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ABSTRACT 

The s p e c i f i c  o b j e c t i v e s  of t h i s  r e s e a r c h  a r e  f o u r  i n  number: t o  

develop p r e d i c t i v e  models f o r  n u t r i e n t s  and a s s o c i a t e d  water  q u a l i t y  

parameters  i n  t h e  Pamlico Estuary f o r  u s e  i n  managing t h a t  a q u a t i c  

system, t o  c a l i b r a t e  and v e r i f y  t h e s e  models u s ing  a v a i l a b l e  d a t a ,  t o  

use  t h e  models t o  s imu la t e  o r  p r e d i c t  water  q u a l i t y  i n  t h e  Pamlico 

Es tuary  under d i f f e r e n t  n u t r i e n t  l oad ings ,  and t o  u s e  t h e  model t o  

eva lua t e  t h e  s i g n i f i c a n c e  of s e l e c t e d  p h y s i c a l ,  chemical and b i o l o g i c a l  

p rocesses  i n  t h e  e s tua ry .  

Two s t eady - s t a t e  , one-dimensional models have been developed and 

v e r i f i e d .  One model, designed f o r  w i n t e r  cond i t i ons ,  cons ide r s  

phosphorus a s  t h e  n u t r i e n t  l i m i t i n g  a l g a l  growth dur ing  t h a t  season.  

The second model, developed f o r  summer seasons ,  is  based on n i t r o g e n  

a s  t h e  l i m i t i n g  n u t r i e n t .  

S imula t ions  us ing  t h e s e  models i n d i c a t e  t h a t  p a s t  i n d u s t r i a l  

d i scharges  of phosphorus have had s i g n i f i c a n t  e f f e c t s  on water  q u a l i t y  

i n  t h e  e s t u a r y ,  Add i t i ona l  s imu la t i ons  i n d i c a t e  t h a t  r educ t ion  of 

phosphorus i n p u t s  t o  l e v e l s  s p e c i f i e d  i n  p r e s e n t  d i s cha rge  pe rmi t s  w i l l  

produce s u b s t a n t i a l  improvements i n  water  q u a l i t y .  

The r e sea rch  a l s o  i n d i c a t e s  t h a t  n i t r o g e n  inco rpo ra t ed  i n t o  

a l g a l  blooms during a  w in t e r  season is  de t a ined  i n  e s tua ry  sediments  u n t i l  

t h e  fo l lowing  summer, when i t  can be  used aga in  a s  a  n u t r i e n t  sou rce  

under t h e  n i t rogen - l imi t ed  cond i t i ons  t h a t  p r e v a i l  a t  t h a t  t i m e .  The 

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

a  major f a c t o r  i n  summer a l g a l  blooms, 
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Summary and Conclusions 

The models developed i n  t h i s  r e s e a r c h  a r e  made p o s s i b l e  by ex tens ive  

f i e l d  d a t a  f o r  t h e  Pamlico Estuary obta ined  by Hobbie and coworkers 

during t h e  yea r s  1970 t o  1973, and by d a t a  f o r  t h e  Texasgulf d i scha rge  

obtained over t h e  same per iod  by personnel  a t  Texasgul f ,  

Two s t eady- s t a t e ,  one-dimensional models f o r  t h e  Pamlico Es tuary  have 

been developed. One i s  f o r  w in te r  seasons ,  and i s  based on phosphorus being 

t h e  l i m i t i n g  n u t r i e n t  f o r  photosynthe t ic  p roces ses ,  It p e n n i t s  p r e d i c t i o n s  

of concent ra t ions  of such water  q u a l i t y  parameters  a s  r e a c t i v e  n i t r o g e n ,  

r e a c t i v e  phosphorus, and ch lorophyl l  a  a s  func t ions  of t h e  i n p u t s  of 

n u t r i e n t s  and r i v e r  flow t o  t h e  e s t u a r y  system. The second model i s  f o r  

summer seasons,  and cons iders  n i t r o g e n  a s  t h e  l i m i t i n g  n u t r i e n t .  I t  a l s o  

permits  p r e d i c t i o n s  of e s tua ry  q u a l i t y  a s  a  func t ion  of i n p u t s  t o  t h e  

es tuary  system. The s e l e c t i o n  of t h e  s u i t a b l e  l i m i t i n g  n u t r i e n t  f o r  each 

season was f i r s t  made on t h e  b a s i s  of eva lua t ions  of t h e  i n p u t s  of N and P  

t o  t h e  e s tua ry ,  and then t e s t e d  by comparing t h e  r e s u l t i n g  model w i t h  f i e l d  

observa t ions .  

Based on t h e s e  models, t h e  fol lowing conclus ions  and i n t e r p r e t a t i o n s  a r e  

made. 

1. During a  w in te r  season,  i no rgan ic  n i t rogen  ( l a r g e l y  n i t r a t e )  e n t e r s  

t h e  e s tua ry  from upstream sources  i n  t h e  Tar River  flow, This 

n i t rogen  then r e a c t s  wi th  phosphorus t h a t  o r i g i n a t e s  p r imar i ly  i n  t h e  

i n d u s t r i a l  d i scharge  t o  produce a l g a l  blooms. These win te r  blooms a r e  

t h e  l a r g e s t  t h a t  occur  during a complete annual  c y c l e ,  The blooms a r e  

u sua l ly  l oca t ed  midlength along t h e  e s t u a r y ,  i n  t h e  reg ion  of t h e  

i n d u s t r i a l  d i scharge .  A s u b s t a n t i a l  p o r t i o n  of t h e  biomass t h a t  i s  



produced then s e t t l e s  and is de ta ined  i n  t h e  e s t u a r y ,  The f i e l d  

d a t a  a r e  c o n s i s t e n t  w i t h  t h e  assumption of phosphorus l i m i t a t i o n .  

2 .  During summer seasons,  t h e  e s t u a r y  i s  seve re ly  n i t r o g e n  l i m i t e d .  

The i n p u t s  of n i t rogen  t o  t h e  e s tua ry  from upstream sources  a r e  

much l e s s  i n  summer than i n  w i n t e r ,  The causes of t h i s  r educ t ion  

a r e  n o t  known w i t h  c e r t a i n t y .  I t  is proposed he re  t h a t  n i t r o g e n  

i s  r e t a i n e d  on t h e  land by pho tosyn the t i c  processes  t o  a much 

g r e a t e r  e x t e n t  i n  summer than i n  w in te r ,  so  t h a t  i t  cannot be 

washed away i n  runof f .  I n  a d d i t i o n ,  runoff i s  lower i n  summer 

than  i n  w i n t e r ,  Th i s  combination of low s o l u b l e  n i t r o g e n  a v a i l -  

a b i l i t y  on land and low runoff from upstream s i g n i f i c a n t l y  

reduces n i t r o g e n  i n p u t s  t o  t h e  e s tua ry  dur ing  summer seasons .  

