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Under t h e  a e g i s  of t h e  Cooperat ive  S t a t e  Agencies Program,  s i n c e  1970 

t h e  V i r g i n i a  I n s t i t u t e  of Marine Science has  been moni tor ing c o n d i t i o n s  i n  

t h e  t i d a l  p o r t i o n s  of t h e  James, York, and Rappahannock R i v e r s .  The d a t a  

f r o m  t h e  1970-1980 decade have been p r e s e n t e d  g r a p h i c a l l y  i n  d a t a  r e p o r t s .  

The purpose of t h i s  r e p o r t  i s  t o  o r g a n i z e  and summarize t h e  i n f o r m a t i o n  on 

t h e  s a l i n i t y  d i s t r i b u t i o n s  i n  t h e  James River .  

The s o u r c e  of t h e  s a l t  i s  t h e  o c e a n  and  s a l i n i t y  g e n e r a l l y  d e c l i n e s  

w i t h  d i s t a n c e  from t h e  ocean. S a l t  i s  a  c o n s e r v a t i v e  s u b s t a n c e  t h a t  i s  n o t  

c r e a t e d  nor  i s  i t  des t royed  o r  t ransformed w i t h i n  t h e  e s t u a r y .  Rather  t h e r e  

i s  a  dynamic b a l a n c e  between t h e  i n t r u s i o n  of s a l t w a t e r  from t h e  ocean,  t h e  

r i v e r  f low, which t e n d s  t o  "push" t h e  s a l t w a t e r  d o w n r i v e r ,  a n d  t i d e s  and  

o t h e r  phenomena which mix t h e  f r e s h e r  and s a l t i e r  w a t e r  masses. 

In  t h i s  r e p o r t  t h e  s a l i n i t y  d i s t r i b u t i o n s  observed o v e r  t h e  d u r a t i o n  of 

t h e  program have been o rgan ized  t o  show t h e  e f f e c t s  of t i d a l  phase and r i v e r  

flow; because  f r e s h w a t e r  in f low v a r i e s  s e a s o n a l l y ,  t h e  s a l i n i t y  p r o f i l e s  

a l s o  v a r y  s e a s o n a l . l y ,  The u p r i v e r  l i m i t  o f  s a l t w a t e r  i n t r u s i o n  a l s o  i s  

examined, a s  i s  t h e  s t r e n g t h  of t h e  s a l i n i t y  s t r a t i f i c a t i o n .  T h e s e  d a t a  

s h o u l d  p r o v e  u s e f u l  t o  pe rsons  working i n  t h e  e s t u a r y  by p r o v i d i n g  an a t l a s  

of " t y p i c a l w  c o n d i t i o n s  a g a i n s t  which observed c o n d i t i o n s  can b e  compared. 



The s a l i n i t y  l e v e l  i n  any  p o r t i o n  of  t h e  James River  e s t u a r y  i s  n o t  

co t l s t an t ,  b u t  v a r i e s  w i t h  many f a c t o r s ,  i n c l u d i n g  t h e  s t a t e  and s t r e n g t h  o f  

t h e  t i d e ,  t h e  q u a n t i t y  o f  f  r e sh rua te r  e n t e r i n g  t h e  r i v e r ,  wind c o n d i t i o n s ,  

l o c a t i o n  i n  t h e  r i v e r ,  a n d  l o c a t i o n  i n  t h e  w a t e r  co lumn.  S c i e n t i s t s ,  

e n g i n e e r s ,  and r e s o u r c e  rnana~l;ers a r e  o f t e n  interested i n  s a l i n i t y  c o n d i t i o n s  

a t  a  p a r t i c u l a r  l o c a t i o n  f o r  e v a l u a t i o n  o f  t h e  e f f e c t s  o f  s a l i n i t y  o n  

d e s i r e d  r i v e r  u s e s  ( e .  g., d r i r ~ l c i n g  w a t e r ,  i r r i g a t i o n )  o r  on b i o l o g i c a l  

organisms (e .g . ,  d i s t r i b u t i o n  of o y s t e r s ,  MSX, o y s t e r  d r i l l s ) .  S i n c e  1 9 7 1 ,  

t h e  V i r g i n i a  I n s t i t u t e  o f  M a r i n e  S c i e n c e ,  i n  c o o p e r a t i o n  w i t h  t h e  S t a t e  

I7ater  Con t ro l  Board under  t h e  Coopera t ive  S t a t e  Agency (CSA) Program,  h a s  

m o n i t o r e d  s a l i n i t y  a t  3 1  l o c a t i o n s  irt t h e  James R i v e r  approx imate ly  monthly 

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

r e p o r t  i s  t o  d e s c r i b e  s a l i n i t y  c o n d i t i o n s  i n  t h e  James River  based on t h e s e  

d a t a  and t o  i l l u s t r a t e  and i n t e r p r e t  v a r i a t i o n s  i n  s a l i n i t y  c o n d i t i o n s .  

I. Factors Affecting SaPlbagity 

Tide  j-s one of t h e  most i n l p o r t a n t  f a c t o r s  a f f e c t i n g  s a l i n i t y  i n  t h e  

James  R i v e r  e s t u a r y ,  Twice d a i l y  flood tides push h i ~ h  s a l i n i t y  wa-cer into 

t h e  e s t u a r y ,  i n c r e a s i n g  t h e  s a l i n i t y  a t  any p a r t i c u l a r  p o i n t  i n  t h e  e s t u a r y .  

T w i c e  d a i l y  ebb  tides d r a i n  w a t e r  b a c k  out- oK t h e  e s t u a r y ,  r e t u r n i n g  

s a l i n i t y  t o  l o x ~ e r  v a l u e s .  I t  i s  t h e r e f o r e  expected t h a t  a t  a n y  p a r t i c u l a r  



l o c a t i o n  i n  t h e  e s t u a r y ,  s a l i l z i t y  would t e n d  t o  be h i g h e r  a f t e r  t h e  f l o o d  

t i d e  ( i . e . ,  a t  s l a c k  b e f o r e  ebb  t i d e )  t h a n  a f t e r  t h e  ebb  t i d e  ( i . e . ,  a t  

s l a c l r  b e f o r e  f l o o d  t i d e ) .  E x c e p t  when t h e  looon i s  d i r e c t l y  o v e r  t h e  

e q u a t o r ,  d iu rna l  inequal i ty  e x i s t s  i n  t h e  t i d e s ;  more ext reme h i g h  and  low 

t i d e s  a r e  f o l l o w e d  by Less extreme h i g h  and low t i d e s ,  t h e n  by a n o t h e r  s e t  

of more extreme h i g h  and low t i d e s .  

O t h e r  c y c l  i .c  astronomicali  v a r i a t i o n s  i n v o l v i n g  a l ignment  of t h e  sun,  

moon, and e a r t h  r e s u l t  i n  c y c l i c  t i d a l  components. One impor tan t  c o i ~ l p o n e n t  

i s  t h e  s p r i n g / n e a p  t i d a l  c y c l e .  S p r i n g  t i d e  o c c u r s  f o r t n i g h t l y ,  

approximate ly  a t  new and f u l l  moons when l u n a r  and  so1a. r  a t t r a c t i o n s  a c t  

t o g e t h e r  t o  p r o d u c e  t i d e s  and t i d a l  r anges  of g r e a t e s t  magnitude.  Spr ing  

t i d e s  push s a l t  w a t e r  f u r t h e r  u p r i v e r  t h a n  t h e  t i d e s  a t  o t h e r  p h a s e s  o f  t h e  

spri.ng/neap c y c l e .  'PJeap t i d e  a l s o  occwrs f o r t n i g h t l y  a t  t h e  f i r s t  and t h i r d  

q u a r t e r s  of the  moon when l u n a r  and s o l a r  a t t r a c t i o n s  a r e  p e r p e n d i c u l a r  t o  

e a c h  o t h e r ,  The s m a l l e s t  t i d a l  r anges  occu-  a t  neap t i d e s ;  s a l t  w a t e r  i s  

n o t  pu.shed as f a r  up rive^. I t  i s  e x p e c t e d  t h a t  a t  any  l o c a t i o n  i n  t h e  

e s t u a r y ,  s a l i n i t y  a t  slaclc b e f o r e  ebb t i d e  would b e  h i g h e r  a t  s p r i n g  t i d e s  

than  a t  neap t i d e s ,  and s a l i n i t y  a t  s l a c k  b e f o r e  f l o o d  t i d e  would  be  l o w e r  

a t  s p r i n g  t i d e s  t h a n  a t  rieap t i d e s .  

Dens i ty  i n c r e a s e s  w i t h  s a l i n i t y ,  s o  f r e s h e r  w a t e r  t e n d s  t o  f l o a t  o v e r  

s a l t i e r  w a t e r ,  l e a d i n g  t o  a  vert ieal l iy layered system. The James R i v e r  is  

usual1  y a  p a r t i a l l y  mixed e s t u a r y  i n  w h i c h  some v e r t i c a l  m i x i n g  o c c u r s  

between l a y e r s  c r e a t i n g  con t inuous  v e r t i c a l  a s  w e l l  a s  l o n g i t u d i n a l  s a l i n i t y  

g r a d i e n t s .  Usua l ly  s a l i n i t y  i n c r e a s e s  from t h e  s u r f a c e  t o  t h e  h o t t m  of t h e  

w a t e r  colunln a n d  f r o m  upst ream t o  t h e  r i v e r  mouth i n  any dep th  l a y e r .  The 

r e l a t i v e  s t r e n g t h s  of f r e s h w a t e r  in f lows  anti t i d e s  determi-ne  t h e  amount o f  



nli:ring w h i c h  o c c u r s  b e t w e e n  t h e  l a y e r s .  Tlie s t r o n g e r  t h e  t i d e  and t h e  

weaker t h e  f r e s h w a t e r  i n f l o w s ,  t h e  b e t t e r  t h e  w a t e r  column ,mi-xes. 

J u s t  a s  a  s t r o n g e r  f l o o d  t i d e  push.es s a l t  wa te r  f u r t h e r  up-es tuary ,  a 

l a r g e  input  of freshwater from t h e  r i v e r  t e n d s  t o  c o u n t e r a c t  t i - d a l  f o r c e s  

and  p u s h e s  s a l t  w a t e r  d o w n - r i v e r .  D u r i n g  p e r i o d s  of g r e a t e r  f r e s h w a t e r  

i n p u t ,  s a l i n i t y  a t  any p a r t i c u l a r  l o c a t i o n  w o u l d  b e  e x p e c t e d  t o  b e  l o w e r  

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

t e n d s  t o  b e  s e a s o n a l ,  w i t h  g r e a t e s t  i n p u t s  o c c u r r i n g  d u r i n g  t h e  l a t e  

w j ~ n t e r l s p r i n g ,  and t h e  lowes t  :inputs o c c u r r i n g  i n  s u m r ~ i e r / e a r l ~  f a l l .  

Because of t h e  e a r t h '  s r o t a t i o n  and r e s u l t i n g  Cor i .o l i s  e f f e c t ,  lateral 

d i f f e r ences  i n  s a l i n i t y  a c r o s s  t h e  e s t u a r y  would b e  expec ted .  S i n c e  t h e  

James R i v e r  e s t u a r y  i s  i n  t h e  n o r t h e r n  h e m i s p h e r e ,  a t  a n y  l a t e r a l  c r o s s  

s e c t i o n ,  s a l i . n i t y  wou3.d b e  h i g h e r  on t h e  r i g h t  s i d e  of t h e  e s t u a r y  ( look ing  

upstream) than  on t h e  l e f t  s i d e .  I r r e g u l a r  r i v e r  geometry a l s o  c o n t r i b u t e s  

t o  l a t e r a l  v a r i a t i o n  i n  s a l i - n i t y ,  which. may, a t  some l o c a t i o n s ,  rnasle t h e  

e f f e c t  of e a r t h ' s  r o t a t i o n .  

Vind direct ion  and magnitude a l s o  a f f e c t  s a l i n i t y  d i s t r i b u t i o n .  F o r  

example, i f  wind was blowing i n  t h e  upst ream d i r e c t i o n ,  it would f o r c e  h i g h  

s a l i n i i t y  w a t e r  f rom t h e  lower  e s t u a i y  t c s ~ a r d  t h e  upper  e s t u a l y ,  i n c r e a s i n g  

s a l i n i t y  a t  u p - e s t u a r y  l o c a t i o n s .  Down-es tua ry  v i n d . s  would  f o r c e  t h e  

f r e s h e r  w a t e r  f rom t h e  u p p e r  e s t u a x y  t m ~ a r d  t h e  lower  e s t u a t y ,  d e c r e a s i n g  

s a l i n i t y  t h e r e .  Wind induces  g r e a t e r  mixing between s u r f a c e  and s u b  s u r f  ace 

l a y e r s ,  1 e a d i . n ~  t o  a  l e s s  v e r t i c a l l y  s t r a t i f : l e d  system. The ma-gnitude of 

t h e s e  e f f e c t s  would i n c r e a s e  w i t h  i n c r e a s i n g  wind  m a g n i t u d e  and  d u r a t i o n ,  

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

c i r c u l a t i o n  j.n a n  e s t u a r y ,  d i r e c t i n g  s u r f a c e  f low i n  a n  ups t ream d i r e c t i o n ,  

r e s u l t i n g  i n  downstream flow a t  dep th .  



