume ex tens ion   unde r   d i f f e ren t   t i da l   and  wind cond i t ions .   Rad ia l  
l i n e s   f o r   t h e   m o s t   d i s t a n t   p o i n t   o n   e a c h  plume.  North shown as d o t t e d   l i n e .  

To test  th i s   hypo thes i s   quan t i t a t ive ly   u s ing   Landsa t   images ,  a count ing 
procedure was  employed based   on   the   square   g r id  shown i n   F i g u r e  5 .  A c e l l  was 
counted when t u r b i d i t y   i n   t h e   c e l l  was  higher   than  background as judged  visu- 
a l ly .   Counts  were made f o r  ebb  and  f lood  t ide  passes   ,and  subset   into  the  four  
wind quadrants .   Rat ios   o f   f lood   to   ebb   counts  were formed  and  normalized  for . 
f lood   and   ebb   pass   f requencies ;   the   normal ized   ra t ios   t runca ted   to   in tegers  
are shown i n   F i g u r e  loa. Wes te rn   ce l l s  are, as e x p e c t e d ,   r e l a t i v e l y  more f r e -  
quen ted   by   t u rb id i ty   t han   ea s t e rn   ce l l s   du r ing   f l ood   t i de .   T runca ted  normal- 
i z e d   r a t i o s   f o r   t h e  wind quadrants  are shown i n   F i g u r e   1 0 b   f o r  Q 1  over  43,  and 
Figure  1Oc f o r  Q1 over  44  (Figure 1Oc numbers were m u l t i p l i e d  by 2 be fo re  
p l o t t i n g ) .   F i g u r e s  10b  and 1Oc demonstrate  that   western  (compared t o  north-  
eas t e rn )   w inds   r educe   wes t e rn   and   i nc rease   ea s t e rn   t u rb id i t i e s .  
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a. Flood/ebb  ra t ios .   b .  Wind q u a d r a n t s   1 t o 3 .  C. Wind quadrants  1 t o 4  
(ratios x 2). 

Figure  10.  Relative t u r b i d i t y   n e a r  Cape Char l e s .   F requency   r a t io   fo r   each  
g r id   ce l l   no rma l i zed   and   t runca ted .  

Wind Duration  and Wind Speed 

Corre la t ion   and   regress ion   ana lyses   have   been   per formed  on   wind   speed   and  
wind d u r a t i o n   v e r s u s  plume  extension,   with  t idal   phase  and  wind  quadrant  as 
parameters .  None o f   t h e   a n a l y s e s   h a v e   y e t   p r o d u c e d   s t a t i s t i c a l l y   s i g n i f i c a n t  
r e s u l t s .   M u l t i v a r i a t e  s ta t i s t ica l  methods w i l l  b e   u t i l i z e d   f o r   f u r t h e r   a n a l y -  
sis .  Perhaps  appropriate   measures   of   the   plume  have  yet   to   be  discovered.  

DISCUSSION 

Image a n a l y s i s   h a s  shown t h a t   t h e  "plume" (as broadly  def ined  here)   usu-  
a l l y   f r e q u e n t s   t h e   s o u t h e a s t e r l y   d i r e c t i o n  (1200-1500 relative t o   t h e  mouth). 
Passes during  ebb  (compared t o   f l o o d )  show a somewhat more d i spe r sed  plume. 
Southwestern  winds are e f f e c t i v e   i n   d i s p e r s i n g   a n d   e x t e n d i n g   t h e  plume,  espe- 
c i a l l y  on ebb t ide   passes ,   .whi le   for   nor thern   winds   p lumes   remain   c lose   to  
V i r g i n i a  Beach. 

These  effects   of   winds  have  been shown using  vector-averaged  Norfolk  wind 
d a t a  from t h e  1 2  hours  preceding  the  Landsat  overpass.   Because  the  shelf  
water r e l a x a t i o n  t i m e  from  wind e f f e c t s  i s  p robab ly   g rea t e r   t han  1 2  hours ,  
longer  wind records  should  be  s tudied.   Also,   Chesapeake  Light  Tower winds 
would perhaps  be more appropr ia te   than   Norfo lk   winds   for   examining   the   e f fec t  
o f   s h e l f  water c u r r e n t s   o n   t h e  plume  dynamics. 

For   f lood   t ide ,  a s t r i k i n g   f e a t u r e   o f  many images is a s t r o n g   t u r b i d i t y '  
p a t t e r n  on   t he   sha l low  no r the rn   s ide   o f   t he  Bay mouth ad jacen t   t o   F f she rman ' s  
I s l a n d .  The p a t t e r n   s u g g e s t s  a predominance   of   the   nor thern   s ide   dur ing   f lood  
t i d e ,   d u e   t o   t h e   C o r i o l i s   f o r c e   a n d   s o u t h e r l y   d r i f t   a l o n g   t h e   E a s t e r n   S h o r e .  
Analysis  shows t h a t   t h e   t u r b i d i t y  i s  r e l a t i v e l y   g r e a t e r   i n   f l o o d   t i d e   a n d  
northeastern  winds.  No such   pa t t e rns  were o b s e r v e d   f o r   f l o o d   t i d e   i n   t h e  
sou the rn   po r t ion   o f   t he  Bay mouth; i n   a d d i t i o n   t o   t h e   C o r i o l i s   d e f l e c t i o n  
toward  the  north,   the  water i n   t h e   s o u t h e r n   p o r t i o n  i s  much deeper ,   reducing 
s u r f a c e   t u r b i d i t i e s  w h i c h   o r i g i n a t e   i n   t i d a l   s c o u r .  
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For  ebb t i d e ,   t h e  plume for   nor ther ly   winds  i s  tongue-shaped,  but  the 
shape is  d i f f i c u l t  t o  cha rac t e r i ze   fu r the r .  L i t t l e  w a s  observed  which  would 
sugges t   ro ta ry   mot ion   of f  Cape Henry as observed  by  Harrison " e t  a l .  (1967). 
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