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PREFACE 

The d e t e r i o r a t i o n  o f  l a k e s '  w a t e r  q u h l i t y  d u e  t o  a r t i f i c i a i  
e u t r o p h i c a t i o n  i s  a  t y p i c a l  symptom o f  o u r  c i v i l i z a t i o n .  To 
s t o p  t h i s  p r o c e s s  and t o  improve t h e  w a t e r q u a l i t y  i n  a n e c ~ n o m i c a l  
way r e q u i r e s  a  s y s t e m a t i c  and c o o r d i n a t e d  a n a i y s i s  o f  many d i s c i -  
p l i n e s .  The r e c o g n i t i o n  o f  t h i s  f a c t  r e l a t e d  t o  Lake B a l a t o n ,  
one o f  t h e  p r i m a r y  t o u r i s t i c  r e s o r t s  o f  Hungary and t h e  l a r g e s t  
s h a l l o w  l a k e  i n  Middle-Europe, i n i t i a t e d  IIASA and t h e  Hungar ian  
Academy o f  S c i e n c e s  i n  1978 t o  e s t a b l i s h  a  c o o p e r a t i v e  r e s e a r c h  
on t h e  deve lopment  o f  e c o l o g i c a l  models  and t h e i r  p r a c t i c a l  
a p p l i c a t i o n  t o  t h e  l a k e .  I n  a d d i t i o n ,  it was f e l t  t h a t  n o t  o n l y a  
c o n t r i b u t i o n  c a n  be  g i v e n  t o  s o l v e  t h e  problem o f  t h e L a k e  B a l a t o n  
r e g i o n  b u t  t h e  m e t h o d o l o g i e s  deve loped  c a n  b e  g e n e r a l i z e d  f o r  
o t h e r  s h a l l o w  l a k e s  which r e p r e s e n t ,  i n  g e n e r a l ,  a  less s t u d i e s  
f i e l d  compared t o  d e e p  l a k e s .  S i n c e  it was a l s o  aimed t o  con- 
s i d e r  t h e  w a t e r  q u a l i t y  management problem ( b e s i d e s  t h e  under-  
s t a n d i n g  and d e s c r i p t i o n  i n  l a k e  p r o c e s s e s ) ,  a l l  t h e  a c t i v i t i e s  
shou ld  be  r e p l a c e d  t o  a n  o p i m i z a t i o n  framework: o n e  more a s p e c t  
o f  g e n e r a l  i n t e r e s t .  

Dur ing t h e  f i r s t  h a l f  o f  t h e  s t u d y  many r e s u l t s  w e r e  a c h i e v e d .  
F i r s t  o f  all, t h e  e s t a b l i s h m e n t  o f  a  d a t a  b a s e ,  t h e  deve lopment  o f  
e c o l o g i c a l  mode ls ,  and t h e  i n c r e a s i n g  i n t e r a c t i o n  among mode l ing ,  
e x p e r i m e n t a l  work,  and  f u r t h e r  d a t a  c o l l e c t i o n  s h o u l d  b e  empha- 
s i z e d .  D e r i v i n g  f rom t h e  n a t u r e  o f  t h e  problem, t h e  mode l ing  o f  
t h e  n u t r i e n t  l o a d i n g  and w a t e r  q u a l i t y  management i s  o n l y  a t  p re -  
s e n t  i n  a p r o g r e s s i n g  s t a t e  and i n  t h e  f u t u r e ,  ma in l y ,  t h e  a c t i -  
v i t i e s  o f  t h e s e  f i e l d s  shou ld  b e  s t r e n g t h e n e d .  

The o b j e c t i v e  o f  t h e  a u t h o r s  was t o  o u t l i n e  t h e  p r e s e n t  
s t a t e  of t h e  c o o p e r a t i v e  r e s e a r c h  and d e f i n e  t h e  a c t i v i t i e s  
p lanned  f o r  t h e  f u t u r e .  T h i s  p u b l i c a t i o n  i s  c l o s e l y  r e l a t e d  t o  
t h e  e a r l i e r  background r e p o r t  CP-79-13 and j o i n t l y ,  t h e y  summarize 
a l l  t h e  i m p o r t a n t  i n f o r m a t i o n  r e l a t e d  t o  t h e  p r o j e c t .  A l so ,  t h e  
p r e s e n t  paper  c a n  p l a y  a  b a s i c  r o l e  i n  p romot ing  and harmon iz ing  
t h e  f u r t h e r  r e s e a r c h  i n  t h e  f rame o f  t h e  Case S tudy .  
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LAKE BALATON EUTROPHICATION STUDY: 
P r e s e n t  S t a t u s  and Fu tu re  Program 