Sea l e v e l  f l u c t u a t i o n  a.Lso a f f e c t s  s a l i n i t y  i n  t h e  e s t u a r y ,  The mean 

t i d e  l e v e l  i n  Harnpton Roads h a s  an  annual  c y c l e  w i t h  a  range of 18 c m  (0.6 

f t ) ,  being lowest  i n  January  and h i g h e s t  in September. The w a t e r  s u r f a c e  i n  

t h e  bay  a l s o  r e s p o n d s  t o  m e t e o r o l o g i c a l  e v e n t s  (e .g . ,  t r o p i c a l  s to rms  and 

'DNor theas te r s" ) .  Higher  w a t e r  l e v e l  a t  t h e  mouth of t h e  e s t u a r y  f o r c e s  more 

s a l i n e  w a t e r  i n t o  t h e  e s t u a r y  and r e s u l t s  i n  h i g h e r  s a l i n i t y ,  

XI. Monitorring Program 

I n  a p rogram sponsored j o i n t l y  w i t h  t h e  S t a t e  Water Control- Board, t h e  

V i r g i n i a  I n s t i t u t e  of F l a r i n e  S c i e n c e  h a s  m o n i t o r e d  w a t e r  q u a l i t y  on t h e  

James  R i v e r  s i n c e  197 1. Thi - r ty -one  sannpling s t a t  i o n s  betsueen t h e  I - ive r  

nloutl-i and Richmond have been occupied a t  v a r i o u s  t imes  d u r i n g  t h i s  p e r i o d ;  

sarnpli i ig s t a t i o n s  a r e  shown i n  F i g u r e  1; y e a r s  of s t a t i o n  occupa t ion  a r e  

shown i n  Tab le  l a .  I n  g e n e r a l ,  t h e  r i v e r  h a s  b e e n  m o n i t o r e d  m o n t h l y  a t  

s l a c l ,  b e f o r e  f l o o d  a n d / o r  s l a c k  b e f o r e  ebb  t i d e s .  S a m p i i n s  dur ing  t h e  

w i n t e r  months and a t  s l a c k  b e f o r e  ebb t i d e  h a s  o c c u r r e d  more s p o r a d i c a l l y  

than  salapling dur ing  sunliner and a t  s l a c k  b e f o r e  f lood  t i d e ,  Table  l b  shows, 

by t i d e  s t a t e ,  t h e  months i n  each y e a r  i n  which s a l i n i t y  o b s e r v a t i o n s  w e r e  

n a d e .  A t o t a l .  of 93 sampling r u n s  were  ntade a t  s l a c k  b e f o r e  f l o o d ;  43 r u n s  

were made a t  s l ac l i  b e f o r e  ebb. Table  l c  shows t h e  nunher  of s u r v e y s  made a t  

each s t a t i o n  i n  each month. 

Each sampling run began a t  t h e  r i v e r  111outh and followed t h e  s s l c l c  t i d e  

u p r i v e r  toxa~ard Ricllrnond accord ing  t o  t h e  schedu le  i.n Tab le  2.  A number of 

sampling r u n s  incl-uded t h e  ~rlzoie l e n g t h  of t h e  t i d a l  r i v e r  f o r  t h e  p u r p o s e  

of measuring w a t e r  q u a l i t y  parameters  ( e .  g . ,  d i s s o l v e d  oxygen, n u e r i e n e s )  i n  

t h e  f r e s h ~ ~ a t e r  a s  w e l l  a s  s a l i n e  por t j -ons  of t h e  r i v e r .  Idhen w a t c r  q u a l i t y  





Table  la. Sciiedule of stat ions  sampl ed d u r i n g  moni tor jng pragca1Ii. 

Year 
Dis tance  from 7 1  72 7 3  7 4  75 76  77 7 0  79 80 81 02 83 84 85 
r i v e r  mouth (km) 

r, XX XX S!i XX wX . XX X:I 
XX ::x S X  XI: XI: . XX XX 
XX XX Xli XX XX . XX . 

+ ICX . xx XX 
XX XI: XX 1% XX . XX XX 
x XX XX XX XX . XI: XX 

* XX XX XS 
XX XX 1:s XX XI: 
X X  . SX X:: XII 
X , XX XX ZZI 
1::i XX . 2:Ii XX 
XX . . XI: 

XX X:l XI; XX 

XX = o b s e r v a t i o n s  occur red  d u r i n g  t h i s  y e a r  



Table  l b .  Schedu1.e of sampl.Lni; su rveys  f o r  each month and 
y e a r  by t i d e  phase .  

Year 
7 1 

Tide  J A N  FED >TAR APR MAY J U N  JUL 
sb  f , XX 
s b e  

AIJG SEP OCT 
XX 
XZC XX 

MOV DEC 

sb f  XX , SX XX XI: 
s b e  . XX . I:X 

sbf  
s b e  ICX XI( XX . XI: XX 

sb  f + XX . XX 
s b e  XI: . XX . I:X I:X 

sb  f . XX 
s b e  'ir 7 . A,< 

sbf  X "? A t  >IX XI: IIX 
s b e  . XX 

sb  f . IIX . XX XX 
s b e  . XX 

sb  f + XX XX "7 .L 11 

s b e  . XX XX 

sbf  XX . XX XX XX XX XX 
s h e  , XX 

sbf  
s b e  XX XX 

sb  f . XX XX XX XX XX XX 
s b e  V P T  . 1L1L 

sb  f X 7 V  . . XX XX SX "" 11 11 

s b e  

84 sb f . XX . XX XX 
s b e  

X IT: 

85 sb f . XX XX I::: xx 
s b e  

sbf  = s l a c k  b e f o r e  f lood  t i d e  
s b e  = s lac l i  b e f o r e  ebb t i d e  
ICX =I o b s e r v a t i o n s  occurred 



Table  l c .  Number of s u r v e y s  a t  each s t a t i o n  f o r  each month. 

D i s t a n c e  
(km) 
0.00 
9.66 

17.30 
22.71 
31.85 
38.18 
43.85 
50.19 
57.92 
65.94 
72.21 
80.30 
87.97 
92.56 

102.10 
107.90 
114.50 
119.00 
122.80 
125.90 
129.10 
132.10 
135.20 
139.40 
143.80 
145.80 
148.30 
150.60 
152.80 
154.80 

J A N  FED M A R  APR MAY J U N  J U L  AUG SEP OCT NOV DEC 

T o t a l  
sul-veys 3 4 7 17 14 14 15 1 2  20 1 6  11 5 

Note: Tab le  i n c l u d e s  s a l i n i t y  v a l u e s  of z e r o  added t o  complete e a c h  s u r v e y  
i n  which f r e s h w a t e r  (bottom s a l i n i t y  <1 p p t )  was d e t e c t e d .  On some surveys ,  
f r e s h w a t e r  was n o t  d e t e c t e d  and no z e r o  s a l i n i t y  v a l u e s  were added upst ream.  
I n  most months, n o t  a l l  s t a t i o n s  were  v i s i t e d  on each survey.  Consequently,  
t h e  number of su rveys  f o r  any s t a t i o n  may be  l e s s  t h a n  t h e  t o t a l  number o f  
su rveys  f o r  that month. 



Table  2. Sampling t i m e t a b l e  and s t a t i o n  l o c a t i o n  

D i s t a n c e  from Time a f t e r  L a t i t u d e  (N) Longi tude (W) 
r i v e r  mouth (km) s t a r t  (hh:mm) (degrees  minutes)  

J:* S t a r t  a t  1:15 hours  b e f o r e  p r e d i c t e d  s l z c k  
w a t e r  a t  Chesapeake Bay mouth. 



mea buremen-cs w e r e  n o t  p l  a n u e d ,  t h e  s a n l p l i n g  r u n s  proceeded upr i v e r  j u s t  

beyond t h e  s a l t  w a t e r  i n t r u s i o n ,  definecl a s  c o n d u c t i v i t y  l e s s  t h a n  o r  e q u a l  

t o  0 . 5 0  rniiiho/clii t , j i l i ~ i t t  1 t~~ctcs-  of t h e  bottom. A t  each  sampl ing s t a t i o n  i n  

t h e  s a l i n e  p o r t i o n  of "cfre r i v e r ,  s a l i n i t y  was measured e v e r y  2 m e t e r s  froin 

s u r f a c e  t o  b o t t o m .  The d a t a  a r e  s t o r e d  ~ e s m a n e n t l y  on m a g n e t i c  t a p e  

a c c e s s i b l e  by t h e  VIblS P R I I E  computer. 

B r o o k s  a n d  P a n g  ( 1 9 8 3 )  p r e s e n t e d  d a i l y  p l o t s  o f  t h e  1971-1980 

t empera tu re ,  s a l i n i t y ,  and d i s s o l v e d  oxygen d a t a .  I n  t h i s  r e p o r t  t h e  197 1- 

1 9 8 5  s a l i n i t y  d a t a  a r e  s u m n i a r i z e d  a n d  some a n a l y s e s  o f  t h e  d a t a  t o  

demons t ra te  t h e  s e a s o n a l  p a t t e r n s ,  t i d a l  e f f e c t s ,  and e f f e c t  o f  f r e s h w a t e r  

i n p u t  on s a l i n i t y  a r e  p r e s e n t t d .  

T h e r e  a r e  s e v e r a l  l i m i t a t i o n s  i n h e r e n t  i n  t h e  d a t a  s e t  w h i c h  a r e  

i m p o r t a n t  t o  n o t e  ~ s h e n  i n t e r p r e t i n g  t h e  d a t a .  I t  i s  a p p a r e n t  upon 

examinat ion of Tab le  l a  t h a t  riot a l l  s t a t i o n s  h a v e  b e c n  s a m p l e d  on e v e r y  

s a r ~ ~ p i i n g  r u n .  Some s t a t i o n s  w e r e  a d d e d  l a t e r  i n  t h e  moni to r ing  program; 

u p s t r e a m  s t a t i o n s  w e r e  o f t e n  s a m p l e d  o n l y  w h e n  s a l t w a t e r  i n t r u d e d  

p a r t i c u l a r l y  Ear upst ream,  In o r d e r  t o  account  f o r  t h e  l a t t e r  evenc,  on any 

sampling run  i n  which a  b o t t ~ n ~  s a l i n i t y  l e s s  t h a n  1 .0  p p t  was found b u t  t h e  

s a m p l i n g  r u n  d i d  n o t  c o n t i n u e  u p s t r e a m ,  s a l i n i t y  v a l u e s  of 0.0 p p t  were 

adcled t o  t h e  d a t a  s e t  f o r  unsanlpled upztream s t a t i o n s .  On satitpling r u n s  i n  

w h i c h  a  b o t t o m  s a l i n i t y  l e s s  t h a n  1 . 0  p p t  was  n o t  found, no z e r o e s  were 

added and t h e  survey t~7a.s c o n s i d e r e d  imlcomplet e  w i t h  r e s p e c t  t o  s a l i n j  t y  , 

Table  l c  i n d i c a t e s  number of s u r v e y s  a t  each  s t a t i o n  a f t e r  adding z e r o e s .  

'CJithiti each  y e a r  of t h e  moni to r ing  progran:, n o t  aL1 nlonths were  sampled 

( T a b l e  l b )  . A l o n g - t e r m  a v e r a g e  of s a l i n i t y  f o r  a  p a r t i c u l a r  month ~ r o u l  d  

t h e r e f o r e  be b i a s e d  t o v ~ a r d  t h e  y e a r s  i n  whiclr t h a t  tnonth was sarizpled and 

would n o t  t r u l y  r e p r e s e n t  a  long-term average  c o n d i t i o n ,  I n  t h e  l a t e r  y e a r s  



of t h e  program,  o n l y  s l a c l c s  b e f o r e  f l o o d  t i d e  w e r e  sai t lpled ( T a b l e  Zb) .  

D u r i n g  e a r l y  y e a r s  o f  t h e  program,  b o t h  s l a c k s  were  sampled, b u t  n o t  w i t h  

any r e g u l a r i t y .  Any corriparisons of t h e  s l a c k s  s h o u l d  t h e r e f  o r e  t a k e  i n t o  

accoun t  t h e  d j - s t r i b u t i o n  of t h e  o b s e r v a t i o n s  th rough  y e a r s  and months. 

T i d a l  e f f e c t s  ( i . e . ,  sprintr,/neap cyc1.e and f lood /ebb  c y c l e )  o c c u r  on a 

s h o r t e r  t i m e  p e r i o d  t h a n  i s  sarrlpled by t h i s  moni to r ing  psograni. I n  o t h e r  

worcts, t h e  f lood/e i ib  c y c l e  encompasses  a p p r o x i m a t e l y  1 2  h o u r s ,  w h i l e  t h e  

s p r i n g / n e a p  c y c l e  encom.passes appro:cinratdy 2 weeks, b u t  moni to r ing  occurs  

g e n e r a l l y  on ly  once p e r  nionth. T h i s  m o n i t o r i n g  p r o g r a m  c a n n o t  i l l u s t r a t e  

t h e  v a r i a t i o n s  whi-ch o c c u r  w i t h i n  e a c h  month. S i n c e  a l l  m o n i t o r i ~ p  todc  

pl-ace a.t e i t h e r  s l a c k  b e f o r e  ebb t i d e  o r  s l a c k  b e f o r e  f l o o d  t i d e ,  l o n g - t e r m  

a v e r a g e s  f o r  t h e s e  two s t a t e s  of t h e  t i d e  may b e  comparel .  No a t t e m p t  147as 

made t o  t ime  t h e  s u r v e y s  w i t h  any p a r t i c u l a r  phases  of t h e  s p r i n g l n e a p  t i d a l  

c y c l e .  The e f  f e e  t o f  t h e  s p r i n g l n e a p  v a r i a t i o n  on s a l i n i t y  s t r u c t u r e  can  

n o t  b e  e v a l u a t e d  w i t h  t h i s  d a t a  s e t .  