3 .  A s i g n i f i c a n t  source  of n i t r o g e n  i n p u t s  t o  t h e  e s t u a r y  during t h e  

summer a r i s e s  from t h e  e s tua ry  sediments.  A s u b s t a n t i a l  p o r t i o n  

of t h i s  sedimentary n i t rogen  a r i s e s  from organic  n i t r o g e n  depos i ted  

during win te r  seasons ,  This  n i t r o g e n  i s  r e l e a s e d  t o  t h e  over ly ing  

waters  p r imar i ly  a s  NH3 a s  warm summer temperatures  provide  

condi t ions  f o r  h e t e r o t r o p h i c  b i o l o g i c a l  a c t i v i t y  i n  t h e  sediments .  

4 .  During t h e  summer, t h e  balance between displacement of water down- 

s t ream by advec t ive  f r e s h  water  i n p u t s  and l o n g i t u d i n a l  mixing by 

wind and o t h e r  f a c t o r s  causes s i g n i f i c a n t  upstream t r a n s p o r t  of 

s a l i n i t y .  I t  a l s o  permi ts  upstream t r a n s p o r t  of phosphorus from 

t h e  i n d u s t r i a l  d i scharge .  The ino rgan ic  n i t rogen  a r r i v i n g  a t  t h e  

head of t h e  e s tua ry  r e a c t s  w i th  phosphorus i n  t h e  upper reaches  of 

t h e  e s tua ry  and is r a p i d l y  dep le t ed .  Alga l  biomass is  h ighes t  a t  

upstream l o c a t  ions during t h e  summer, 

x i i  



5.  There i s  some eviden .ce t h a t  sudden i n c r e a s e s  i n  f low dur ing  t h e  

summer can produce temporary s t r a t i f i c a t i o n  i n  t h e  e s t u a r y ,  This  

can produce anoxic cond i t i ons  i n  t h e  bottom waters. It i s  proposed 

he re  t h a t  t h e s e  anoxic condi t ions  a r e  r e l a t e d  t o  t h e  decomposition 

of organic  ma t t e r  produced and s e t t l e d  i n  t h e  e s t u a r y ,  Fac tors  

which inc reases  o r  decrease  t h i s  product ion  of biomass would then  

i n c r e a s e  o r  decrease  t h e  occurrence and s e v e r i t y  of t h e s e  anoxic 

condi t ions .  

6.  The primary f a c t o r  a f f e c t i n g  water  q u a l i t y  i n  a q u a t i c  systems is  

t h e  input  of c r i t i c a l  substances t o  t h o s e  systems. Hence, t h e  

water  q u a l i t y  i n  t h e  Pamlico Estuary i s  p r i m a r i l y  a f f e c t e d  by 

inpu t s  of n i t r o g e n  and phosphorus t o  t h a t  system, For cond i t i ons  

r e p r e s e n t a t i v e  of 1970-73, p r o d u c t i v i t y  i s  s e v e r e l y  l i m i t e d  by 

n i t r o g e n  i n  t h e  summer and moderately l i m i t e d  by phosphorus i n  t h e  

w i n t e r ,  S u b s t a n t i a l  changes i n  i n p u t s  of e i t h e r  of t h e s e  n u t r i e n t s  

could cause changes i n  t h e s e  r e l a t i o n s h i p s ,  For example, doubling 

t h e  i n d u s t r i a l  d i scharge  of phosphorus could cause t h e  e s t u a r y  t o  

be  n i t rogen  l i m i t e d  i n  t h e  win te r .  Extens ive  phosphorus removal 

might cause t h e  system t o  b e  l i m i t e d  by phosphorus i n  t h e  summer. 

Use of t h e s e  models f o r  management purposes should cons ider  t h e s e  

p o s s i b l e  changes. 

7 .  Severe reduct ions  i n  t h e  i n p u t s  of n i t r o g e n  during t h e  w i n t e r ,  

such a s  may have occurred dur ing  t h e  co ld  and r e l a t i v e l y  dry 

w i n t e r s  of 1976 and 1977, may cause t h e  e s t u a r y  t o  become n i t r o g e n  

l imi t ed  dur ing  t h e  w i n t e r .  

x i i i  



8 ,  The development of ex t ens ive  anoxic cond i t i ons  dur ing  t h e  summer, 

such a s  those  ind ica t ed  i n  t h e  sumner of 1973, can cause t h e  

p r e s e n t  n i t rogen- l imi ted  model t o  b e  i n  e r r o r ,  This  i s  

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

t h e  e s t u a r y  waters ,  s i n c e  phosphorus can be r a p i d l y  r e l e a s e d  

from sediments under anoxic cond i t i ons .  

9. Model s imu la t ions  i n d i c a t e  t h a t  i n d u s t r i a l  d i scharges  of phosphorus 

had s u b s t a n t i a l  e f f e c t s  on e s t u a r i n e  water  q u a l i t y  i n  t h e  e a r l y  

1970 ' s ,  and t h a t  reduct ion  of t h e s e  phosphorus i n p u t s  t o  average  

l e v e l s  s p e c i f i e d  i n  p re sen t  d i scha rge  permi ts  w i l l  y i e l d  s i g n i f i c a n t  

improvements. 

10. Future  s t u d i e s  should ( a )  develop a  d i s so lved  oxygen model t o  

quan t i fy  t h e  r e l a t i o n s h i p  between win te r  a l g a l  blooms and summer 

deoxygenation, (b) examine n i t r o g e n  r e l e a s e s  from e s t u a r i n e  

sediments during t h e  summer, and (c)  i n v e s t i g a t e  t h e  p o s s i b l e  

s i g n i f i c a n c e  of d e n i t r i f  i c a t  ion  on n i t r o g e n  cyc l ing  i n  t h e  system. 



1. In t roduc t ion  

The Pamlico River  shown i n  F igure  1 is an e s t u a r y  i n  North Carol ina 

t h a t  extends from Washington t o  Pamlico Sound, a d i s t a n c e  of about 60 km. 

The width of t h e  e s t u a r y  a t  Washington is about  1 km, and a t  i t s  mouth 

i s  about 7 h. The depth  ranges from about 2 t o  7 m ,  w i t h  an  average 

of 3.4 m .  The t i d a l  e f f e c t s  i n  t h e  e s t&ary  a r e  modest because of t h e  

Outer Banks which form a b a r r i e r  between Pamlico Sound and t h e  A t l a n t i c  

Ocean; t h e  average luna r  t i d e  is  only aBout 0.2 m. Wind t i d e s ,  however, 

may cause water s u r f a c e  v a r i a t i o n s  of 1 m o r  more. 

The p r i n c i p a l  t r i b u t a r y  of t h e  e s t u a r y  is  t h e  Tar River  whose mouth 

is  a t  Washington, This  r i v e r  d r a i n s  mostly a g r i c u l t u r a l  and f o r e s t e d  

lands i n  e a s t e r n  North Caro l ina .  The d ra inage  area of t h e  r i v e r  a t  

2 
Washington is about 8300 km . Approximately 80  km upstream at  Tarboro, 

t h e  U. S.  Geological  Survey (USGS) main ta ins  a permanent gauging s t a t i o n ,  

2 
t he  dra inage  a rea  of which i s  about 5800 km . Flows i n  t h e  Tar River  a r e  

t y p i c a l l y  high i n  w in te r  months when r a i n f a l l  is  heavy and low i n  t h e  

summer; i n  sp r ing  and f a l l ,  t h e  f lows  a r e  v a r i a b l e .  F igure  2 shows t h e  

monthly runoff a t  Tarboro f o r  1971, a f a i r l y  t y p i c a l  year .  I n  t h e  v i c i n i t y  

of Washington, t h e  USGS main ta ins  a gauging s t a t i o n  on a small t r i b u t a r y  

of t h e  Tar River c a l l e d  Herr ing Run, t h e  dra inage  a r e a  of which i s  about  

40 Ian2. The p a t t e r n  of inf lows t o  t h e  Tar from t h i s  t r i b u t a r y  is probably 

r e p r e s e n t a t i v e  of i n p u t s  t o  t h e  Pamlico River  between Washington and i t s  

mouth. 