G e r r i t  van S t r a t e n  and LSszl6 Somly6dy 

HISTORICAL BACKGROUND 

The problem o f  e u t r o p h i c a t i o n  of  l a k e s  has  rece i ved  cons is -  

e r a b l e  a t t e n t i o n  i n  r e c e n t  yea rs .  I n  most l a k e s  phosphorus,  and 

sometimes n i t r o g e n  compounds a r e  i n  s h o r t  supp ly  f o r  t h e  deve l -  

opment of  a l g a e  and h ighe r  wa te r  p l a n t s .  Some l a k e s  a r e  r i c h  i n  

t h e s e  n u t r i e n t  subs tances  by n a t u r e .  Such l a k e s  a r e  c a l l e d  eu t ro -  

p h i c  ( i .e.  n u t r i e n t  r i c h ) .  However, i n  t h e  p a s t  decades l a k e s  
n o t  p rev ious l y  eu t roph i c  a r e  showing a  tendency towards i n c r e a s i n g  

n u t r i e n t  a v a i l a b i l i t y .  Typ ica l  symptoms o f  t h i s  p rocess  of  

e u t r o p h i c a t i o n  a r e  t h e  sudden bloom of obnoxious a l g a e  s p e c i e s  

and t h e  f requen t  occur rence  of  v i s i b l e  wa te r  c o l o r a t i o n .  In-  

c r e a s i n g  d i scha rges  of  domest ic  and i n d u s t r i a l  was te  w a t e r ,  t h e  

heav ie r  a p p l i c a t i o n  of  c r o p  f e r t i l i z e r s ,  and t h e  r ise i n  a i r -  

borne p o l l u t i o n  a r e  among the major causes  of  t h e s e  undes i rab le  

phenomena. 

The s tudy  o f  t h e  e u t r o p h i c a t i o n  p rocess  and i t s  causes  

h a s  n o t  o11ly been prompted by s e r i o u s  concern about  o u r  n a t u r a l  

environment,  b u t  a l s o  by d i r e c t  economic i n t e r e s t .  F i o a t i n g  

wa te rp lan ts  and d e b r i s  a r e  a  nu isance  f o r  t h e  use o f  l a k e  wate r  

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

f o r  eu t roph i c  l a k e s ,  most no tab l y  b lue-green a l g a e ,  e x c r e t e  

t o x i c  subs tances  caus ing  t a s t e  and odor problems i n  t h e  pro- 

duc t i on  o f  d r i n k i n g  wa te r ;  and, n o t  t h e  l e a s t ,  excess i ve  a l g a e  



blooms and overwhelming w a t e r p l a n t s  a r e  h a r d l y  a  p l e a s u r e  

f o r  t h o s e  s e e k i n g  r e c r e a t i o n  i n  and on t h e  l a k e .  

~ n  1578 IIASA'S Resources  and ~ n v i r o n m e n t  Area adop ted  

t h e  problem of e u t r o p h i c a t i o n  of  l a k e s  a s  one  of  i t s  

r e s e a r c h  t o p i c s .  Many n a t i o n s  a r e  f a c i n g  t h e  problem i n  a  

s i m i l a r  f a s h i o n ,  hence t h e  exchange o f  e x p e r i e n c e s ,  methods 

and t e c h n i q u e s  beyond t h e  n a t i o n a l  b o u n d a r i e s  i n  an i n t e r n a t i o n a l  

s e t t l n g ,  such  a s  p r o v i d e d  by IIASA, was e x p e c t e d  t o  b e  e x t r e m e l y  

p r o f i t a b l e .  F u r t h e r m o r e ,  t h e  a p p l i c a t i o n  o f  s y s t e m s  a n a l y s i s  

t e c h n i q u e s  i s  v e r y  p romis ing  i n  t h i s  t y p e  o f  p rob lems f o r  a  va- 

r i e t y  o f  r e a s o n s .  The c o m p l e x i t y  o f  t h e  b i o l o g i c a l ,  c h e m i c a l ,  