T h e  s t a t i - o n s  m o n i t o r e d  w e r e  g e n e r a l l y  i n  t h e  c e n t e r  o f  t h e  r i v e r  

channe l ;  l a t e r a l  v a r i a b i l i t y  i n  s a l i n i t y  was  n o t  i n v e s t i g a t e d  i n  t h i s  

m o n i t o r i n g  p r o g r a m .  S i m i l a r l y ,  t h e  one-month tirtle s t e p  of t h e  moni to r j ag  

w a s  n o t  s h o r t  e n o u g t i  t o  q u a n t i f y  e f f e c t s  o f  t h e  w i n d  a n d  o t h e r  

n le teoro log ica l  e v e n t s  on s a l i n i t y .  

I1 I. Longitud2nal Patterns 

A. Seasonal  V a r i a t i o n s  

The most a p p a r e n t  s a l i n i t y  p a t t e m  is  t h e  g r a d u a l  d e c r e a s e  of  s a l i n i t y  

w i t h  i n c r e a s i n g  di .s  t a n c c  £1-om r i v e r  mouth.  T h i s  l o n g i t u d i n a l  p a t t e r n  

recponds s lowly t o  t h e  v a r i a t i o n  of f r e s h w a t e r  i n f l o w  e x c e p t  d u r i n g  s h o r t  



p e r i o d s  o f  e17treme h i g h  r u n o f f  e v e n t s .  T h e r e f o r e ,  l o n r i t u d i n a l  s a l i n i t y  

p r o f i l e s  h a v e  a  d i s t i n c t  s e a s o n a l  v a r i a t i o n  f o l l o w i n g  t h e  a n n u a l  

h y d r o l o g i c a l  c y c l e .  F i g u r e s  2  t h r o u g h  1 3  s h o e  t h e  means a n d  r a n z e s  of 

v e r t i c a l l y - a v e r a g e d  s a l i n i t i e s  f o r  each  n o n t h  o f  t h e  y e a r  v e r s u s  d i s t a n c e  

from r i v e r  mouth. Means sliovn f o r  e a c h  montlz and s t a t i o n  a r e  t h e  r e s u l t s  of 

ave rag ing  o v e r  d e p t h s  and y e a r s .  The means and ranges  of s u r f a c e  and b o t t m  

s a l i n i t i e s  a r e  p r e s e n t e d  i n  f i g u r e s  1 4  t h r o u g h  25,  and 2 6  t h r o u g h  37 

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

100 lcln frorn t h e  rnouth on ly  d u r i n g  prolonged d rough t ,  T h e r e f o r e  t h e  f i g u r e s  

i n  t h i s  r e p o r t  d i s p l a y  on ly  t h e  s e c t i o n  of t h e  Janles R iver  between 0  and 100  

km from t h e  l i v e r  mouth. 

T h e s e  p l o t s  i l l u s t r a t e  t h e  e f f e c t  o f  f r e s h w a t e r  d i s c h a r g e  o n  t h e  

l o n g i t u d i n a l  s a l i n i t y  p a t t e r n s .  The g r e a t e s t  m o n t h l y  mean f r e s h w a t e r  

3 -1) 
d i s c h a r g e  (about  390 m s occurred i n  t h e  e a r l y  s p r i n g ,  and t h e  s m a l l e s t  

3 -1) 
( a b o u t  120  m s occur red  i n  e a r l y  f a l l .  T h e r e f o r e  s a l i n i t y  was g e n e r a l l y  

h i g h e s t  i n  l a t e  summer t o  e a r l y  f a l l  and lowes t  i n  t h e  s p r i - n g ,  Compar i son  

o f  A p r i l  and September mean s a l i n i t i e s  ( F i g u r e s  5 and 10) r e v e a l s  t h a t  Iuean 

September s a l i n i t i e s  f o r  s t a t i o n s  between 20 and 80 km above t h c  r i v e r  mouth 

averaged about  4 pp t  h i g h e r  t h a n  t h o s e  of A p r i l .  

llhen examining t h e s e  p l o t s ,  i t  i s  i m p o r t a n t  t o  k e e p  i n  rnind t h a t  t h e  

s a l i n i t y  r ecord  f o r  e a c h  s t a t i o n  i s  n o t  complete ,  A s  shown i n  Tab le  l a ,  n o t  

a13 s t ~ t i o r z c  were  sailipled on each sampling run. Although. some p o i n t s  t r u l y  

r e p r e s e n t  long-temi (10 t o  15 y e a r )  ave rages ,  o t h e r s  r e p r e s e n t  a v e r a g e s  f o r  

on ly  a  p o r t i o n  of t h e  rilonitoriizg p e r i o d .  I n  some c a s e s ,  when t h e  number o f  

o b c e w a t i o n s  f o r  a  p a r t i c u l a r  s t a t i o n  d u r i n g  a  month was s i g n i f i c a n t l y  lower  

than  f o r  o t h e r  s t a t i o n s  d u r i n g  t h a t  nlontlz, t h e  s t a t i o n s  w i t h  Few d a t a  ttrere 
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n o t  p l o t t e d  ( e . g . ,  36 .57  k:il i n  a l l  months ,  a113 2 2 . 7 1  krn i n  October  and 

November) .  The nurrtber o f  s u r v e y s  f o r  e a c h  s t a t i o n  and  month on w h i c h  

F i g u r e s  2 through 37 a r e  based i s  shown i n  Tab le  l c .  

Table  1b shows t h a t  t h e  number of s u r v e y s  p e r  mont'ii was n o t  u n i f o r n i ;  

f e w e r  s u r v e y s  w e r e  c o n d u c t e d  i n  w i n t e r  months. The monthly mean s a l i n i t y  

p resen ted  i n  f i g u r e s  2 through 37 may s i g n i f i c a n t l y  d i f f e r  f  rorn t h e  l o n g -  

term mean i f  t h e  number o f  s u r v e y s  is st11al3 f o r  t h a t  month. For  example, 

t h e  I.Zarc11 p l o t s  a r e  a c t u a l l y  b a s e d  on j u s t  6  y e a r s  o f  d a t a  (1972 ,  1973 ,  

1979 ,  1981 ,  1 9 8 2 ,  1 9 8 3 ) .  !";an f r e s h w a t e r  d i s c h a r g e s  f o r  March i n  t h e s e  

3 -1 
y e a r s  w e r e  3 2 5 ,  592 ,  632 ,  103 ,  441,  and 466 m s  r e s p e c t i v e l y  ( U S G S  

Richmond and  Icanawha Canal sae,es). Tire l o n g - t c ~ m  (1925-1967) medi-an March 

3  -1 
f res l iwa te r  d i s c h a r g e  was 357 r.11 s . The i n ~ p o r t e n c e  of f r e s h w a t e r  d i s c h a r g e  

i n  determinirtg salri.nity i s  a p p r e n t  i n  F i g u r e  38, uihich shows dept h-averaged 

s a l - i n i t y  f o r  March d e l i n e s t e d  by y e a r .  During F4arch 1981, an  a.bnormally d+ry 

month,  v e r y  h i g h  s a l i n i t i e s  were observed a t  a l l  s t a t i o n s ,  and t h e  upst ream 

e x t e n t  of s a l t w a t e r  was g r e a t e r  (80 lcrn) t h a n  f o r  o t h e r  y e a r s v  d a t a  ( ~ 4 0  km). 

The mean i s  a  s t a t i s t i c  g r e a t l y  a f f e c t e d  by o u t l y i n g  o b s e r v a t i o n s ,  such  a s  

t h o s e  of March 1981. I f  t h e  1381 d a t a  were  removed from F i g u r e  38, t h e  mean 

s a l i n i t y  f o r  e a c h  s t a t i o n  would b e  g r e a t l y  r e d u c e d ,  a n d  would b e  more 

r e p r e s e n t a t i - v e  of t y p i c a l  March s a l i n i t i e s ,  s i n c e  t h e  d i  s c h a r g e  r a t e s  f o r  

t h o s e  y e a r s  remai.ning were c l o s e r  t o  t h e  long-term median d i s c h a r g e  r a t e  f o r  

lefarc h  . 
A n  a t t e m p t  w a s  made t o  c o n s t l u c t  t h e  s e a s o n a l  p a t t e r n  of longi tudj .na1 

s a l . i n i t y  d i s t r i b u t i o n  under  normal 11ydrol.ogical condi-t ions .  Each s l a c k ~ ~ ~ a t e r  

s u r v e y  was assumed t o  r e p r e s e n t  t h e  c o n d i t i o n  u n d e r  a  g i v e n  f res l lwa te r  

d i s c h a r g e ,  w h i c h  i s  t h e  a v e r a g e  d i s c h a r g e  f o r  t h e  3 0  d a y s  i m m e d i a t e l y  





p r e c e d i n g  t h e  su rvey  d a t e .  The b l a c k  b a r s  i n  F i g u r e  39 r e p r e s e n t  t h e  means 

of t h e  30-day averaged d i s c h a r g e s  f o r  a l l  s u r v e y s  c o n d u c t e d  i n  t h e  g i v e n  

months  o f  t h e  y e a r .  For comparison, t h e  long-term monthly mean and median 

d i s c h a r g e s  a r e  a l s o  p r e s e n t e d  i n  F igure  39. I t  i s  seen  t h a t  e x c e p t  f o r  t h e  

month o f  F e b r u a r y ,  t h e  s u r v e y s  w e r e  conduc ted  under  an average  d i s c h a r g e  

much h i g h e r  t h a n  long-term median f low f o r  t h e  month. T h i s  o c c u r r e d  p a r t l y  

b y  c h a n c e ,  b u t  a l s o ,  f o r  t h o s e  s u r v e y s  i n  Apr i l - Ju ly  which occur red  toward 

t h e  beg inn ing  of t h e  month,  mos t  o f  t h e  30  d a y s  f o r  w h i c h  d i s c h a r g e  was 

a v e r a g e d  would b e  i n  t h e  p rev ious  month, which was c h a r a c t e r i z e d  by h i g h e r  

d i s c h a r g e .  The 30-day averaged d i s c h a r g e  f o r  e a c h  survey  was compared w i t h  

l o n g - t e r m  median  o f  t h e  average  f low f o r  t h e  month, and t h o s e  s u r v e y s  w i t h  

d i s c h a r g e  f a l l i n g  i n  t h e  range from 50 p e r c e n t  t o  150 p e r c e n t  of t h e  median  

f l o w  w e r e  i d e n t i f i e d .  T a b l e  3  l is ts  t h e  s u r v e y s  s o  i d e n t i f i e d  and deemed 

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

d i s t r i b u t i o n  under median f low c o n d i t i o n s  was c o n s t r u c t e d  f o r  each  month by 

a v e r a g i n g  t h e  d a t a  f rom t h e  s u r v e y s  i d e n t i f i e d  a s  a p p r o p r i a t e ,  T h e  

r e s u l t i n g  a v e r a g e  s a l i n i t y  p a t t e r n s  a r e  inc luded  i n  F i g u r e s  2  t o  37,  The 

means of 30-day average f r e s h w a t e r  d i s c h a r g e s  f o r  t h o s e  i d e n t i f i e d  s u r v e y s  

a r e  a l s o  p r e s e n t e d  i n  F i g u r e  39;  t h e y  were  q u i t e  c l o s e  t o  t h e  long-term 

monthly median flow. 

Maximum m o n t h l y  s u r f a c e  ( w i t h i n  1 m e t e r  o f  t h e  w a t e r  s u r f a c e )  and 

bottom ( w i t h i n  1 meter of t h e  b o t t o m  o f  t h e  w a t e r  co lumn)  s a l i n i t i e s  f o r  

e a c h  sampling s t a t i o n  a r e  t a b u l a t e d  i n  Tab le  4. For any p a r t i c u l a r  s t a t i o n ,  

s a l i n i t y  maxima were g e n e r a l l y  g r e a t e s t  a t  t h e  b o t t o m  o f  t h e  w a t e r  column 

( e . g . ,  5 . 6 6  p p t  a t  t h e  s u r f a c e  and 21.92 ppt  a t  t h e  bottom a t  50,153 km i n  

A p r i l )  and g r e a t e s t  i n  t h e  d r y  summer and f a l l  (e.g., 20.67 t o  22.98 p p t  a t  

t h e  b o t t o m  a t  31.85 km i n  J u n e  th rough  October,  and 10.29 t o  19.69 pp t  i n  





Table  3. Surveys  chosen f o r  c a l c u l a t i o n  of normal s a l i n i t y  p a t t e r n  based on 
c o m p a r i s o n  o f  30-day a v e r a g e  d i s c h a r g e  a n d  l o n g - t e r m  median  
monthly d i s c h a r g e .  

Month 
J u n  J u l  Year 

197 1 

197 2 

1973 

197 4 

1975 

1976 

1977 

1978 

1979 

1980 

19 81 

1982 

19 03 

1984 

1985 

J a n  Feb Mar Apr May Aug Sep Oct Nov Dec 

X  X  

X  

X 

X  X X X  

X X X X  

X X X X  



Tab le  4. Maximum m o n t h l y  s u r f a c e  and bo t tom s a l i n i t i e s  f o r  
each s t a t i o n .  