The s a l i n i t y  concen t r a t ion  a t  Washington is  gene ra l ly  less than  500 

mg/L. Pamlico Sound on t h e  o t h e r  hand is  ha l f  sea water, w i t h  average 

s a l i n i t y  of about 18 %o. The average s a l i n i t y  g rad ien t  a long t h e  l eng th  
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of t h e  e s t u a r y  is  about 300 m g / ~  per  km. S a l i n i t y  concen t r a t ions  i n  t h e  

e s tua ry  va ry  wi th  f reshwater  inf low and o t h e r  condi t ions .  The average 

monthly s a l i n i t y  p r o f i l e  approximately midway Along t h e  l eng th  of t h e  

e s t u a r y  i n  1971 is  shown i n  F igure  3; d a t a  a r e  from Hobbie e t  a l .  (1972). 

F igure  4 shows t h e  1971 monthly v a r i a t i o n  i n  temperatures.  A s  i n d i c a t e d ,  

summer temperatures  a r e  between 25 and 30°C, and those  i n  w in te r  range  

from about  6 t o  10°C. 

The Pamlico River  is  n o t  used ex tens ive ly  f o r  r e c r e a t i o n a l  purposes.  

However, i t  suppor ts  modest commercial f i s h i n g  and is a l s o  used f o r  

naviga t ion .  One of i t s  main uses  is  f o r  r e c e i v i n g  wastewater d i scha rges  

from Texasgulf ,  Inc.,  a f e r t i l i z e r  manufacturer engaged i n  phosphate 

mining and process ing  a t  Aurora, NC, approximately midway between Washington 

and Pamlico Sound. 

I n  t h e  e a r l y  19601s,  ex t ens ive  phosphate d e p o s i t s  were d iscovered  i n  

t h i s  p a r t  of North Caro l ina ,  Es t imates  p l ace  t h e s e  d e p o s i t s  between 

1 and 10  b i l l i o n  me t r i c  t ons ,  which rank them a s  one of t h e  wor ld ' s  major 

phosphorus resources .  I n  1965, Texasgulf ,  Inc.  ( then  c a l l e d  Texas Gulf 

Sul fur  Corp.) began mfning t h e  a p a t i t e  o r e  and process ing  i t  i n t o  f e r t i l i z e r  

( a t  p re sen t  product ion r a t e s ,  t h e  es t imated  l i f e  of t h e  d e p o s i t s  is  about 

300 yea r s ) .  They use  s t r i p  mining methods i n  which t h e  overburden wi th  

th i ckness  of about 20 m is removed t o  expose t h e  15-m t h i c k  l e n s  of a p a t i t e .  

Because t h e  water  t a b l e  is  so  c l o s e  t o  t h e  ground su r f ace ,  i t  must be 

lowered, which is  done through u s e  of wells. The r a t e  of w e l l  water 

d i scha rge  remains f a i r l y  cons tan t  a t  about 2.0m3/s (72 c f s ) .  Af te r  u s ing  

t h i s  water f o r  process  purposes i n  t h e  p l a n t ,  i t  i s  discharged t o  t h e  

es tuary ;  on t h e  average,  i t  c a r r i e d  about 20 mg/L P as P205 dur ing  t h e  

e a r l y  1970's ;  t h i s  zs equ iva l en t  t o  about 280 pM a s  P. 



I n  t h e  mid 1960 ' s  when Texasgulf was f i r s t  beginning ope ra t i on ,  t h e  

S t a t e  of North Ca ro l ina  became concerned about  t h e  impact of t h i s  d i s cha rge  

on e s tua ry  q u a l i t y ,  I n  p a r t i c u l a r ,  t h e  concern was over  p o t e n t i a l  problems 

of eu t roph ica t ion .  A s  a r e s u l t ,  D r .  John Hobbie and coworkers a t  NC S t a t e  

Univers i ty  i n  Raleigh were funded through t h e  NC Water Resources Research 

I n s t i t u t e  t o  monitor e s t u a r y  q u a l i t y  (Hobbie 1970a, 1970b, 1971, 19743 

Hobbie e t  a l .  1972; Copeland and Hobbie, 1972; Ha r r i son  and Hobbie, 1974).  

About 30 sampling s t a t i o n s  were e s t a b l i s h e d  i n  t h e  e s t u a r y  s t a r t i n g  about  

8 km below Washington and extending t o  t h e  mouth. Except i n  t h e  upper 

reaches  where t h e  e s t u a r y  i s  r e l a t i v e l y  narrow, two o r  t h r e e  s t a t i o n s  were 

l oca t ed  a t  each of 14 t r a n s e c t s  a c r o s s  t h e  width of t h e  e s t u a r y ,  a s  shown 

i n  F igu re  5. During an i n t e n s i v e  sampling per iod  from l a t e  1969 t o  e a r l y  

1974, samples were c o l l e c t e d  and analyzed once o r  twice  monthly. The 

l o c a t i o n  of samples and r o u t i n e  a n a l y s e s  a r e  shown i n  Table  1. I n  

a d d i t i o n  t o  p re sen t ing  f i n d i n g s  i n  I n s t i t u t e  r e p o r t s ,  d a t a  were s t o r e d  i n  

a computer f i l e  a t  t h e  T r i a n g l e  U n i v e r s i t i e s  Computation Center .  The 

work by Hobbie and co l l eagues  c o n s t i t u t e s  t h e  most e x t e n s i v e  fund of 

a v a i l a b l e  in format ion  on t h e  q u a l i t y  of t h e  Pamlico River .  

I n  r e c e n t  y e a r s ,  p l ans  have been made f o r  expanding phosphate  

product ion from t h e  d e p o s i t s  a t  Aurora. Within t h e  next  two y e a r s ,  

North Caro l ina  Phosphate Corp. w i l l  begin o p e r a t i o n  us ing  s t r i p  mining 

and process ing  p r a c t i c e s  s i m i l a r  t o  t h o s e  of Texasgul f .  I n  l i g h t  of 

t h i s  increased  a c t i v i t y ,  t h e  S t a t e  of North Ca ro l ina  would l i k e  t o  know 

t h e  e f f e c t  of a d d i t i o n a l  phosphorus d i s cha rges  on e s t u a r y  q u a l i t y .  