and hydrodynamica l  p r o c e s s e s  i n v o l v e d ,  t h e  s t r o n g  i n t e r r e l a t i o n  

between t h e  v a r i o u s  p r o c e s s e s  and phenomena, t h e  s t o c h a s t i c  

v a r i a b i l i t y  d u e t ~ m e t e o r o l o g i c a l  i n f l u e n c e s ,  and t h e  many s i d e -  

e f f e c t s  o f  t h e  p o s s i b l e  a i t e r n a t i v e  management s t r a t e g i e s  a r e  

j u s t  a few o f  t h e  r e a s o n s  why a  s y s t e m a t i c  and comprehens ive  

a n a l y s i s  i s  r e q u i r e d .  Another  f a c t o r  o f  i n t e r e s t  i s  t h a t  l a k e  

sys tem a r e  u s u a l i y  so l a r g e ,  t h a t  i n - f i e l d  e x p e r i m e n t a t i o n  i s  

v e r y  o f t e n  i m p o s s i b l e  o r  s u b j e c t  t o  s e r i o u s  c o n s t r a i n t s .  A s  a  

consequence,  knowledge a b o u t  t h e  sys tem h a s  t o  b e  r e t r i e v e d  

from wna teve r  d a t a  a r e  a v a i l a b l e  a t  p r e s e n t .  Data  a n a l y s i s ,  

i n c i u d i n g  ma themat i ca l  mode l ing  t e c h n i q u e s  i s  t h e r e f o r e  an  

e s s e n t i a l  f e a t u r e ,  t h e  more s o  s i n c e  d a t a  f o r  t h i s  k ind  o f  

sys tems  a r e  n o r m a l l y  o f  r a t h e r  poor  q u a l i t y .  i n  a d d i t i o n ,  

by v i r t u e  o f  t h e  l i m i t e d  e x p e r i m e n t a t i o n  p o s s i b i l i t i e s ,  o u r  

knowledge a b o u t  t h e  s y s t e m s  p r o c e s s e s  is  f a r  f rom c o m p l e t e ,  s o  

t h a t  o u r  models c a n  b e  no more t h a n  v e r y  rough a p p r o x i m a t i o n s  

o f  r e a l i t y .  I n  summary, t h e  c h a l l e n g i n g  q u e s t i o n s  t h e  s y s t e m s  

a n a l y s t  i s  c o n f r o n t e d  w i t h  a r e :  "How t o  model f rom i n a d e q u a t e  

d a t a ? " ,  a n d ,  i n  a d v i s i n g  managers :  "How t o  manage f rom inade-  

q u a t e  models?" .  I n  t h i s  r e s p e c t  t h e  problem o f  l a k e  e u t r o -  

p h i c a t i o n  h a s  i n t e r e s t i n g  s i m i l a r i t i e s  t o  many prob lems i n  

economics.  

A f t e r  a  g e n e r a l  workshop i n  September,  1977 (Beck 1 9 7 8 ) ,  

I IASA's  REN Area o r q a n i z e d  two c o n s e c u t i v e  technical worKshops on 

t h e  e u t r o p h i c a t i o n  o f  l a k e s .  The f i r s t  one ,  i n  December, 1977,  d e a l t  



wi th  deep l a k e s ,  t h e  second one i n  A p r i l ,  1978, cons ide red  t h e  

problems of  sha l l ow  l a k e s  (Jfdrgensen and Harleman 1978, and- 

Jd rgensen  1979 ) .  I n  moderate  l a t i t u d e s  deep  l a k e s  a r e  

c h a r a c t e r i z e d  by a  pro longed pe r i od  o f  a  s t a b l e  summer s t r a -  

t i f i c a t i o n ,  t h a t  i s  a warm t o p  l a y e r  is f l o a t i n g  on a  co ld  bot tom 

l a y e r  and mixing between t h e  two l a y e r s  i s  p r a c t i c a l l y  a b s e n t .  