DIST. DEPTH JAN FEB APR MAY JUN JUL AUG SEP OCT NOV DEC 
(km) 

0 .00  S u r f a c e  16.43 25.46 13.54 22 .24  22.47 23.90 25.07 25 .10  25.91 24.94 22.02 23 .54  
Bottom 19.24 26.35 25.93 30 .00  29.36 31.19 30 .01  3 2 . 6 8  28.87 28.52 29.66 2 4 . 6 1  

9 .66 S u r f a c e  . . 22.12 22.65 22.27 24.00 20.70 24.85 22 .31  22.57 23.07 . 
Bottom . , 22.85 27.98 25.68 26.24 25.34 29 .38  24 .34  26.50 24.31 . 

17.30 S u r f a c e  12 .71  23 .04  19.38 18.76 19.76 18 .12  23.64 24.20 24.56 23 .01  19.56 21.15 
Bottom 16 .06  24.13 21.40 2 3 . 0 4  21.18 21.82 24.27 25 .14  24.89 23 .68  22.58 22 .06  

22.71 S u r f a c e  . . 1 7 . 7 1 1 6 . 4 9 1 7 . 3 9 1 7 . 7 2 1 7 . 3 1 2 3 . 6 7  1 8 . 8 8 1 8 . 3 3  1 8 . 2 4  . 
Bottom . . 2 0 . 6 2 2 0 . 5 9 2 0 . 3 8 2 2 . 2 2 2 0 . 0 4 2 4 . 7 1 2 0 . 8 6  1 9 . 9 8 2 1 . 2 2  . 

31.85 S u r f a c e  7 . 9 4  1 8 . 5 1  14 .56  13 .59  15 .60  15.78 1 7 . 5 2  2 1 . 5 1  20.09 1 7 . 7 1  14.07 13 .88  
Bottom 10.29 19.67 17.77 19.80 18 .04  20.85 20.80 2 2 . 9 8  20.67 21.10 20.99 1 6 . 8 1  

36.57 S u r f a c e  . . 0.75 . 0 . 5 5 1 0 . 2 2  . 1 7 . 8 1 1 2 . 2 3  . 
Bottom . . 1 .62  . 14.45 13.97 . 23.40 13.47 . 

38 .18  S u r f a c e  . . 11.57 10.05 8.45 11.23 12.15 11 .79  1 3 . 0 1  12.75 1 2 . 4 8  . 
Bottom . . 13.57 15.60 13.45 15.69 1 7 . 5 9  14.77 15 .26  1 7 . 4 4  16 .59  . 

43.85 S u r f a c e  . . 9 . 4 4  8 .02  6 .38  8.59 9 .18 1 5 . 5 4  1 2 . 3 3  11.47 9 . 5 0  . 
Bottom . . 10.85 10.97 8.87 11 .08  1 2 . 3 2  17 .25  12.95 1 2 . 5 2  12.03 . 

50.19 S u r f a c e  1.43 1 0 . 5 1  7 .50  5 .66  4 .68 5 .82 9 .82  11.93 12 .72  10.69 7 . 7 0  6 . 1 4  
Bottom 1.15 1 0 . 7 8  8 .62 1 1 . 9 2  6 .39 6 .46 1 0 . 3 8  1 6 . 0 9  13 .35  12 .19  1 0 . 6 4  7 .07 

57.92 S u r f a c e  0.00 . 5 . 8 5  4 .90 3 . 2 1  3 . 4 9  6 . 2 1  10.29 6 . 3 1  8.27 6 .33  . 
Eottom 0 . 0 0  . 5 . 9 5  5 . 3 0  3 .33  4 .12  6 .39 12 .05  6 . 4 4  8.49 6 . 5 4  . 

6 5 . 9 4 S u r f a c e  0.07 4 .26 2 .71  1 .77  1 .15 2.97 5.75 6 . 7 2  8 .73 7 . 6 2  3 . 5 1  1 . 5 2  
Bottom 0 .09  5 . 4 2  4.03 2 .54  1.62 2 .14 5.95 7 .97 9 . 8 2  8.33 4 .40  2 . 4 8  

72 .21  S u r f a c e  0 . 0 0  0 . 0 0  1 . 6 1  0 .99  0 .26 0.93 2 .24  4 .96 3 . 8 8  4 .96  1.97 0 . 0 0  
Bottom 0 .00  0 .00 2.47 1 . 4 1  0.67 0 .91  2 .42 5 . 8 1  4 . 7 9  5 .35  3.17 0 . 0 0  

80.30 S u r f a c e  0 . 1 2  0 .86  0.53 0 .28 0 .10  0.37 0 . 7 1  2 .36  2 . 4 9  2.86 0 .63 0 . 1 9  
Bottom 0 .13  1 .38  0 .61  0 .36  0 .16 0 .39 0 .73 2.07 3.07 3 .30  0.75 0 . 3 4  

87.97 S u r f a c e  0.08 0 . 3 4  0 . 1 4  0 .03 0 . 1 4  0.09 1.47 1 . 2 9  3 .35  1 .90  0 .28  0 . 0 0  
Bottom 0.08 0 .35 0 . 1 4  0 .03 0 .00 0 . 0 8  3 .00  1 .75  3 .95  2 .12 0 .29  0 . 0 0  

92.56 S u r f a c e  0 . 0 0  0 .26 0 . 0 0  0 .00  0 .13 0 .10  0 .96 0.87 1 .73 0 .95 0.17 0 .05  
Bottom 0 .00  0 .26  0 .00 0 .00  0 .10 0 .10 1 . 6 1  0 . 9 4  1 . 7 8  0 .98  0.17 0 . 0 3  

102 .10  S u r f a c e  0 . 0 0  0.17 0 . 0 0  0 . 0 0  0 . 0 0  0 .01  0.65 0 . 3 6  0 . 7 6  0 .43 0 .13  0 . 0 0  
Bottom 0 . 0 0  0 .17 0 .00 0 . 0 0  0 . 0 0  0 .01  0 .82  0 .36  0 .75  0 .46 0 . 1 4  0 . 0 0  

107 .90  S u r f a c e  0 . 0 0  0 . 1 6  0 .00  0 . 0 0  0 .16 0 . 1 0  0 . 2 8  0 . 3 1  0 . 3 1  0.37 0 .15 0 .06  
Bottom 0 .00  0 .16 0 . 0 0  0 .00  0 . 1 8  0 .10 1 . 4 8  0 . 3 1  0 . 1 6  0.37 0 .15  0 . 0 4  



Tab1 e 4, continued. 

DIST. DEPTH J A N  FEB MAR APR MAY J U N  JUL AUG SEP OCT NOV DEC 
(km) 

114.50 S u r f a c e  0.00 0.16 0.00 0.00 0.04 0.10 2.61 0.10 0.25 0.34 0.11 0.00 
Bottom 0.00 0.16 0.00 0.00 0.04 0.10 0.46 0.10 0.08 0.21 0.10 0.00 

119.00 S u r f a c e  0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.00 0.00 0.27 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.00 0.00 0.15 0.00 0.00 

122.80 S u r f a c e  0.00 0.00 0.00 0.00 0.04 0.10 0.09 0.10 0.08 0.27 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.04 0.10 0.09 0.10 0.08 0.21 0.00 0.00 

125.90 S u r f a c e  0.00 0.00 0.00 0.00 0.04 0.10 0.09 0.10 0.07 0.33 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.04 0.10 0.09 0.10 0.07 0.27 0.00 0.00 

129.10 S u r f a c e  0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.00 0.13 0.33 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.00 0.13 0.21 0.00 0.00 

132.10 S u r f a c e  0.00 0.00 0.00 0.00 0.00 0.10 0.09 0.09 0.13 0.33 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.00 0.10 0.09 0.08 0.13 0.21 0.00 0.00 

135.20 S u r f a c e  0.00 0.00 0.00 0.00 0.00 0.01 0.08 0.00 0.13 0.28 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.00 0.01 0.08 0.00 0.13 0.16 0.00 0.00 

139.40 S u r f a c e  0.00 0.00 0.00 0.00 0.04 0.10 0.10 0.09 0.13 0.22 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.04 0.10 0.10 0.09 0.13 0.16 0.00 0.00 

143.80 S u r f a c e  0.00 0.00 0.00 0.00 0.00 0.01 0.08 0.00 0.14 0.29 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.00 0.14 0.16 0.00 0.00 

145.80 S u r f a c e  0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.08 0.22 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.08 0.16 0.00 0.00 

148.30 S u r f a c e  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.22 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.16 0.00 0.00 

150.60 S u r f a c e  0.00 0.00 0.00 0.00 0.03 0.10 0.09 0.08 0.08 0.22 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.04 0.10 0.08 0.08 0.08 0.16 0.00 0.00 

152.80 S u r f a c e  0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.08 0.22 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.08 0.00 0.00 0.00 

154.80 S u r f a c e  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.09 0.16 0.00 0.00 
Bottom 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00 

DIST. = D i s t a n c e  from r i v e r  mouth (km); . = n o  o b s e z v a t i o n s  
I lote:  The maximum v a l u e s  f o r  October  a l l  o c c u r r e d  i n  t h e  1982 s u r v e y .  S i n c e  i n  1981 ( a  
d r i e r  y e a r ) ,  t h e r e  was n o  s a l t w a t e r  found a s  f a r  ups t ream a s  i n  1922, t h e  a p p a r e n t  1982 
s a l i n i t y  must b e  due  t o  someth ing  o t h e r  t h a n  s a l i n i t y  ( e .  g . ,  h i g h  c o n c e n t r a t i o n  of i o n s  i n  
a n  i n d u s t r i a l  d i s c h a r g e ) .  



December t o  March a t  31.85 km). Maxima d e c r e a s e d  w i t h  d i s t a n c e  u p s t r e a m .  

The maximum b o t t o m  s a l i n i t y  a t  t h e  mouth was 32 .68  p p t  and  o c c u r r e d  i n  

August 1980; t h e  maxirt~um s u r f a c e  s a l i n i t y  t h e r e  was 25.91 p p t  i n  S e p t e m b e r  

1977. The maximum s a l i n i t i e s  a t  31.85 km ( t h e  v i c i n i t y  of Wreck Shoal)  were 

22.98 ppt  a t  t h e  bottom and 21.51 pp t  a t  t h e  s u r f a c e  i n  Augus t  1980 .  The 

f u r t h e s t  upst ream i n t r u s i o n  of s a l t w a t e r  (when s a l t w a t e r  i s  d e f i n e d  a s  > 0.5 

pp t  s a l i n i t y )  d u r i n g  t h e  moni tor ing p e r i o d  was 102 km, w i t h  b o t h  s u r f a c e  and 

b o t t o m  s a l i n i t i e s  g r e a t e r  than 0.7 ppt  i n  September 1980. (Examination of 

nearby s a l i n i t y  d a t a  i n  J u l y  1977 (Table  5 )  r e v e a l s  t h a t  s a l i n i t y  v a l u e s  o f  

1 . 4 8  and  2 .61 p p t  a t  107 .9  and  114 .5  km a p p e a r  t o  b e  anomalous--perhaps 

l a b o r a t o r y  o r  r e p o r t i n g  e r r o r s .  ) 

B. T i d a l  V a r i a t i o n s  

The v a r i a t i o n  of l o n g i t u d i n a l  s a l i n i t y  p a t t e r n  w i t h  t h e  s t a t e  o f  t i d e  

i s  v e r y  d i f f i c u l t  t o  d i s c e r n  w i t h  t h e  d a t a  s e t ,  The d o m i n a n t  t i d a l  

components  h a v e  t i m e  s c a l e s  o f  1 2  h o u r s  ( f l o o d / e b b  c y c l e )  and  1 4  d a y s  

( s p r i n g / n e a p  c y c l e ) ,  w h i l e  t h e  sampling i n t e r v a l  of s l a c k w a t e r  s u r v e y s  was 

of o r d e r  of one month. The e f f e c t  of s t a t e  of t i d e  i s  g e n e r a l l y  masked b y  

o t h e r  f a c t o r s  such  a s  f r e s h w a t e r  d i s c h a r g e  and m e t e o r o l o g i c a l  e v e n t s .  

Within  t h e  s a l i n i t y  d a t a  s e t  b e i n g  s t u d i e d ,  t h e r e  w e r e  two d a y s  on 

w h i c h  c o n s e c u t i v e  s l a c k  b e f o r e  e b b  and  s l a c k  b e f o r e  f l o o d  t i d e s  w e r e  

sampled, p e r m i t t i n g  examination o f  t h e  e f f e c t s  o f  t i d e  on s a l i n i t y  w h i l e  

m i n i m i z i n g  t h e  e f f e c t s  o f  s e a s o n a l  p a t t e r n s .  One of t h e  sampling days ,  

August 22, 1980, occurred approximately  3.5 days a f t e r  neap t i d e .  The o t h e r  

s a m p l i n g  d a y ,  August  27,  1 9 8 0 ,  o c c u r r e d  approximately  1 day a f t e r  s p r i n g  

t i d e .  Freshwater  d i s c h a r g e s  f o r  t h e  months p reced ing  e a c h  of t h e s e  sampling 



Table  5 .  S a l i n i t y  a t  s e l e c t e d  s t a t i o n s  on J u l y  28, 1977. 

S a l i n i t y  a t  (kn from r i v e r  mouth) : 
Depth (m) 87.97 92.56 102.1 107.9 

( l a s t  v a l u e  i n  each column is  b o t t a n  s a l i n i t y - - w i t h i n  
1 meter  of bottom of w a t e r  column) 

* a p p a r e n t l y  anomalous d a t a ,  perhaps  due t o  l a b o r a t o r y  o r  c o l l e c t i o n  e r r o r ,  
o r  due t o  h i g h  c o n d u c t i v i t y  of l o c a l  d i s c h a r g e  



d a t e s  w e r e  r e l a t i v e l y  c o n s t a n t  (30-day mean d i s c h a r g e  f o r  August 22 was 62 

3  -1 m 3 s - I S  s t a n d a r d  d e v i a t i o n  1 2  m s ; f o r  August  27. 30-day mean d i s c h a r g e  

3 -1 3 -1 
was 58  m s , s t a n d a r d  d e v i a t i o n  1 0  m s 1. 