They a l s o  want t o  know t h e  l e v e l  a t  which phosphorus d i s cha rges  a r e  l i k e l y  

t o  cause  problems wi th  exces s ive  a l g a e  growths,  B a s i c a l l y ,  t h e  S t a t e  is 

looking f o r  a t o o l  t o  a s s i s t  i n  managing e s t u a r y  q u a l i t y ,  I n  1975, 





Table 1 

Pamlico River  Analyses by Hobbie e t  a l .  

Analysis  

Temperature 

Dissolved Oxygen 

S a l i n i t y  

pH 

Sample Locat ion  

Surface  and Bottom 

Surface  and Bottom 

Surface  and Bottom 

Surface  and Bottom 

Ammonia Surface  Only 

N i t r i t e  

N i t r a t e  

To ta l  Unf i l t e r ed  Nitrogen 

To ta l  F i l t e r e d  Nitrogen 

To ta l  Unf i l t e r ed  Phosphorus 

Tota l  F i l t e r e d  Phosphorus 

Reac t ive  Phosphorus 

Chlorophyll-a 

Surf ace  Only 

Surface  Only 

Surface  Only 

Surface  Only 

Surface  Only 

Surface  Only 

Surface  Only 

Surface  Only 



t he  research  reported here in  was funded by the  NC Water Resources Research 

I n s t i t u t e  f o r  the  purpose of developing such a too l .  

2. Object ives 

The o v e r a l l  goal  of t h i s  research  is  t o  develop a p red ic t ive  mathematical 

model t h a t  can be used by t h e  S t a t e  of North Carolina and o the r s  i n  

managing the  q u a l i t y  of the  Pamlico River. The s p e c i f i c  ob jec t ives  under 

t h i s  goal a r e  a s  fol lows:  

1; Develop p red ic t ive  models f o r  var ious  cons t i tuen t s  i n  t h e  

Pamlico River associa ted  wi th  eutrophicat ion.  

2 .  Cal ib ra te  and v e r i f y  the  models using ava i l ab le  da ta .  

3 .  Use t h e  models t o  s imulate Pamlico River q u a l i t y  under a l t e r n a t i v e  

n u t r i e n t  loadings. 

4 .  I n t e r p r e t  t h e  da ta  and f indinga  t o  expla in  t h e  p r i n c i p a l  

phenomena occurring i n  the  system. 

The f i r s t  ob jec t ive  makes it c l e a r  t h a t  t h e  model i s  t o  focus on 

problems of eut rophica t ion ,  no t  BOD o r  oxygen which have been t h e  t r a d i t i o n a l  

concerns of water q u a l i t y  modeling. Major i n t e r e s t ,  then ,  is with such 

water cons t i tuen t s  a s  n i t rogen,  phosphorus,chlorophyll,and a l g a l  biomass. 

Also of importance i s  the  purpose f o r  whrch t h e  model i s  intended: it  must 

be use fu l  t o  t h e  S t a t e  f o r  po l lu t ion  abatement and water q u a l i t y  management. 

This i n p l i e s  a  d i f f e r e n t  l e v e l  of a b s t r a c t i o n  i n  model development than t h a t  

required f o r ,  say, descr ib ing the  k i n e t i c s  of phosphorus uptake i n  the  pro- 

duction of algae.  I n  genera l ,  broadgauged management models f requent ly  

assume s teady-s ta te  condit ions and employ somewhat s i m p l i s t i c  (although 

fundamentally accura te)  mechanisms f o r  t h e  t r anspor t  of c o n s t i t u e n t s  along 

t h e  length  of the  es tuary .  F inal ly ,  t h e  f i r s t  ob jec t ive  impliea t h e  need 



t o  d e l i v e r  t o  t h e  S t a t e  and o the r  u s e r s  a  ca rd  deck o r  t a p e  of t h e  computer 

program, toge the r  w i th  use r  i n s t r u c t i o n s ,  

Under t h e  second o b j e c t i v e ,  t h e  p r e d i c t i v e  model is  t o  b e  both  c a l i -  

b ra t ed  and v e r i f i e d  . C a l i b r a t i o n  impl ies  parameter eva lua t ion ,  a l s o  

c a l l e d  parameter i d e n t i f i c a t i o n ,  That is ,  t h e  mathematical symbols t h a t  

d e s c r i b e  t h e  s t a t e  of t h e  system such a s  t h e  c r o s s  s e c t i o n a l  a r e a  of t h e  

e s tua ry ,  t h e  d i spe r s ion  c o e f f i c i e n t  t h a t  t akes  accound of mixing, and t h e  

r e a c t i o n  r a t e  cons t an t s  t h a t  d e s c r i b e  n u t r i e n t  cyc l ing  must b e  ass igned  

numerical va lues ,  e i t h e r  based on informat ion  i n  t h e  t e c h n i c a l  l i t e r a t u r e  

o r  from f i e l d  observa t ions ,  V e r i f i c a t i o n  imp l i e s  t h e  comparison of 

p red ic t ed  va lues  from t h e  c a l i b r a t e d  model w i t h  f i e l d  obse rva t ions  t h a t  

have i n  no way been used f o r  model c a l i b r a t i o n .  Under t h i s  obj e c t i v e ,  

both c a l i b r a t i o n  and v e r i g i c a t i o n  a r e  t o  b e  done us ing  a v a i l a b l e  d a t a  

from such sources a s  Hobbie, Texasgulf,  and t h e  USGS. A flow c h a r t  of t h e  

c a l i b r a t i o n  and v e r i f i c a t i o n  process  is shown i n  F igu re  6 ,  

Since  f i e l d  d a t a  c o l l e c t i o n  i s  n o t  a  p a r t  of t h i s  s tudy ,  t h e  water 

q u a l i t y  c o n s t i t u e n t s  t h a t  can be  modeled a r e  l i m i t e d  t o  t h o s e  f o r  which 

d a t a  a r e  a l r eady  a v a i l a b l e .  For example, s u f f i c i e n t  d a t a  do no t  e x i s t  

on g ros s  biomass concen t r a t ions  o r  concen t r a t ions  of s p e c i f i c  a l g a l  spec i e s  

i n  Pamlico River ,  and hence t h e s e  c o n s t i t u e n t s  cannot be  modeled d e s p i t e  

t h e  f a c t  t h a t  they a r e  p o t e n t i a l  i n d i c a t o r s  of eu t roph ica t ion .  It should 

be mentioned t h a t  under t h i s  o b j e c t i v e ,  c l o s e  coopera t ion  was planned wi th  

Professor  E .  J .  Kuenzler of t h e  Univers i ty  of North Caro l ina  who was 

s imultaneously engaged i n  a  s tudy  of n u t r i e n t  k i n e t i c s  i n  t h e  Pamlico River ,  

H i s  r e p o r t  i s  a  companion volume t o  t h e  work descr ibed  h e r e i n  (Kuenzler 

e t  a l . ,  1979).  
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The t h i r d  o b j e c t i v e  involves  u se  of t h e  model f o r  s imu la t ing  Pamlico 

River q u a l i t y  under a l t e r n a t i v e  n u t r i e n t  loadings .  This  is t h e  penul t imate  

s t e p  i n  t h e  gene ra l  process  of modeling, t h e  f i n a l  one being use  of t h e  

model f o r  dec id ing  waste load a l l o c a t i o n s  (which was n o t  a p a r t  of t h i s  

p ro j  e c t )  . The va lue  of a mathematical model is t h a t  i t  enables  p r e d i c t i o n  

of r i v e r  q u a l i t y  under a wide v a r i e t y  of cond i t i ons .  I n  t h i s  work, only a 

few s imula t ions  were made based on a l t e r n a t i v e  phosphorus loads  from 

Texasgulf and N .  C .  Phosphate. However, t h e  p o s s i b i l i t i e s  f o r  a d d i t i o n a l  

s imula t ions  a r e  enormous and a r e  expected t o  be performed by t h e  S t a t e  

of North Carol ina.  