N u t r i e n t s  produced I n  t h e  bot tom l a y e r  by m i n e r a l i z a t i o n  pro-  

cesses from s i n k i n g  b i o l o g i c a l  m a t t e r  a r e  t r a p p e d  t h e r e ,  and 

t h e r e f o r e  n o t  a v a i l a b l e  f o r  a l g a l  growth i n  t h e  l i g h t  t o p  l a y e r ,  

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

mixed aga in .  I n  t h e  n e x t  season  t h e  c y c l e  i s  r e p e a t e d .  T h i s  i s  

why deep l a k e s  u s u a l l y  show a remarkab le  year - to -year  r e g u l a r i t y  

i n  behav io r .  

I n  sha i low l a k e s ,  t h e  d i r e c t  i n t e r a c t i o n  w i t h  t h e  l a k e  

sed iments ,  enhanced by wind induced e f f e c t s ,  i n t r o d u c e s  a n  add i -  

t i o n a l  dynamic d imens ion.  The v e r t i c a l  mixing is normal ly  

ve ry  good s o  t h a t  n u t r i e n t s  s w i r l e d  up might  b e  a v a i l a b l e  

f o r  a l g a l  g rowth immed ia te ly .  Also t h e  p h o t i c  zone d e p t h ,  

i .e.  t h e  zone o f  a l g a l  p r o d u c t i v i t y ,  i s  l a r g e  compared t o  t h e  

t o t a l  dep th .  Due t o  t h e s e  f a c t o r s  sha l low l a k e s  e x h i b i t  g e n e r a l l y  

more t i m e  v a r i a b l i l i t y  t han  deep l a k e s .  

I n  t h e  p a s t  many e u t r o p h i c a t i o n  models have been deve loped 

f o r  deep l a k e s .  However, t h e  t echn iques  o f  mathemat ica l  model- 

i n g  and s i m u l a t i o n  a r e  perhaps  even more power fu l  t o o l s  i n  t h e  

s t u d y  o f  t h e  e u t r o p h i c a t i o n  problem o f  sha i l ow  l a k e s ,  where t h e  

dynamics a r e  more complex a s  w e  have seen  b e f o r e .  There i s ,  

moreover,  c o n s i d e r a b l e  economic i n t e r e s t s  i n  such a  s t u d y ,  

e s p e c i a l l y  i n  Europe where t h e  m a j o r i t y  of  l a k e s  i n  t h e  non- 

mountaineous, d e n s i l y  popu la ted  a r e a s  a r e  sha l low.  Thus, f o r  

REN's own in-house r e s e a r c h  it seemed a p p r o p r i a t e  t o  concen- 

t r a t e  on  a  sha l low l a k e  s t u d y .  Fur thermore w e  f e l t  t h a t  o u r  

methodo log ica l  c o n t r i b u t i o n  would be most f r u i t f u l  i f  a p p l i e d  

t o  an a c t u a l  case, and s o  t h e  sugges t i on  m a d e  by t h e  Hungarian 

Academy o f  Sc iences  t o  adop t  t h e  Lake Ba la ton  problem a s  a  sub- 

j e c t  c a s e  s tudy  was r e a d i l y  accep ted .  The s tudy  s t a r t e d  

w i t h  a  one-day t a s k  f o r c e  meet ing  a t  IlASA i n  A p r i l ,  1978, p ro -  

f i t i n g  from t h e  p resence  o f  s e v e r a l  of  t h e  p a r t i c i p a n t s  o f  t h e  

fo rego ing  sha l low l a k e  workshop, t o  d i s c u s s  t h e  p l an  f o r  c o l i a -  

b o r a t i v e  r e s e a r c h  env isaged  f o r  t h e  c a s e  s tudy .  



2. GOALS AND OBJECTIVES 

The s t u d y  was o f f i c i a l l y  s t a r t e d  w i t h  t h e  s i g n i n g  i n  May, 

1978,  o f  a n  agreement  between IIASA and t h e  C o o r d i n a t i o n  Counc i l  

f o r  t h e  Env i ronmen ta l  Research  on Lake B a l a t o n  o f  t h e  Hungar ian 

Academy o f  S c i e n c e s .  I t  w a s  a g r e e d  t o  " e s t a b l i s h  c o o p e r a t i v e  