The i n t r a - t i d a l  v a r i a t i o n  (f  lood/ebb c y c l e )  is  e v i d e n t  i n  l o n g i t u d i n a l  

p l o t s  o f  depth-averaged s a l i n i t y  f o r  August 22 and 27, 1980 ( F i g u r e s  40 and 

41) ;  s a l i n i t y  a t  s l a c k  b e f o r e  e b b  was g e n e r a l l y  h i g h e r  t h a n  s a l i n i t y  a t  

s l a c k  b e f o r e  f l o o d .  T h i s  p a t t e r n  was a l s o  g e n e r a l l y  t r u e  f o r  t h e  e n t i r e  

d a t a  s e t ;  F i g u r e  42 i s  a  p l o t  o f  d e p t h -  a n d  t i m e - a v e r a g e d  s a l i n i t y  f o r  

t h o s e  s t a t i o n s  w i t h  a  complete  (1971-1985) record.  

Comparison of s p r i n g  and neap t i d e s  is  p o s s i b l e  u s i n g  t h e  August 22 and 

27,  1980  d a t a ,  w i t h  t h e  August 22 d a t a  r e p r e s e n t i n g  neap t i d e  and August 27 

d a t a  r e p r e s e n t i n g  s p r i n g  t i d e .  E x a m i n a t i o n  o f  f i g u r e s  40  and  4 1  r e v e a l s  

t h a t  t h e r e  w a s  less  i n t r a - t i d a l  d i f f e r e n c e  b e t w e e n  s a l i n i t i e s  a t  a n y  

p a r t i c u l a r  s t a t i o n  on August 22 t h a n  on August 27; mean s a l i n i t y  on  Augus t  

22 was 14.93 p p t  a t  s l a c k  b e f o r e  f l o o d  and 15.09 pp t  a t  s l a c k  b e f o r e  ebb; 

mean s a l i n i t y  on August 27 was 10.44 p p t  a t  s l a c k  b e f o r e  f l o o d  and 12.81 p p t  

a t  s l a c k  b e f o r e  ebb. 

T i d a l  e x c u r s i o n  is t h e  l o n g i t u d i n a l  d i s t a n c e  a  p a r c e l  of w a t e r  t r a v e l s  

d u r i n g  t h e  f l o o d  o r  e b b  t i d e .  A  m e a s u r e  o f  t i d a l  e x c u r s i o n  i s  t h e  

l o n g i t u d i n a l  d i s t a n c e  b e t w e e n  t h e  l o c a t i o n s  o f  s a m e - s a l i n i t y  w a t e r  a t  

c o n s e c u t i v e  s l a c k s ;  o n  f i g u r e s  40  a n d  41 t h i s  m e a s u r e  would  b e  the 

h o r i z o n t a l  d i s t a n c e  between curves .  T h i s  i s  not: a n  exact  m e a s u r e  b e c a u s e  

some m i x i n g  o c c u r s  a s  t h e  p a r c e l  of w a t e r  t r a v e l s  upst ream o r  downstream. 

Depending on whether  l o n g i t u d i n a l  o r  v e r t i c a l  mixing dominates,  a  p a r c e l  o f  

s u r f a c e  w a t e r  moving upstre- d u r i n g  Blood t i d e  cou ld  mix w i t h  f r e s h e r  w a t e r  

coming downstream o r  w i t h  s a l t i e r  w a t e r  from deeper  l a y e r s .  I n  t h e  f o r m e r  
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Distance from Mouth (km) 
F i g u r e  40. August 22,  1980 v e r t i c a l l y  averaged s a l i n i t y  w i t h  d i s t a n c e  

from r i v e r  mouth by phase  of t i d a l  c y c l e .  

A Slack before flood 

x Slack before ebb ---- 
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Distance from Mouth (km) 
F i g u r e  41. August 27, 1980 v e r t i c a l l y  averaged s a l i n i t y  w i t h  d i s t a n c e  

from r i v e r  mouth by phase  of t i d a l  c y c l e .  





c a s e ,  t h e  d i s t a n c e  b e t w e e n  s a m e - s a l i n i t y  w a t e r s  would b e  s h o r t e r  t h a n  t h e  

a c t u a l  t i d a l  excurs ion  d i s t a n c e ;  i n  t h e  l a t t e r  c a s e  t h e  d i s t a n c e  b e t w e e n  

s a m e - s a l i n i t y  w a t e r s  would b e  l o n g e r  t h a n  t h e  a c t u a l  t i d a l  e x c u r s i o n  

d i s t a n c e .  A p a r c e l  of w a t e r  moving downstream w i t h  t h e  ebb t i d e  would mix 

w i t h  s a l t i e r  w a t e r  whether  l o n g i t u d i n a l  o r  v e r t i c a l  mixing dominates;  t h e  

d i s t a n c e  between p a r c e l s  of same-sa l in i ty  s u r f a c e  w a t e r  would t h e r e f o r e  b e  

s h o r t e r  t h a n  t h e  t i d a l  excurs ion  d i s t a n c e ,  

On August 27, 1980 t h e  flood t i d a l  e x c u r s i o n  was s a m p l e d  ( i . e . ,  s l a c k  

b e f o r e  f l o o d  was sampled b e f o r e  s l a c k  b e f o r e  ebb) .  On August 22, 1980, t h e  

ebb t i d a l  e x c u r s i o n  was sampled ( i . e . ,  s l a c k  b e f o r e  ebb was s a m p l e d  b e f o r e  

s l a c k  b e f o r e  f l o o d ) .  The d i s t a n c e  between same-sa l in i ty  s u r f a c e  w a t e r s  on 

August 27 could  be  e i t h e r  l o n g e r  o r  s h o r t e r  t h a n  t h e  a c t u a l  t i d a l  e x c u r s i o n  

d i s t a n c e ,  d e p e n d i n g  on mixing; t h e  d i s t a n c e  between s a m e - s a l i n i t y  s u r f a c e  

w a t e r s  on Augus t  22 s h o u l d  b e  s h o r t e r  t h a n  t h e  a c t u a l  t i d a l  e x c u r s i o n  

d i s t a n c e .  F i g u r e s  43 and 44 a r e  l o n g i t u d i n a l  p l o t s  of s u r f a c e  s a l i n i t y  f o r  

t h e  two sampling days.  By a s s u m i n g  t h a t  s a l i n i t y  c h a n g e d  l i n e a r l y  w i t h  

d i s t a n c e  b e t w e e n  o b s e r v e d  s a l i n i t i e s ,  d i s t a n c e s  b e t w e e n  s a m e - s a l i n i t y  

s u r f a c e  w a t e r  a t  t h e  d i f f e r e n t  s l a c k s  w e r e  c a l c u l a t e d  f o r  e v e r y  0 .5  p p t  

i n t e r v a l  f o r  e a c h  o f  t h e  two d a t e s  ( i . e . ,  t h e  h o r i z o n t a l  d i s t a n c e s  between 

t h e  curves  on f i g u r e s  43 and 44 were c a l c u l a t e d ) .  The mean d i s t a n c e  between 

s a m e - s a l i n i t y  s u r f a c e  w a t e r  between 2.0 and 20.0 p p t  (between approximately  

20 and 80 km from t h e  r i v e r  mouth) on August 22 was 2.5 km: on Augus t  27,  

t h e  mean d i s t a n c e  was 7.5 km. S ince  t h e  August 22 c a l c u l a t i o n  i s  a  measure 

of ebb t i d a l  excurs ion ,  t h e  a c t u a l  t i d a l  e x c u r s i o n  on t h i s  d a t e  was probably  

somewhat g r e a t e r  t h a n  2.5 km. S ince  t i d a l  e x c u r s i o n  shou ld  b e  p r o p o r t i o n a l  

t o  t i d a l  range,  and t h e  p r e d i c t e d  t i d a l  range r a t i o  a t  Mulberry Po in t  (about  

39 km) f o r  August  22 and  27 was 0 .64  m/0.98 m = 0.65, b u t  measured t i d a l  
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Distance from Mouth (km) 
F i g u r e  43. August 2 2 ,  1980 s u r f a c e  s a l i n i t y  w i t h  d i s t a n c e  from 

r i v e r  mouth by phase  of t i d a l  c y c l e .  
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Distance from Mouth (km) 
F i g u r e  44.  August 2 7 ,  1980 s u r f a c e  s a l i n i t y  w i t h  d i s t a n c e  from 

r i v e r  mouth by phase  of t i d a l  c y c l e .  



excurs ion  r a t i o s  were 2.5 km/7.5 km = 0.33, i t  i s  s u s p e c t e d  t h a t  t h e  a c t u a l  

f l o o d  t i d a l  excurs ion  was somewhat s m a l l e r  t h a n  7.5 km, 

C. L imi t  of s a l t w a t e r  i n t r u s i o n  

F i g u r e s  2 t h r o u g h  37 show t h a t ,  u n d e r  a v e r a g e  c o n d i t i o n s ,  on ly  t h e  

lowest  q u a r t e r  t o  t h e  lower  h a l f  of t h e  t i d a l  r i v e r  (160 km long  f r o m  r i v e r  

m o u t h  t o  R i c h m o n d )  h a d  m e a s u r a b l e  s a l i n i t y .  The l i m i t  o f  s a l t w a t e r  

i n t r u s i o n  i s  a  f e a t u r e  o f  l o n g i t u d i n a l  s a l i n i t y  p a t t e r n  w h i c h  i s  o f  

p a r t i c u l a r  p r a c t i c a l  i n t e r e s t .  Not on ly  does it a f f e c t  t h e  d i s t r i b u t i o n  of 

l i v i n g  r e s o u r c e s  i n  a  t i d a l  r i v e r ,  i t  a l s o  p l a y s  a  r o l e  i n  d e c i s i o n s  on 

f r e s h w a t e r  u t i l i z a t i o n .  The l i m i t  of s a l t w a t e r  i n t r u s i o n  may b e  d e f i n e d  a s  

t h e  l o c a t i o n  u p r i v e r  o f  w h i c h  s a l i n i t y  i s  l e s s  t h a n  0 . 2  t o  1 . 0  p p t ,  

d e p e n d i n g  on t h e  purpose of t h e  d e f i n e r .  The l i m i t  of s a l t  w a t e r  i n t r u s i o n  

was c a l c u l a t e d  f o r  e a c h  s a m p l i n g  c r u i s e  w h i c h  s a m p l e d  b o t h  s a l t  a n d  

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

examined s e p a r a t e l y .  Boundar ies  between " s a l t "  and l t f resh"  wa te r  a t  1.0 p p t  

a n d  0 . 5  p p t  w e r e  examined .  To c a l c u l a t e  t h e  upst ream e x t e n t  of s a l t w a t e r  

i n t r u s i o n  f o r  a p a r t i c u l a r  sampling c r u i s e ,  t h e  two s t a t i o n s  w i t h  s a l i n i t i e s  

j u s t  g r e a t e r  t h a n  and  j u s t  l e s s  t h a n  t h e  d e f i n e d  boundary (1.0 o r  0.5 p p t )  

were found, and t h e  d i s t a n c e  a t  w h i c h  t h e  d e f i n e d  b o u n d a r y  would o c c u r ,  

g i v e n  a  l i n e a r  s a l i n i t y  g r a d i e n t  between t h e  two s t a t i o n s ,  was c a l c u l a t e d .  

Monthly mean d i s t a n c e s  from t h e  r i v e r  mouth t o  t h e  upst ream e x t e n t  of bottom 

and  s u r f a c e  s a l t w a t e r  i n t r u s i o n  (when d e f i n e d  a s  1 .0  and 0.5 p p t ) ,  a long 

w i t h  r a n g e s  and s t a n d a r d  d e v i a t i o n s ,  a r e  shown i n  T a b l e s  6  t h r o u g h  9 .  

During t h i s  moni tor ing p e r i o d ,  t h e  o v e r a l l  average  of t h e  l i m i t  of  s a l t w a t e r  

i n t r u s i o n  ( i . e . ,  bottom s a l i n i t y  = 0.5 p p t )  was 75 (+ - 17) km from t h e  r i v e r  

mouth a t  s l a c k  b e f o r e  ebb t i d e ,  and 66 (+ - 18)  km a t  s l a c k  b e f o r e  f l o o d  t i d e .  