Under t h e  l a s t  o b j e c t i v e ,  work is  requ i r ed  t o  "explain" t h e  system. 

Recognizing t h a t  a model is  b a s i c a l l y  a s ta tement  of cause and e f f e c t  i n  

mathematical language, i t  permi ts  (o r  r a t h e r  i s )  a n  explana t ion  of what 

occurs  i n  t h e  system. I n  t h e  c a s e  of t h i s  modal, t h e  explana t ions  a r e  

of two types ,  one t h a t  d e a l s  wi th  t h e  uptake and cyc l ing  of n u t r i e n t s  

t h a t  go i n t o  t h e  product ion and decay of a l g a l  biomass, and t h e  o t h e r  

t h a t  d e a l s  w i th  how t h e  e s tua ry  w i l l  respond under a l t e r n a t i v e  n u t r i e n t  

loadings  from t h e  i n d u s t r i e s ,  

3. Estuary Conditions 

With s o  many yea r s  of d a t a  on Pamlico River  q u a l i t y  a v a i l a b l e  from 

Hobbie and coworkers, one of t h e  f i r s t  t a s k s  of t h i s  p r o j e c t  was t o  

o b t a i n  an overview of e s t u a r y  condi t ions .  It was quick ly  learned  t h a t ,  

u n l i k e  many e s t u a r i n e  systems i n  e a s t e r n  United S t a t e s ,  a l g a l  blooms i n  

t h e  Pamlico occurred p r imar i ly  i n  w i n t e r  r a t h e r  than summer. A p e r u s a l  

of Hobbie's d a t a  showed t h a t  t h e  peak p a r t i c u l a t e  phosphorus concent ra t ion  

i n  w in te r  was about 4 VM on t h e  average,  whereas the peak summer con- 



e n t r a t i o n  was about  2.5 pM ( p a r t i c u l a t e  phosphorus i s  contained i n  a l g a l  

c e l l s  and i n d i c a t e s  t h e  presence of biomass). Correspondingly, 

t h e  chlorophyll-a  concen t r a t ion  i n  w in te r  was about 40 pg/L whereas i n  

summer i t  was about  25 y g / ~ ,  Hobbie (1971) r epo r t ed  t h a t  t h e  d i n o f l a g e l l a t e  

Heterocapsa was p r i n c i p a l l y  r e spons ib l e  f o r  t h e  win te r  bloom. H i s  d a t a  

showed t h a t  the  win te r  bloom occurred about midway along e s t u a r y  l eng th ,  

whereas t h e  summer bloom was f u r t h e r  upstream n e a r  Washington. 

Reac t ive  n i t r o g e n  (NH3 + NO; + NO-) and r e a c t i v e  phosphorus (or tho)  3 

concent ra t ions  were a l s o  d i f f e r e n t  i n  summer and win te r ,  I n  t h e  win te r ,  

r e a c t i v e  n i t r o g e n  ranged along t h e  l e n g t h  of t h e  e s t u a r y  from about 5  t o  

45 pM, w i t h  an average of about 30pM,  whereas i n  summer, t h e  range  was 

from about 3  t o  15  wi th  an average of 6 pM. The peak n i t r o g e n  concen- 

t r a t i o n s  i n  both win te r  and summer occurred upstream i n  t h e  v i c i n i t y  of 

Washington (near t h e  mouth of t h e  Tar R ive r ) .  Winter r e a c t i v e  phosphorus 

concent ra t ions  v a r i e d  along t h e  e s tua ry  from about  0.5 t o  3 pM wi th  

an average of 1 yM whereas i n  summer, t h e  range  was from about  1 t o  

10  yM wi th  an average of 5 pM. Unlike n i t rogen ,  t h e  peak r e a c t i v e  

phosphorus concen t r a t ions  occurred about midway along e s tua ry  l eng th  nea r  

t h e  Texasgulf o u t f a l l .  I n  gene ra l ,  Hobbie found t h e  d i s so lved  oxygen 

concent ra t ions  i n  both win te r  and summer t o  b e  above 5 m g / ~ ,  a l though 

p e r i o d i c a l l y  ( e s p e c i a l l y  i n  summer 1973),  lower va lues  were encountered. 

The above condi t ions  a r e  summarized i n  Table 2. 

I n  an a t tempt  t o  determine whether t h e  system might be  e i t h e r  

n i t rogen  o r  phosphorus l i m i t e d ,  average d a t a  on n u t r i e n t  loadings  discharged 

t o  t h e  e s t u a r y  were examined. The average win te r  flow of t h e  Tar River  a t  

Tarboro dur ing  t h e  yea r s  when Hobbie et  a l .  c o l l e c t e d  t h e i r  d a t a  was 

3 3 
about 1 1 5 m / s  (4000 c f s ) ,  and dur ing  t h e  surmaer i t  was about 2 0 m / s  (700 c f s ) .  



Table 2 

Average Estuary Concentrat ions 

Ranee Average Tar 
over i n  River 
Length Estuary Mouth 

React ive Nitrogen (pM) 

Winter 
Summer 

Reactive Phosphorus (yM) 

Winter 
Summer 

P a r t i c u l a t e  Phosphorus (vM) 

Winter 
Summer 

Chlorophyll-a ( ~ g  /L) 

Winter 
Summer 



Assuming t h a t  t h e  runoff c o e f f i c i e n t  over t h e  e n t i r e  d ra inage  b a s i n  a t  any 

time was e s s e n t i a l l y  cons t an t ,  t h e  f lows a t  t h e  mouth of t h e  Tar River  can 

be es t imated  by mul t ip ly ing  Tarboro f lows by 1 .5 ,  t h e  approximate r a t i o  

of dra inage  a r e a s ,  The corresponding average win te r  and summer f lows 

en te r ing  t h e  Pamlico River  n e a r  Washington were about  170 m5/s (6000 c f s )  

3  
and 30 m /s (1000 c f s ) ,  r e spec t ive ly .  Using t h e  concen t r a t ion  d a t a  a t  t h e  

mouth of t h e  Tar River shown i n  Table 2 ,  t h e  r e a c t i v e  n i t rogen  i n p u t s  t o  

t h e  Pamlico near  Washington i n  win ter  and summer were about  7 .7  mol l s  and 

0.5 mol/s ,  r e s p e c t i v e l y .  Correspondingly, t h e  r e a c t i v e  phosphorus i n p u t s  

from t h e  Tar River  were about 0 .3 mol/s i n  w in te r  and 0.1 mol l s  i n  summer, 

Hence, t h e  molar r a t i o  of loadings  of r e a c t i v e  n i t rogen  t o  r e a c t i v e  

phosphorus i n  w in te r  and summer a t  t h e  head of t h e  e s tua ry  were about  25 

and 5,  r e s p e c t i v e l y .  Based on t h e  so-cal led Redf ie ld  r a t i o  (Redf ie ld  e t  a l . ,  

1965) which i n d i c a t e s  t h a t  about  15  moles of n i t rogen  a r e  taken up i n  t h e  

product ion of a l g a l  biomass f o r  each mole of phosphorus when n e i t h e r  n u t r i e n t  

limits p r o d u c t i v i t y ,  t h e s e  va lues  i n d i c a t e  t h a t  t h e  e s tua ry  near  Washington 

was somewhat phosphorus l i m i t e d  i n  t h e  win te r  and seve re ly  n i t r o g e n  l i m i t e d  

i n  summer. 