Table  6. S a l t w a t e r  i n t r u s i o n  d i s t a n c e  f o r  
bottom s a l t / f r e s h  boundary = 1.0 ppt  

Month T ide  Mean Minimum Maximum 
Dis tance  D i s t a n c e  D i s t a n c e  

J a n  S lack  b e f o r e  f l o o d  50.4 48.8 52 .1  

Feb S lack  b e f o r e  ebb 60.1 31.8 83.1 

Mar Slack b e f o r e  f l o o d  53.1 37.3 78.6 
Slack b e f o r e  ebb 48.5 48.5 48.5 

Apr Slack b e f o r e  f l o o d  46.7 30.7 75.4  
Slack  b e f o r e  ebb 59.8 59.8 59.8 

May Slack b e f o r e  f l o o d  52.8 37.7 70.0 
Slack  be£ o r e  ebb 55.4 49.0 68.1 

J u n  S lack  b e f o r e  f l o o d  52.9 41.2 64.0 
Slack  b e f o r e  ebb 61.8 57.6 69.8 

J u l  Slack b e f o r e  f l o o d  69.7 55.8 84.2 
Slack  b e f o r e  ebb 73.1 63.0 99.9 

Aug Slaclc b e f o r e  f l o o d  7 2.0 55.8 87.9 
Slack  b e f o r e  ebb 91.1 89.5 92.2 

Sep S lack  b e f o r e  f l o o d  68.6 47.4 98.4 
Slack  b e f o r e  ebb 83.9 72.8 99.8 

Oct Slack be£  o r e  f l o o d  75.2 48.2 92.5 
Slack  b e f o r e  ebb 67.5 49.1 79.2 

Nov Slack b e f o r e  f l o o d  64.7 43.2 79.4  
Slack b e f o r e  ebb 49.4 49.4 49.4 

Dec Slack b e f o r e  ebb 69.5 58.0 75.9 

S t d  Dev Number of 
Observa t ions  

(Dis tances  i n  km from r i v e r  mouth) 



Table 7. Sal twater  i n t r u s i o n  d i s t ance  f o r  
bottom s a l t l f r e s h  boundary = 0.5 ppt 

F4onth Tide Mean Minimum Maximum Std Dev Number of 
Distance Distance Distance Observations 

Jan  Slack before  f lood  59.1 49.8 68.3 13.1 2 

Feb Slack be fo re  ebb 86.9 86.9 86.9 1 

Mar Slack before  f lood  54.6 37.9 82.1 24.0 3 
Slack be fo re  ebb 49.6 49.6 49.6 1 

Apr Slack before  f lood 49.4 31.5 79.2 15.4 8 
Slack be fo re  ebb 63.6 63.6 63.6 1 

May Slack before  f lood  55.3 40.4 74.9 13 .O 8 
Slack be fo re  ebb 58.6 49.9 74.9 14.1 3 

Jun Slack before  f lood  55.3 43.1 65.6 8.3 10 
Slack be fo re  ebb 66.5 62.5 74.4 6.8 3 

J u l  Slack before  f lood 77.9 60.9 87.3 10.5 5 
Slack before  ebb 84.3 65.6 114.2 26.2 3 

Aug Slack before  f lood 78.5 61.7 91.9 11.7 8 
Slack be fo re  ebb 97.4 95.2 99.5 3 .O 2 

Sep Slack before  f lood  72.0 48.9 100.8 17.3 10 
Slack be fo re  ebb 85.8 77.3 96.9 7.8 5 

Oct Slack before  f lood 79.1 49.3 101.4 20.0 8 
Slack be fo re  ebb 63.7 49.8 77.7 19.7 2 

Mov Slack before  f lood  67.5 43.6 84.5 17.9 6 

Dec Slack be fo re  ebb 73.4 62.7 79.2 9.3 3 

(Distances i n  km from r i v e r  mouth) 



Table  8. S a l t w a t e r  i n t r u s i o n  d i s t a n c e  f o r  
s u r f a c e  s a l t / f r e s h  boundary= 1.0 ppt  

Plonth T i d e  Mean Minimum Maximum 
Dis tance  D i s t a n c e  D i s t a n c e  

J a n  Slack b e f o r e  f l o o d  47.7 46.2 49.2 

Feb S lack  b e f o r e  ebb 70.2 60.6 79.7 

Mar Slack b e f o r e  f l o o d  50.8 35.8 76.8 
Slack b e f o r e  ebb 47.3 47.3 47.3 

Apr S lack  b e f o r e  f l o o d  49.7 28.3 72.1 
Slack  b e f o r e  ebb 56.4 5G.4 56.4 

May Slack b e f o r e  f l o o d  51.8 34.7 67 .O 
Slack  b e f o r e  ebb 53.8 47.3 65.2 

Jun Slack b e f o r e  f l o o d  51.1  37.4 71.2 
Slack  b e f o r e  ebb 56.3 50.1 65.7 

J u l  S lack  b e f o r e  f l o o d  67.9 55.1 83.6 
Slack b e f o r e  ebb 70.0 61.2 92.2 

Aug Slack b e f o r e  f l o o d  69.9 52.3 86.4 
Slack  b e f o r e  ebb 89.9 88.9 90.4 

Sep Slack b e f o r e  f l o o d  65.9 27.8 92.2 
Slack  b e f o r e  ebb 84.7 77.1 99.7 

Oct Slack be£ o r e  f l o o d  68.9 30.8 92.3 
Slack  b e f o r e  ebb 62.4 38.0 78.1 

Nov S lack  b e f o r e  f l o o d  56.6 29.7 78.1 
Slack  b e f o r e  ebb 49.0 46.4 49.5 

Dec Slack b e f o r e  ebb 65 .O 49.9 73.5 

S t d D e v  Number of 
Observa t ions  

(Dis tances  i n  km from r i v e r  mouth))  



Table 9 .  Sal twater  i n t r u s i o n  d i s t ance  f o r  
su r f ace  s a l t / f  resh boundary = 0.5 ppt 

Month Tide Mean Minimum Maximum 
Distance Distance Distance 

Std Dev Number of 
Observations 

Jan  Slack before  f lood  54.6 49.0 60.2 

Peb Slack be fo re  ebb 74.7 63.7 85.6 

Mar Slack be fo re  f lood 53.6 37.4  80.9 
Slack be fo re  ebb 49.2 49.2 49.2 

Apr Slack before  f lood  51.5 30.8 77.8 
Slack be fo re  ebb 62.4 62.4  62.4 

May Slack before  f lood  55.1 37.4 70 .4  
Slack be fo re  ebb 57.7 49.0 70.4 

Jun Slack before  f lood  55.5 41.1 78.4 
Slack be fo re  ebb 63.6 58.8  71.5 

J u l  Slack before  f lood  75 .O 60.5 87.1 
Slack be fo re  ebb 76.8 64.7 104.4 

Aug Slaclc before  f lood  75.9 60.4 91.0 
Slack be fo re  ebb 97.3 95.2 99.5 

Sep Slack before  f lood 70.9 30.7 100.7 
Slack be fo re  ebb 84.8 74.2 96.9 

Oct Slack be fo re  f lood  73.4  31.3 100.8 
Slack be fo re  ebb 60.8 45.1 76.5 

Nov Slack before  f lood  61.9 40.2 83.1 
Slack be fo re  ebb 49.7 49.7 49.7 

Dec Slack before  ebb 71.0  58.5 77.7 

(Distances i n  km from r i v e r  mouth) 



The upst ream e x t e n t  of s a l t w a t e r  i n t r u s i o n  f o r  w a t e r  a t  t h e  b o t t o m  o f  t h e  

w a t e r  column i s  f u r t h e r  upstream than t h a t  f o r  w a t e r  a t  t h e  t o p  of t h e  w a t e r  

column. 

The e f f e c t  of f r e s h w a t e r  d i s c h a r g e  on t h e  l i m i t  of s a l t w a t e r  i n t r u s i o n  

i s  q u i t e  apparen t .  A s  seen  i n  Tab les  6 t h r o u g h  9 ,  t h e  u p s t r e a m  e x t e n t  o f  

s a l t w a t e r  i n t r u s i o n  was g r e a t e s t  dur ing  J u l y  th rough  October  when f r e s h w a t e r  

d i s c h a r g e  was g e n e r a l l y  l o w e s t ,  and  was l e a s t  i n  March t h r o u g h  May when 

f r e s h w a t e r  d i s c h a r g e  was g e n e r a l l y  g r e a t e s t .  The monthly mean d i s t a n c e s  of 

s a l t w a t e r  i n t r u s i o n  a t  sl.ackwater b e f o r e  f l o o d  a r e  p r e s e n t e d  i n  F i g u r e s  4 5 a  

t o  45d. The l i m i t s  of s a l t w a t e r  i n t r u s i o n  a t  s l a c k  t i d e  b e f o r e  ebb a r e  n o t  

d e p i c t e d  because  t h e  d a t a  s e t  i s  much s m a l l e r .  A l s o  shown i n  t h e  f i g u r e s  

a r e  t h e  mean d i s t a n c e s  e x c l u d i n g  t h o s e  o b s e r v a t i o n s  made when 30-day 

averaged f r e s h w a t e r  d i s c h a r g e s  were e i t h e r  h i g h e r  t h a n  150 p e r c e n t  o r  l o w e r  

t h a n  SO p e r c e n t  o f  t h e  l o n g - t e r m  m o n t h l y  median .  T h e s e  f i g u r e s  show a  

d i s t i n c t  a n n u a l  c y c l e  i n  s a l t w a t e r  i n t r u s i o n  d i s t a n c e  w h i c h  c o r r e l a t e s  

n e g a t i v e l y  w i t h  t h e  h y d r o l o g i c a l  c y c l e  of f r e s h w a t e r  d i s c h a r g e .  

IV. Vertical Stratification 

The s a l i n e  p o r t i o n  o f  t h e  James  R i v e r  i s  a  pa r t i a l ly -mixed  e s t u a r y .  

There i s  some degree  of v e r t i c a l  mixing be tween  f r e s h w a t e r  and  s a l t w a t e r ,  

however, t h e  mixing i s  n o t  complete.  S t r a t i f i c a t i o n  e x i s t s  most of t h e  t ime 

( i . e . ,  s a l i n i t y  a t  a g i v e n  s t a t i o n  g e n e r a l l y  i n c r e a s e s  f r o m  s u r f a c e  t o  

b o t t o m ) .  F r e s h w a t e r  in f low t e n d s  t o  enhance s t r a t i f i c a t i o n ;  t i d a l  mixing 

works t o  e r a s e  v e r t i c a l  inhomogeneity. Meteoro log ica l  e v e n t s  may enhance o r  

weaken s t r a t i f i c a t i o n .  The v e r t i c a l  d i f f u s i o n  c o e f f i c i e n t  in  t h e  James 
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e s t u a r y  averages  about 5 cm / s e c ,  w h i c h  p r o v i d e s  m i x i n g  f o r  a  1 0  m w a t e r  

c o l u m n  i n  a  t i m e  s c a l e  o f  two t o  t h r e e  d a y s .  T h e r e f o r e  t h e  v e r t i c a l  

s a l i n i t y  s t r u c t u r e  i n  t h e  James River  could  v a r y  from day t o  day ( i . e . ,  more 

v a r i a b l e  than  t h e  l o n g i t u d i n a l  p a t t e r n ) ,  

One method of q u a n t i f y i n g  v e r t i c a l  stratification i s  b y  t h e  o v e r a l l  

a v e r a g e  v e r t i c a l  s a l i n i t y  g r a d i e n t  ( i . e . ,  t h e  s u r f a c e  t o  bottom s a l i n i t y  

d i f f e r e n c e  d i v i d e d  by d e p t h ) .  For August 22 ,  1 9 8 0  ( n e a p  t i d e  c o n d i t i o n ) ,  

t h e  a v e r a g e  s a l i n i t y  g r a d i e n t  a t  s l a c k  b e f o r e  f l o o d  was 0.22 p p t l m e t e r ;  a t  

s l a c k  b e f o r e  ebb t h e  average  g r a d i e n t  was 0.18 p p t l m e t e r  ( F i g u r e  4 6 ) .  F o r  

August  27,  1980  ( s p r i n g  t i d e  c o n d i t i o n ) ,  t h e  a v e r a g e  g r a d i e n t  was 0.06 

pp t /mete r  a t  s l a c k  b e f o r e  f l o o d  and  0.07 p p t / m e t e r  a t  s l a c k  b e f o r e  e b b .  

S a l i n i t y  g r a d i e n t s  d i d  n o t  appear  t o  v a r y  s i g n i f i c a n t l y  o v e r  t h e  f lood /ebb  

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

c o n s i s t e n t  w i t h  H a a s '  ( 1 9 7 7 )  o b s e r v a t i o n s  t h a t  v e r t i c a l  homogeneity i n  

s a l i n i t y  was a s s o c i a t e d  w i t h  s p r i n g  t i d e s ,  and s t r a t i f i c a t i o n  was a s s o c i a t e d  

w i t h  o t h e r  phases  of t h e  s p r i n g / n e a p  c y c l e  i n  t h e  York River  e s t u a r y .  

F i g u r e s  47 t o  58  p r e s e n t  t h e  average  v e r t i c a l  g r a d i e n t s  f o r  e a c h  month 

o f  t h e  y e a r  a s  a  f u n c t i o n  of t h e  d i s t a n c e  a long  t h e  r i v e r .  Z t  appears  t h a t  

t h e  g r a d i e n t  was g e n e r a l l y  h i g h e s t  i n  t h e  m i d d l e  r e a c h  o f  t h e  e s t u a r y  and  

d e c r e a s e d  w i t h  d i s t a n c e  b o t h  upstream and downstream. The o v e r a l l  v e r t i c a l  

s a l i n i t y  g r a d i e n t s  f o r  e a c h  s t a t i o n  w i t h  a c o m p l e t e  r e c o r d  o v e r  t h e  

m o n i t o r i n g  p e r i o d  w e r e  p l o t t e d  i n  f i g u r e  5 9 .  The s t r a t i f i c a t i o n  was 

s t r o n g e s t  i n  t h e  r e g i o n  b e t w e e n  20  t o  40 km f r o m  t h e  r i v e r  mouth.  T h i s  

s u g g e s t s  t h a t  t h e  t w o - l a y e r e d  e s t u a r i n e  c i r c u l a t i o n  was s t r o n g e s t  i n  t h i s  

r e a c h  of t h e  e s t u a r y .  