Nu t r i en t s  e n t e r  t h e  Pamlico River  from sources  o t h e r  than  t h e  Tar  River .  

T r i b u t a r i e s  a long t h e  l eng th  of t h e  e s t u a r y  c o n t r i b u t e  i n p u t s ,  bu t  t h e s e  

* appear t o  be r e l a t i v e l y  small .  Phosphorus loads  from Texasgulf ,  however, 

3  
a r e  s i z e a b l e  and cannot be ignored,  With an average d ischarge  of 2  m /s 

(72 c f s )  and a concen t r a t ion  of 280 pM, t h e  i n d u s t r i a l  load  of r e a c t i v e  
- 

2 
*The dra inage  a r e a  of t h e  Pamlico River  i nc reases  from 8300 km a t  i t s  head 
nea r  Washington t o  11,500 Ian2 a t  i t s  mouth, a  change of about 40 pe rcen t .  
However, th ree- four ths  of t h i s  i n c r e a s e  occurs  i n  t h e  l a s t  10 km of e s tua ry  
l eng th ,  I n  a d d i t i o n ,  t h e  runoff c o e f f i c i e n t  f o r  e s tua ry  t r i b u t a r i e s  based 
on da t a  from t h e  USGS gauging s t a t i o n  a t  Herr ing Run is only ha l f  t h a t  of 
t h e  c o e f f i c i e n t  a t  Tarboro. 

14 



phosphorus was about 0.6 mo l l s ,  which is approximately tw ice  t h e  Tar River  

i npu t  i n  w in t e r  and s i x  times i t s  i n p u t  i n  summer. Adding t h i s  amount t o  

t h a t  from Tar River ,  t h e  t o t a l  e s tua ry  load  of r e a c t i v e  phosphorus was 

about 0 .9  mol/s i n  winter, and 0.7 mol/s i n  summer, The corresponding molar 

r a t i o s  of r e a c t i v e  n i t r o g e n  t o  phosphorus were about  9 i n  w in t e r  and 1 i n  

summer. These r e s u l t s  a r e  shown i n  Table  3 ,  

These rough e s t ima te s  a r e  not  conc lus ive  evidence regard ing  n u t r i e n t  

l i m i t a t i o n s  i n  Pamlico River .  However, they sugges t  t h a t  i n  w in t e r ,  t h e  

upper reaches of t h e  e s t u a r y  a r e  phosphorus l i m i t e d ,  bu t  by midway along 

i t s  l eng th ,  n i t r o g e n  i s  no longer  i n  excess  and may even b e  l i m i t i n g ,  

I n  summer, on t h e  o t h e r  hand, t h e  e s tua ry  appears  t o  b e  s eve re ly  n i t r o g e n  

l imi t ed  throughout i t s  e n t i r e  l eng th .  Based on t h e s e  pre l iminary  conc lus ions ,  

p l ans  were made t o  develop two s t e a d y - s t a t e  models f o r  t h e  Pamlico, one 

p e r t a i n i n g  t o  w h t e r  cond i t i ons  when a t  l e a s t  p a r t  of t h e  e s t u a r y  is 

phosphorus l i m i t e d ,  and t h e  o t h e r  f o r  summertime when n i t r o g e n  is t h e  

l i m i t i n g  n u t r i e n t .  

4 .  Model Formulation* 

Themodeling approach of t h i s  p r o j e c t  was p a t t e r n e d  a f t e r  t h e  f i n i t e  

d i f f e r e n c e  formula t ions  f i r s t  developed by Thomann (1972). Based on t h e  

f i e l d  d a t a  of Hobbie e t  a l .  f o r  t h e  Pamlico River ,  i t  was decided t h a t  

v e r t i c a l  and l a t e r a l  concen t r a t i on  g r a d i e n t s  were no t  s u f f i c i e n t l y  g r e a t  

t o  i n v a l i d a t e  an assumption of one-dimensional i ty ,  Hence, t h e  model was 

formulated assuming a g rad i en t  only along e s tua ry  l eng th ,  w i t h  cons t an t  

*This s e c t i o n  d e s c r i b e s  formula t ion  of a b a s i c  f i n i t e - d i f f e r e n c e  model f o r  
e s t u a r i e s .  I t  can be  skipped by r e a d e r s  a l r eady  f a m i l i a r  w i t h  such models, 



Table 3 

Approximate Nutr ien t  Loads on Pamlico Estuary 

F ~ ? W  RN* RP * RN RP RN/RP 
(m / s )  (1.m ) (F.M --- (molls (rhol/s) - (mol/mol) 

WINTER 

Tar River 170 45 1.5 7.7 0.3 2 5 
Texasgulf 2 0 280 0 0.6 0 
To ta l  7.7 0.9 9 

SUMMER 

Tar River 3 0 15 2.5 0.5 0 . 1  5 
Texasgulf 2 0 280 0 0.6 0 
To ta l  0.5 0.7 1 

*RN and RP denote r e a c t i v e  n i t rogen  and r e a c t i v e  phosphorus, r e s p e c t i v e l y  



c o n c e n t r a t i o n s  i n  any p l a n e  a c r o s s  t h e  w i d t h ,  A s  mentioned above,  t h e  

model assumed s t e a d y - s t a t e  c o n d i t i o n s .  

I n  Thomann's approach ,  model f o r m u l a t i o n  b e g i n s  by dTviding t h e  

e s t u a r y  i n t o  s e v e r a l  segments ,  n o t  n e c e s s a r i l y  of e q u a l  l e n g t h ,  Assume 

t h a t  t h e  main body o f  t h e  e s t u a r y  c o n t a i n s  n  segments as shown i n  F i g u r e  

7 ,  w i t h  segment 0 t h e  ups t ream boundary s e c t i o n  and segment n-tl t h e  

downstream boundary s e c t i o n .  Assume t h a t  each segment is  comple te ly  mixed 

s o  t h a t  i t  c o n t a i n s  no c o n c e n t r a t i o n  g r a d i e n t s .  Changes i n  c o n c e n t r a t i o n  

can t h e r e f o r e  o c c u r  on ly  from o n e  segment t o  t h e  n e x t .  