F r e s h w a t e r  d i s c h a r g e  is  a l s o  expected t o  a f f e c t  t h e  v e r t i c a l  s a l i n i t y  
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Figure  47.  January v e r t i c a l  s a l i n i t y  g rad ien t  w i t h  d i s t a n c e  from r i v e r  mouth. 
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Figure 59. Vertical s a l i n i t y  gradient  w i t h  d i s tance  from r i v e r  mouth by phase of  

t i d a l  cycl e  f o r  s t a t i o n s  moni tored  from 1971 -1 985. 



s t r u c t u r e ,  b u t  a  s e a s o n a l  p a t t e r n  i s  n o t  e v i d e n t  i n  f i g u r e s  47 t o  5 8 .  

F i g u r e s  60a t o  60h show t h e  v a r i a t i o n  i n  monthly averaged s a l i n i t y  g r a d i e n t s  

a t  s e l e c t e d  s t a t i o n s .  Also p r e s e n t e d  i n  t h e  f i g u r e s  a r e  t h e  monthly average  

g r a d i e n t s  exc lud ing  t h o s e  su rveys  conducted when f r e s h w a t e r  d i s c h a r g e s  were 

e i t h e r  h i g h e r  t h a n  150 p e r c e n t  o r  lower t h a n  50 p e r c e n t  of long- term median  

o f  a v e r a g e  m o n t h l y  f l o w s ,  The s a l i n i t y  g r a d i e n t s  were s m a l l e r ,  by v a r y i n g  

amounts, i n  August t o  October than  i n  March t o  May i n  t h e  l o w e r  p o r t i o n  o f  

t h e  e s t u a r y  ( F i g u r e s  6 0 a  t o  6 0 f ) .  I n  t h e  upper  e s t u a r y  (F igures  60g and 

6 0 h ) ,  s a l i n i t y  g r a d i e n t s  were g r e a t e s t  d u r i n g  Augus t  t o  November. T h i s  

r e v e r s e d  s e a s o n a l  p a t t e r n  i n  t h e  upper  e s t u a r y  was due t o  g r e a t e r  i n t r u s i o n  

of s a l t w a t e r  i n t o  t h i s  p o r t i o n  of t h e  e s t u a r y  i n  d r i e r  months, 

V. Statistical Regressions on Freshwater Discharge 

A s  d i s c u s s e d  i n  t h e  p rev ious  s e c t i o n s ,  t h e  f r e s h w a t e r  d i s c h a r g e  i s  a n  

i m p o r t  a n t  f a c t o r  c o n t r o l l i n g  t h e  s a l i n i t y  l e v e l  i n  t h e  James River  e s t u a r y ,  

Furthermore,  t h e  des ign  of t h e  s l a c k w a t e r  s u r v e y s  was such  t h a t  t h e  d a t a  s e t  

i s  more s u i t a b l e  f o r  d e m o n s t r a t i n g  t h e  e f f e c t  o f  t h e  seasona l ly -vary ing  

f r e s h w a t e r  d i s c h a r g e  t h a n  t h a t  o f  t h e  s h o r t - t e r m  t i d a l  v a r i a t i o n s ,  The 

fo l lowing  s t a t i s t i c a l  a n a l y s e s  r e l a t e  f r e s h w a t e r  d i s c h a r g e  t o  t h o s e  f e a t u r e s  

of s a l i n i t y  d i s t r i b u t i o n s  which a r e  l e s s  a f f e c t e d  b y  o t h e r  f a c t o r s .  The 

f r e s h w a t e r  d i s c h a r g e s  used i n  t h e  a n a l y s e s  a r e  t h e  d a i l y  d i s c h a r g e s  measured 

i n  t h e  James River  n e a r  Richmond, w i t h  adjus tment  f o r  d i v e r s i o n ,  A l t h o u g h  

f a c t o r i n g  i n  a d d i t i o n a l  d i s c h a r g e s  f r o m  t h e  Appomattox, Chickahominy and 

o t h e r  r i v e r s  would have l e d  t o  a  more a c c u r a t e  measure o f  t o t a l  f r e s h w a t e r  

d i s c h a r g e ,  s i n c e  t h e  emphasis h e r e  was on s e a s o n a l  t r e n d s  i n  d i s c h a r g e  which 

would have been s i m i l a r  f o r  a l l  r i v e r s ,  t h e  c h o i c e  o f  j u s t  t h e  Richmond 







d i s c h a r g e ,  which accounts  f o r  approximately  67 p e r c e n t  of t h e  James R i v e r ' s  

t o t a l  d r a i n a g e  a r e a ,  seemed j u s t i f i e d .  

A. L imi t  of s a l t w a t e r  i n t r u s i o n  

Four s e t s  of s a l t w a t e r  i n t r u s i o n  d i s t a n c e s  were c a l c u l a t e d  f r o m  f i e l d  

d a t a  u s i n g  l i n e a r  i n t e r p o l a t i o n  b e t w e e n  d a t a  p o i n t s  ( s e e  d i s c u s s i o n  i n  

S e c t i o n  1 1 1 ) .  S u r f a c e  a n d  b o t t o m  w a t e r s  w e r e  t r e a t e d  s e p a r a t e l y  w i t h  

l o c a t i o n s  o f  0 .5  p p t  and  1 .0  p p t  s a l i n i t y  d e f i n e d  a s  i n t r u s i o n  l i m i t ,  I n  

F i g u r e s  61a t o  61d, t h e  l i m i t  of s a l t w a t e r  i n t r u s i o n  f o r  each  s a m p l i n g  d a t e  

was p l o t t e d  a g a i n s t  t h e  a v e r a g e  f r e s h w a t e r  d i s c h a r g e  f o r  t h e  30  d a y s  

p reced ing  and i n c l u d i n g  t h e  s a m p l i n g  d a t e .  T h e s e  p l o t s  show a  g e n e r a l l y  

n e g a t i v e  b u t  n o n l i n e a r  r e l a t i o n s h i p  between t h e  l i m i t  of s a l t w a t e r  i n t r u s i o n  

and f r e s h w a t e r  d i s c h a r g e  ( i . e . ,  a s  f r e s h w a t e r  d i s c h a r g e  i n c r e a s e d ,  t h e  

u p s t r e a m  e x t e n t  of s a l t w a t e r  i n t r u s i o n  decreased) .  A l o g  t r a n s f o r m a t i o n  of 

t h e  a v e r a g e  f r e s h w a t e r  d i s c h a r g e  p r o d u c e d  a  more  l i n e a r  r e l a t i o n s h i p .  

F i g u r e s  6 2 a  t o  62h show t h e  d i s t a n c e  of s a l t w a t e r  i n t r u s i o n  p l o t t e d  a g a i n s t  

t h e  l o g  o f  30-day a v e r a g e  d i s c h a r g e  and  r e g r e s s i o n  l i n e s .  C o n f i d e n c e  

i n t e r v a l s  (95  p e r c e n t )  a r e  a l s o  shown. I f  t h e  r e g r e s s i o n  l i n e  was used t o  

p r e d i c t  a specific s a l t w a t e r  i n t r u s i o n  d i s t a n c e  f o r  a  g i v e n  d i s c h a r g e ,  o n e  

would b e  95  p e r c e n t  c o n f i d e n t  t h a t  t h e  s a l t w a t e r  i n t r u s i o n  d i s t a n c e  would 

f a l l  w i t h i n  t h e  wider c o n f i d e n c e  i n t e r v a l  shown on t h e  f i g u r e s .  I f  t h e  

r e g r e s s i o n  l i n e  was used t o  p r e d i c t  t h e  average s a l t w a t e r  i n t r u s i o n  d i s t a n c e  

f o r  a g iven  d i s c h a r g e ,  one would be  95 p e r c e n t  c o n f i d e n t  t h a t  t h e  a v e r a g e  

s a l t w a t e r  i n t r u s i o n  d i s t a n c e  would f a l l  w i t h i n  t h e  narrow c o n f i d e n c e  

i n t e r v a l  shown on t h e  f i g u r e s .  T a b l e  10 p r e s e n t s  t h e  r e s u l t s  o f  l e a s t  

s q u a r e s  l i n e a r  r e g r e s s i o n s ,  which r e v e a l  t h a t  t h e  r e g r e s s i o n  model e x p l a i n e d  

a p p r o x i m a t e l y  80 t o  85  p e r c e n t  o f  t h e  v a r i a n c e  i n  s a l t w a t e r  i n t r u s i o n  



6 200 &o w o  860 lob0 
30-day averaged diichqe (rn3s-') 

a. b o t t 6 m s a l t / f r e s h  boundary = 1 . 0  
Slack before  f lood  

o o 40 soo aio lob0 
30-duy averaged diichqe (m35' ) 

c .  s u r f a c e  s a l t l f r e s h  boundary = 1 . 0  p p t  

30-day averaged discharge (m3s-') 
, bot tom s a l t l f r e s h  boundary = 0.5 

F i g u r e  61. S a l t w a t e r  i n t r u s i o n  d i s t a n c e  w i t h  30-day averaged f r e s h w a t e r  d i s c h a r g e .  
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Log of 30-day averaged discharge 

Figure 626. Regression of  s a l t w a t e r  i n t r u s i o n  d i s t ance  on log  o f  30-day averaged discharge f o r  
bottom s a l t / f r e s h  boundary = 1.0  ppt  a t  s l ack  before ebb t i d e  (95% confidence 
i n t e r v a l s  f o r  mean and s p e c i f i c  s a l  twater  i n t r u s i o n  d i s t a n c e s ) .  
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Log of 30-day averaged discharge 

Figure 62d .  Regression of saltwater intrusion distance on log of 30-day averaged discharge 
for  bot tom sal t / f resh boundary = 0.5 p p t  a t  slack before ebb tide,.(95% confi- 
dence intervals for mean and specif ic  saltwater intrusion distances). 



Log of 30-day averaged discharge 

Figure 62e. Regression o f  sdlltwater intrusion distance on log of 30-day averaged discharge 
for surface sal t / f resh boundary = 1.0 p p t  a t  slack before flood t ide  (95% con- 
f i  dence intervals for mean and specif ic  saltwater intrusion distances).  



Log of 30-day averaged discharge 

Figure 62f. Regression of saltwater intrusion distance on log of 30-day averaged discharge 
for surface saltfifresh boundary = 1.0 p p t  a t  slack before ebb t ide  (95% con- 
fidence intervals for mean and specif ic  saltwater intrusion distances).  



FTi gure 629. Regression of saltwater intrusion distance on log of 30-day averaged discharge 
for surface sal t / f resh boundary = 0.5 p p t  a t  slack before flood t ide  (95% con- 
fidence intervals for mean and speci f i c  saltwater intrusion distances). 



Log of 30-day averaged discharge 

Figure 62h. Regression of s a l t w a t e r  in t rus ion  d is tance  on log  of  30-day averaged discharge 
f o r  su r face  s a l t / f r e s h  boundary = 0.5 ppt a t  s l ack  before ebb t i d e  (95% con- 
fi dence in t e rva l  s  f o r  mean and speci f i  c  sa l  twater  in t rus ion  d i s t ances )  . 



Table  10. Regress ion of s a l t w a t e r  i n t r u s i o n  d i s t a n c e  on t h e  l o g  of 
averaged f r e s h w a t e r  d i s c h a r g e .  

Number of S a l t /  S u r f a c e ( S )  
days F r e s h  o r  Bottom(B) T i d e  

averaged Bou.nda r y  S a l i n i t y  R-squared Slope Y- in te rcep t  S t a t e  
( P P ~ )  

7 1 .0 B 0.73 -37.7 144.2 sbf  
7 1 .O B 0.81 -34.6 144.7 sbe  

sb  f 
s b e  
sb  f  
s b e  
sb  f  
sb  e  
sb  f  
s b e  

27 1 .O B 0.83 -41.5 154.7 sb  f  
27 1.0 B 0.83 -39.4 155.4 s b e  
24 1.0 I1 0.82 -41.5 156.2 b o t h  

2 8 1 .O B 0.83 -41.8 155.2 sb  f  
28 1 .O B 0.83 -39.8 156.1 s b e  
2 8 1.0 B  0.82 -41.8 156.8 b o t h  

sb f  = s l a c k  b e f o r e  f l o o d ;  s b e  = s l a c k  b e f o r e  ebb 
A l l  r e g r e s s i o n s  s i g n i f i c a n t  a t  a l p h a  < 0.001 l e v e l .  

Note: To u s e  r e g r e s s i o n  e q u a t i o n  f o r  p r e d i c t i o n  of t h e  
s a l t w a t e r  i n t r u s i o n  d i s t a n c e ,  use:  

where L  = s a l t w a t e r  i n t r u s i o n  d i s t a n c e  (km from r i v e r  mouth) 
a  = y - i n t e r c e p t  from t a b l e  
b  = s l o p e  from t a b l e  

3 -1 
l o @  = Log of averaged d i s c h a r g e  i n  m s 

sbf  
s h e  
sb  f  
s h e  
sbf  
sb  e  
sb  f 
s b e  

R-squared i s  t h e  p r o p o r t i o n  of t h e  v a r i a t i o n  i n  t h e  s a l t w a t e r  
i n t r u s i o n  d i s t a n c e  t h a t  i s  exp la ined  by t h e  l o g  of 
averaged f r e s l i v ~ a t e r  d i scharge .  



d i s t a n c e ,  s u g g e s t i n g  t h a t  t h e  l o g  of averaged f r e s h w a t e r  d i s c h a r g e  is  a  good 

p r e d i c t o r  o f  t h e  s a l t w a t e r  i n t r u s i o n  d i s t a n c e .  The model w i t h  l o g  of 30-day 

a v e r a g e d  d i s c h a r g e  e x p l a i n e d  s l i g h t l y  more  o f  t h e  v a r i a n c e  i n  s a l t w a t e r  

i n t r u s i o n  d i s t a n c e  than  t h e  model w i t h  l o g  o f  15-day a v e r a g e d  d i s c h a r g e ,  

The l i m i t  of s a l t w a t e r  i n t r u s i o n  a t  s l a c k  b e f o r e  ebb t i d e  was more dependent 

on d i s c h a r g e  t h a n  t h a t  a t  s l a c k  b e f o r e  f l o o d  t i d e  e x c e p t  f o r  t h e  l i m i t  o f  

b o t t o m  s a l i n i t y  (0.5 p p t )  i n t r u s i o n ,  f o r  which t h e  d i s t a n c e  a t  s l a c k  b e f o r e  

f l o o d  t i d e  was more dependent on d i s c h a r g e  t h a n  t h a t  a t  s l a c k  b e f o r e  ebb  

t i d e .  A r e g r e s s i o n  a n a l y s i s  was p e r f o r m e d  by adding v a r i o u s  d e l a y  times 

between t h e  30-day averag ing  p e r i o d  and t h e  d a t e  of t h e  f i e l d  s u r v e y .  The 

d e p e n d e n c e  o f  s a l t w a t e r  i n t r u s i o n  d i s t a n c e  on d i s c h a r g e  d e c r e a s e d  w i t h  

a d d i t i o n  of d e l a y  t ime. 

B. S a l i n i t y  a t  f i x e d  s t a t i o n s  

S a l i n i t y  a t  a g i v e n  l o c a t i o n  i n  t h e  e s t u a r y  u s u a l l y  had a  n e g a t i v e  

r e l a t i o n s h i p  w i t h  f r e s h w a t e r  d i scharge .  L i n e a r  r e g r e s s i o n s  were performed 

t o  i n v e s t i g a t e  t h e  dependence of s a l i n i t y  a t  s e l e c t e d  s t a t i o n s  on t h e  l o g  of 

a v e r a g e d  d i s c h a r g e .  The d i s c h a r g e s  were averaged over  v a r i o u s  nurnbers of 

days;  it was found t h a t  t h e  r e g r e s s i o n  models  f o r  28- t o  30-day a v e r a g e d  

d i s c h a r g e  e x p l a i n e d  m o r e  v a r i a n c e  i n  s a l i n i t y  t h a n  m o d e l s  f o r  o t h e r  

averag ing  i n t e r v a l s  f o r  a l l  t h e  s t a t i o n s  examined .  T a b l e  1 1  p r e s e n t s  t h e  

r e s u l t s  of l i n e a r  r e g r e s s i o n  o f  s a l i n i t y  a t  s e l e c t e d  s t a t i o n s  on 30-day 

averaged d i scharge .  E x c e p t  f o r  t h e  s t a t i o n  a t  t h e  mouth,  t h e  R-squared  

v a l u e s  ( a l p h a  l e v e l  = 0 . 0 0 1 )  w e r e  h i g h e r  t h a n  0 .61 ,  0 .63 ,  and  0 . 5 1 ,  

r e s p e c t i v e l y  f o r  v e r t  i ca l ly -averaged ,  s u r f a c e  and  b o t t o m  s a l i n i t i e s  . The 

a b s o l u t e  v a l u e  o f  t h e  s l o p e  o f  t h e  r e g r e s s i o n  l i n e  was g r e a t e s t  i n  t h e  

m i d d l e  r e a c h  o f  t h e  e s t u a r y ;  t h i s  c o i n c i d e d  w i t h  t h e  l o c a t i o n  o f  t h e  



Table  11. R e g r e s s i o ~ i  of s a l i n i t y  on t h e  l o g  of 30-day a v e r a g e d  f r e s l ~ w a t e r  
d i s c h a r g e .  

Depth of  # of sampling 
s a l i n i t y  days  on tit~j.ch 

S t a t i o n  sampled R-squared s l o p e  y - i n t e r c e p t  s a l i n i t y  observed 

0.0 kin S 
17.3 km S 
22.71 1c.m S 
31.85 lzn S 
36.57 lrm S  
38.13 1cm S 
43.85 km S 
50.191cm S 
65 .94km S  

0 . 0 lclrl 

17.3 km 
22.71 lzm 
31.85 lcnl 
36.57 krn 
38.18 Zcm 
43.35 lcm 
50.19 krn 
65.94 km 

.14  -3.63 

.5 2 -7.58 

.52 -7.22 

.5 1 -10.17 
Regress ion  n o t  
.54 -11.37 
.70 -10.60 
.71 -9.56 
.63 -5.84 

33.62 
35.17 
33.97 
36.09 

s i g n i f i c a n t .  
35.26 
30.32 
25.83 
14.70 

V = V e r t i c a l l y  averaged s a l i n i t y  
S = S u r f a c e  s a l i n i t y  
B = Bottonl s a l i n i t y  



g r e a t e s t  l o n g i t u d i n a l  s a l i n i t y  g r a d i e n t .  

The s a l i n i t y  d a t a  a t  s t a t i o n  31.85 km a r e  p l o t t e d  i n  f i g u r e s  63a t o  63c 

a g a i n s t  t h e  l o g  of 30-day averaged f r e s h w a t e r  d i s c h a r g e ,  Also shown i n  t h e  

f i g u r e s  a r e  t h e  r e g r e s s i o n  l i n e s  and t h e  conf idence  i n t e r v a l s  f o r  p r e d i c t i n g  

t h e  mean a n d  s p e c i f i c  s a l i n i t y .  I n c o r p o r a t i n g  t ime d e l a y s  between t h e  30- 

day averag ing  p e r i o d  and t h e  sampling d a t e  d i d  n o t  improve t h e  r e l a t i o n s h i p  

between s a l i n i t y  and d i s c h a r g e .  

I n  t h i s  r e p o r t ,  we have a t t empted  t o  d e s c r i b e  s a l i n i t y  c o n d i t i o n s ,  and 

i l l u s t r a t e  and i n t e r p r e t  v a r i a t i o n s  i n  s a l i n i t y  c o n d i t i o n s ,  i n  t h e  James  

R i v e r  u s i n g  t h e  V I M S  s l a c k w a t e r  s u r v e y  d a t a  o f  1971-1985. The s a l i n i t y  

c o n d i t i o n s  were examined i n  terms of l o n g i t u d i n a l  d i s t r i b u t i o n ,  d i s t a n c e  o f  

s a l t w a t e r  i n t r u s i o n  and v e r t i c a l  s t r a t i f i c a t i o n .  F a c t o r s  a f f e c t i n g  s a l i n i t y  

which were exp lored  were t i d a l  e f f e c t s  and f r e s h w a t e r  d i s c h a r g e .  

I t  was f o u n d  t h a t  most o f  t h e  VIMS s lacl twater  su rveys  were conducted 

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

d i s c h a r g e s  a t  Richmond and  Kanawha C a n a l  g a g e s  averaged  o v e r  t h e  30 day 

p e r i o d  p receed ing  and i n c l u d i n g  t h e  su rvey  d a t e s )  much h i g h e r  t h a n  t h e  long- 

term median of mean monthly d i s c h a r g e s .  S ince  s a l i n i t y  is i n v e r s e l y  r e l a t e d  

t o  f r e s h w a t e r  d i s c h a r g e ,  a  s imple  averag ing  o f  a l l  s a l i n i t i e s  m e a s u r e d  b y  

t h e  VIMS s u r v e y s  a t  a  p a r t i c u l a r  month o f  t h e  y e a r  would  r e s u l t  i n  low 

e s t i m a t e s  of " t y p i c a l "  s a l i n i t y  f o r  t h e  month. Surveys which were conducted 

u n d e r  more  t y p i c a l  d i s c h a r g e s  ( i . e . ,  w i t h i n  50-150 p e r c e n t  of t h e  long-term 

median of mean monthly d i s c h a r g e s )  were s e l e c t e d  f o r  e s t i m a t i o n  of " t y p i c a l "  

s a l i n i t i e s .  The " t y p i c a l 1 1  l o n g i t u d i n a l  s a l i n i t y  p a t t e r n s  show a  d i s t i n c t  
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s e a s o n a l  v a r i a t i o n  i n  response t o  t h e  annual  h y d r o l o g i c a l  c y c l e .  S a l i n i t i e s  

i n  August averaged 7 ppt  h i g h e r  than t h o s e  i n  March. 

T i d a l  v a r i a t i o n s  i n  s a l i n i t y  w e r e  examined  w i t h  d a t a  f r o m  t h e  two 

survey d a t e s  which occured i n  one month, r e p r e s e n t i n g  s p r i n g  and neap t i d e s ,  

on which b o t h  s l a c k  b e f o r e  f l o o d  and s l a c k  b e f o r e  ebb t i d e s  w e r e  s u r v e y e d .  

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

e s t u a r y  (approximately  20-50 km) , w h e r e  t h e  r a n g e s  o f  v a r i a t i o n  a v e r a g e d  

a b o u t  3 .2  p p t  a t  s p r i n g  t i d e  and  l ess  t h a n  0 . 6  p p t  a t  neap t i d e .  T i d a l  

e x c u r s i o n  was e s t i m a t e d  a t  less t h a n  7.5 km a t  s p r i n g  t i d e ,  and g r e a t e r  t h a n  

2.5 km a t  neap t i d e .  

V e r t i c a l  s t r a t i f i c a t i o n  was g r e a t e s t  (approximately  0.5 ppt/m) i n  mid- 

e s t u a r y .  The v e r t i c a l  s a l i n i t y  g r a d i e n t  was g r e a t e r  a t  s l a c k  b e f o r e  f l o o d  

than  a t  s l a c k  b e f o r e  ebb. I n  t h e  lower t o  middle e s t u a r y  ( i . e . ,  0-50 km) . 
v e r t i c a l  s a l i n i t y  g r a d i e n t s  i n  March-May w e r e  g r e a t e r  t h a n  i n  Augus t -  

October.  Due t o  g r e a t e r  s a l t w a t e r  i n t r u s i o n  d i s t a n c e  i n  t h e  d r i e r  months ,  

t h e  v e r t i c a l  s a l i n i t y  g r a d i e n t  i n  t h e  u p p e r  e s t u a r y  ( i . e . ,  > 50 km) was 

g r e a t e s t  i n  A u g u s t - N o v e m b e r .  T h e  v e r t i c a l  s a l i n i t y  g r a d i e n t  w a s  

approximately  0.2 ppt/m a t  neap t i d e ,  and l e s s  than  0.1 ppt/m a t  s p r i n g  t i d e  

f o r  t h e  two survey  d a t e s  on which b o t h  s l a c k s  were sampled. 

The s a l t w a t e r  i n t r u s i o n  d i s t a n c e  was found t o  be  h i g h l y  dependent on 

f r e s h w a t e r  d i s c h a r g e ;  s p e c i f i c a l l y ,  a r e g r e s s i o n  w i t h  1 o g  o f  3 0 - d a y  

a v e r a g e d  f r e s h w a t e r  d i s c h a r g e  e x p l a i n e d  80-85 p e r c e n t  of t h e  v a r i a t i o n  i n  

s a l t w a t e r  i n t r u s i o n  d i s t a n c e .  Averaging f r e s h w a t e r  d i s c h a r g e  o v e r  3 0  d a y s  

p r o d u c e d  a  b e t t e r  e s t i m a t e  o f  s a l t w a t e r  i n t r u s i o n  d i s t a n c e  t h a n  averag ing  

over  o t h e r  numbers of days ,  The l i m i t  of s a l t w a t e r  i n t r u s i o n  ( d e f i n e d  as 

0.5 p p t  a t  t h e  b o t t o m )  r a n g e d  f r o m  a p p r o x i m a t e l y  50 km i n  March-April t o  



approximately 80 km i n  August-October. The o v e r a l l  average was 75 (2  17) km 

a t  s l a c k  be fo re  ebb t i d e ,  and 66 (+ - 18) km a t  s l a c k  be fo re  f lood  t i d e .  

S a l i n i t i e s  a t  f i xed  s t a t i o n s  were a l s o  found t o  be  highly dependent  on 

f reshwater  discharge.  Again, averaging f reshwater  d i scharge  over 28-30 days 

produced  b e t t e r  e s t i m a t e s  of s a l i n i t y  t h a n  o t h e r  a v e r a g i n g  i n t e r v a l s .  

S a l i n i t y  a t  s t a t i o n s  i n  t h e  middle  reach of t h e  e s t u a r y  changed more w i th  

changes i n  f reshwater  d i scharge  than s a l i n i t y  a t  s t a t i o n s  i n  o t h e r  p a r t s  o f  

t h e  e s tua ry ,  co inc id ing  wi th  t h e  g r e a t e s t  l ong i tud ina l  and v e r t i c a l  s a l i n i t y  

g rad i en t s .  

S a l i n i t y  c h a r a c t e r i s i t i c s  o f  t h e  J a m e s  R i v e r  a r e  i m p o r t a n t  i n  

d e t e r m i n i n g  t h e  d i s t r i b u t i o n  of  many o rgan i sms  and i n  d e t e r m i n i n g  t h e  

p o s s i b l e  uses  of t h e  r i v e r ' s  water .  I t  i s  hoped t h a t  t h i s  repor t  w i l l  be of 

some use  t o  s c i e n t i s t s ,  e n g i n e e r s ,  and managers  i n  t h e i r  s t u d i e s  of  t h e  

James River es tuary .  
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