The t a s k  now is  t o  w r i t e  a  mass b a l a n c e  e q u a t i o n  f o r  each  w a t e r  

c o n s t i t u e n t  of i n t e r e s t  i n  each of t h e  main body segments ,  I n  words,  t h e  

mass b a l a n c e  e q u a t i o n  f o r  any segment i s  

[Accumulation] = [ I n p u t  by Advect ion]  - [Output  by Advect ion]  

+ [ I n p u t  by D i s p e r s i o n ]  - [Output  by D i s p e r s i o n ]  

+ [Sources ]  - [ S i n k s ]  ( 1) 

I n  t h i s  e q u a t i o n ,  a d v e c t i o n  is assumed t o  b e  t h e  mechanism whereby a w a t e r  

c o n s t i t u e n t  is  t r a n s p o r t e d  from ups t ream t o  downstream segments due  t o  

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

t h e  mechanism t h a t  a c c o u n t s  f o r  a l l  mix ing ,  t h e  major  c a u s e s  of which a r e  

l u n a r  and wind t i d e s .  The Sources  and S i n k s  t e rms  r e s p e c t i v e l y  account  f o r  

t h e  i n c r e a s e s  and d e c r e a s e s  of t h e  c o n s t i t u e n t  i n  t h e  segment due  t o  s u c h  

t h i n g s  as chemical  r e a c t i o n s ,  s e d i m e n t a t i o n ,  and d i r e c t  i n p u t s  from 

t r i b u t a r i e s  and p o l l u t e r s .  It i s  t h e s e  t e rms  t h a t  u s u a l l y  demand most 

a t t e n t i o n  i n  w a t e r  q u a l i t y  modeling.  



MAIN BODY 

F i g u r e  7. Es tuary  Segments f o r  t h e  F i n i t e  S e c t i o n  Models 



Eq. (1) can be  r e w r i t t e n  i n  mathematical symbols by t r e a t i n g  i t s  

terms one by one. Assume t h a t  t h e  equat ion  a p p l i e s  t o  the i - t h  segment 

of t he  e s t u a r y  i n  which t h e  concent ra t ion  of t h e  c o n s t i t u e n t  of i n t e r e s t  

is  s The accumulation term on t h e  l e f t  hand s i d e  is simply 
i ' 

where Vi is  t h e  volume of t h e  segment and t h e  d e r i v a t i v e  r e p r e s e n t s  t h e  

r a t e  of concent ra t ion  change wi th  time. The u n i t s  of Eq. (2) are massltime. 

Under t h e  assumption of s t eady- s t a t e ,  no accumulation occurs  i n  s e c t i o n  

i, and thus  Eq. (2) is  zero .  

Input  i n t o  s e c t i o n  i by advec t ion  through t h e  upstream boundary 

between s e c t i o n s  i-1 and i i s  simply equal  t o  t h e  concen t r a t ion  a t  t h e  

boundary times t h e  flow a t  t h e  boundary. Using t h e  symbol Q t o  i n d i c a t e  

flow and s t o  i n d i c a t e  concen t r a t ion ,  and wi th  t h e  s u b s c r i p t  i-I+. t o  

i n d i c a t e  t h e  boundary, advec t ion  i n t o  t h e  i - t h  s e c t i o n  is  

Qi-I,$ %-l$ (3) 

where t h e  u n i t s  a r e  massltime, a s  before .  Note, however, t h a t  t h e  dependent 

v a r i a b l e s  f o r  t h i s  model a r e  t h e  concen t r a t ions  w i t h i n  segments, no t  a t  

t h e  boundaries.  Hence, si-]ri i n  Eq. (3) must be  r e w r i t t e n  i n  terms of 

concent ra t ions  i n  segments. For t h i s  purpose, assume t h a t  t h e  concen t r a t ion  

a t  t h e  boundary i s  a  l i n e a r  combination of concen t r a t ions  i n  t h e  a d j a c e n t  

segments. Hence, we can w r i t e  

8 - i-y - %-I+ si-l + %-I$ si ( 4  ) 

where a and B a r e  weights  whose v a l u e s  must sum t o  un i ty .  Thomann (-1972) 



shows how numerical  va lues  f o r  t hese  parameters can be es t imated  from t h e  

lengths  of t h e  segments. I n  genera l ,  

and 

where R .  and R .  a r e  t he  l eng ths  of t h e  upstream and downstream segments, 
1 J 

r e s p e c t i v e l y ?  S u b s t i t u t i n g  Eq. (4)  i n t o  Eq. (5 ) ,  t h e  app ropr i a t e  express ion  

f o r  advec t ion  i n t o  s e c t i o n  i i s  

t h e  parameters  of which a r e  Q ,  a and 6. Simi l a r ly ,  t h e  express ion  i n  

mass balance Eq.  (1) f o r  advec t ion  out  of t h e  segment is  

The underlying assumption of d i s p e r s i o n  i s  t h a t  t h e  r a t e  of t r a n s p o r t  

through a  u n i t  a r e a  normal t o  t h e  concen t r a t ion  g rad ien t  i s  p ropor t iona l  t o  

t h e  g rad ien t .  That is,  t h e  r a t e  of t r a n s p o r t  per  u n i t  a r e a  (with u n i t s  

mass/ t ime/area)  i s  p ropor t iona l  t o  ds/dx,  t h e  concen t r a t ion  g r a d i e n t ,  where 

x i n d i c a t e s  d i s t a n c e  along the  l eng th  of t h e  e s tua ry .  The r a t e  of t r a n s p o r t  

i n t o  s e c t i o n  i a c r o s s  t h e  upstream f a c e  by d i s p e r s i o n  is  t h e r e f o r e  t h e  pro- 

duc t  of t h e  concen t r a t ion  g r a d i e n t ,  t h e  c r o s s  s e c t i o n a l  a r e a  A, and t h e  

p r o p o r t i o n a l i t y  cons tan t  E ( c a l l e d  t h e  d i s p e r s i o n  cons tan t  h e r e i n ) ,  

*Note t h a t  eva lua t ion  of %land aqn+l by Eq. (5) r e q u i r e s  l eng ths  of end 

segments. A l t e r n a t i v e l y ,  s e l e c t i o n  of va lues  f o r  t hese  a 's  impl ies  end 
segment lengths .  



eva lua t ion  of which i s  descr ibed  i n  t h e  n e x t  s e c t i o n  of t h i s  r e p o r t .  

The u n i t s  of Eq.  (9) a r e  massl t ime,  a s  before .  However, t h e  g r a d i e n t  a t  

t h e  boundary must be r e w r i t t e n  i n  terms of concen t r a t ions  w i t h i n  segments, 

s i n c e  these  a r e  t h e  dependent v a r i a b l e s  of t h e  model; t h i s  can be  done 

a s  fol lows 

where t h e  denominator i s  t h e  d i s t a n c e  between t h e  midpoints  of s e c t i o n s  

i-1 and i. S u b s t i t u t i n g  Eq. (10) i n t o  Eq. (9) and combining t h e  a r e a ,  

dispersion,and l eng th  parameters  i n t o  a  s i n g l e  term E' y i e l d s  t h e  fo l lowing  

express ion  f o r  d i s p e r s i o n  i n t o  s e c t i o n  i 

E I i-y ('1-1. - si> 

where 

Similarly, t h e  express ion  f o r  t r a n s p o r t  by d i s p e r s i o n  out  of segment i i s  

The remaining terms i n  mass ba lance  Eq. (1) a r e  t h e  Sources and 

Sinks.  For t h e  purpose of t h i s  expos i t i on ,  assume t h e  c o n s t i t u e n t  of 

i n t e r e s t  is  conserva t ive ,  i n  which c a s e  changes due t o  r e a c t i o n s  do n o t  

occur.  Assume, however, t h a t  t h e r e  is  a d i r e c t  d i scha rge  Wi of t h e  

c o n s t i t u e n t  i n t o  s e c t i o n  i. The r e s u l t i n g  mass balance equat ion  is  



obtained by combining Eqs. (2 ) ,  ( 7 ) ,  (8 ) ,  (11) and (13) t o  y i e l d  (under 

s t eady- s t a t e  cond i t i ons  and a£ t e r  rearrangement) 

Note t h a t  a l l  t h e  terms i n  parentheses  a r e  

t h e  Pamlico River i s  descr ibed  i n  t h e  nex t  

parameters;  t h e i r  eva lua t ion  f o r  

s e c t i o n  of t h e  r e p o r t .  The s terms 

on t h e  o t h e r  hand, a r e  t h e  dependent v a r i a b l e s  whose va lues  a r e  unknown. 

Using t h e  symbols a  
- 1  i an"i,i+~ 

f o r  t h e  c o e f f i c i e n t s  of s s 
i-1' i 

and s 
i+l ' r e s p e c t i v e l y ,  Eq. (14.) can be r e w r i t t e n  a s  fo l lows  

a 
i,i-1 'i-I. + aii 'i + aia+l 'i+l = wi (15) 

A few obse rva t ions  about  Eq. (15) a r e  important  be fo re  proceeding 

f u r t h e r  wi th  model formulat ion and s o l u t i o n .  This  equat ion a p p l i e s  t o  

only one segment of t he  e s tua ry ,  v i z .  s e c t i o n  i. With n main-body segments, 

i t  i s  necessary  t o  w r i t e  an express ion  l i k e  Eq. (15) f o r  each. This  

r e s u l t s  i n  n l i n e a r  equat ions  i n  terms of n+2 concent ra t ions .  The con- 

c e n t r a t i o n s  i n  t h e  boundary segments, however, (So and S ) must be  
n+ l  

known, t hus  reducing t h e  problem t o  one wi th  n equat ions  and n unknowns, 

which can be solved.  I f  i n  f a c t  they a r e  known, t h e  model i s  s a i d  t o  have 

"f ixed boundaries." A l t e r n a t i v e l y ,  t h e  model could have "gradien t  boundaries" 

wherein i t  is  necessary  t o  have mathematical express ions  f o r  s i n  terms 0 

of s (and poss ib ly  s ) and s ~ + ~  i n  terms of sn (and poss ib ly  sn 
1 2 - 

F i n a l l y ,  t he  concent ra t ions  i n  Eq. (15) a r e  averages over t i d a l  cyc l e s ;  

thus  t h e  model is incapable  of p r e d i c t i n g  a  concent ra t ion  a t  any s p e c i f i c  

t ime wi th in  a  cyc l e .  



Note t h a t  Eq. (15) has  t h r e e  unknowns, s A and siS1. Assume 

t h a t  numerical va lues  a r e  a v a i l a b l e  f o r  a l l  a ' s ,  W ' s ,  s o and s ~ + ~ .  The 

s e t  of n  equat ions ,  then ,  f o r  t h e  e n t i r e  e s t u a r y  can be w r i t t e n  a s  fo l lows ,  

where knowns have been brought t o  t h e  r i g h t  hand s i d e  and unknowns a r e  on 

t h e  l e f t  

I n  ma t r ix  form, Eq. (16) can be w r i t t e n  

where W '  i s  t h e  d i r e c t  input  t o  t h e  f i r s t  o r  l a s t  main body segment 

ad jus t ed  f o r  t h e  (known) concent ra t ion  i n  t h e  boundary s e c t i o n .  Note 

t h a t  t h e  ma t r ix  of a ' s  is  t r i d i a g o n a l ,  which makes i t  p o s s i b l e  t o  u s e  

s p e c i a l  s o l u t i o n  techniques £o r  eva lua t ing  t h e  concent ra t ions .  

I n  s e c t i o n s  6 and 7 of t h i s  r e p o r t ,  t h e  b a s i c  model presented 

above f o r  a  conserva t ive  subs tance  i s  expanded t o  apply t o  w in te r  

and summer cond i t i ons  i n  t h e  Pamlico River .  



5.  Hydrodynamic Parameters 

The model of t h i s  r e sea rch  requi red  eva lua t ion  of f i v e  hydrodynamic 

parameters (1) t h e  l eng th  of each segment, (2 )  t h e  c ros s - sec t iona l  a r e a  

of boundaries  between segments, (3)  t h e  average depth (or  width) of 

boundaries ,  (4 )  f lows a t  boundaries ,  and (5) d i s p e r s i o n  c o e f f i c i e n t s  a t  

boundaries.  

The f i r s t  t a s k  i n  eva lua t ing  parameters was t o  d i v i d e  t h e  e s t u a r y  

i n t o  segments. Based p r imar i ly  on t h e  l o c a t i o n  of major t r i b u t a r i e s  and 

Hobbie's sampling s t a t i o n s ,  13  main-body segments were s e l e c t e d ,  a s  

shown i n  F igure  8.* The upstream boundary of s e c t i o n  1 and t h e  down- 

s t ream boundary of s e c t i o n  13  a r e  12.5 km and 64.1 Ian below Washington, 

r e spec t ive ly .  The l eng th  of segments v a r i e s  from about 2.6 t o  6.6 km, 

w i th  an average of about 4.0 km; l eng th  d a t a  f o r  each segment a r e  i n  

Table 4. 

Sec t ion  0 is  t h e  end segment upstream of s e c t i o n  1; t h e  l eng ths  of 

t h e s e  two s e c t i o n s  a r e  i d e n t i c a l ,  S imi l a r ly ,  s e c t i o n  14 is t h e  end seg- 

ment downstream of t h e  l a s t  main-body segment; both of them have t h e  same 

l eng th .  The segments were s e l e c t e d  such t h a t  each s e c t i o n  except  11 

con ta ins  a t  l e a s t  one of Hobbie's sampling s t a t i o n s .  This  i s  shown i n  

F igure  8 and Table 4. The upstream end s e c t i o n  (0) con ta ins  Hobbie's 

s t a t i o n  1, and t h e  downstream end s e c t i o n  (14) con ta ins  Hobbie's s t a t i o n  

30. The approximate coord ina tes  of t h e  midpoint of t h e  upstream boundary 

of each s e c t i o n  a r e  shown i n  Table 4. 

Once segment boundaries  were s e l e c t e d ,  t h e i r  c r o s s  s e c t i o n a l  a r e a s  

were measured from nav iga t ion  c h a r t s  publ ished by t h e  Nat iona l  Oceanic 

*cf .  Harr i son  and Hobbie (1974) f o r  t h e  l o c a t i o n  of sampling s t a t i o n s .  






































































































































































