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

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

o f  e c o l o g i c a l  m o d e l s  and t h e i r  p r a c t i c a l  a p p l i c a t i o n " .  The 

a c t u a l  imp lemen ta t i on  o f  t h i s  agreement  was e n v i s a g e d  i n  t h e  

form o f  exchange o f  i n f o r m h t i o n ,  d a t a  and e x p e r i e n c e ,  t h e  ex- 

change o f  v i s i t s  o f  s c i e n t i s t s  and r e s e a r c h e r s  o f  b o t h  p a r t i e s  

and t h e  o r g a n i z a t i o n  o f  s c i e n t i f i c  m e e t i n g s  a t  IIASA o r  i n  

Hungary. I n  an  a t t a c h m e n t  t o  t h e  agreement  it w a s  e s t a b l i s h e d  

t h a t  t h e  c o o p e r a t i o n  would b e  r e a l i z e d  i n  t h e  framework o f  3 

man-months v i s i t s  o f  i n v i t e d  s c i e n t i s t s  t o  Hungary and 5 man- 

months o f  v i s i t s  t o  IIASA. 

The r e s e a r c h  p r o p o s a l  a t t a c h e d  t o  t h e  agreement  summarized 

i s s u e s  o f  t h e  B a l a t o n  problem a s  f o l l o w s :  

-- Lake B a l a t o n  i s  a l a r g e  s h a l l o w  l a k e  o f  600 km2 s u r f a c e  

area, w i t h  an  a v e r a g e  d e p t h  o f  iess t h a n  3 .5  m. The 

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

v a r i o u s  t r o p h i c  states r a n g i n g  f rom m e s o t r o p h i c  

t o  e u t r o p h i c .  

-- I t  i s  a p h o s p h o r u s - c o n t r o l l e d  l a k e  where b o t h  p o i n t  s o u r c e s  

a s  w e l l  a s  non-po in t  s o u r c e s  p l a y  a n  i m p o r t a n t  r o l e .  

-- The exchange o f  phosphorus  between w a t e r  and sed imen t  

p l a y s  an  i m p o r t a n t  b u t  u n c e r t a i n  r o l e  i n  t h e  e u t r o -  

p h i c a t i o n  p r o c e s s .  

-- I t  i s  a n  u r g e n t  t a s k  t o  p r o p o s e  e f f i c i e n t  measures  

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

-- A r e a s o n a b l e  amount o f  p h y s i c a l ,  c h e m i c a l ,  b i o l o g i c a l ,  

and h y d r o l o g i c a l  d a t a  e x i s t s ;  however,  a  p r o p e r  sys tems  

a n a l y t i c a l  u t i l i z a t i o n  o f  t h e  d a t a  i s  l a c k l n g .  



On t h e  b a s i s  o f  t h i s  l i s t  t h e  a r e a s  o f  c o l l a b o r a t i o n  w e r e  

i d e n t i f i e d  a s :  

-- s tudy  o f  phytop lankton dynamics models and a p p l i c a t i o n  

and comparison o f  e x i s t i n g  models. For  t h i s  purpose 

t h e  Ba la ton  d a t a  would be  made a v a i l a b l e  f o r  i n c l u s i o n  i n  

I IASA'S d a t a  bank; 

-- a c t i v i t i e s  on model ing t h e  phosphorus exchange between 

wa te r  and sed iment ;  

-- mutua l  exchange o f  i n f o rma t i on  and coope ra t i on  i n  t h e  

f i e l d  of  n u t r i e n t  l oad ing  modeling; and 

-- e l a b o r a t i o n  o f  systems management models f o r  eu t roph i -  

c a t i o n  c o n t r o l .  

A more d e t a i l e d  overv iew o f  t h e  s c i e n t i f i c  work r e s u l t i n g  from 

t h e s e  o b j e c t i v e s  f o l l o w s  i n  P a r t  11. 

3. ORGANIZATIONAL ASPECTS 

3.1. C o l l a b o r a t i n g  I n s t i t u t i o n s  

I n s t r u m e n t a l  i n  e s t a b l i s h i n g  c o n t a c t s  w i t h  IIASA has  

been t h e  Computer and Automation I n s t i t u t e  (SZTAKI) of  t h e  Hun- 

g a r i a n  Academy o f  Sc iences  (MTA),  most no tab l y  t h e  group of 

b iomathemat ics ,  headed by J.  F i s c h e r ,  w i t h i n  t h e  Department f o r  

Appl ied Mathematics.  From t h e  b e g ~ n n i n g  e s s e n t i a l  d i r e c t  

l i n k s  e x i s t e d  w i t h  t h e  B i o l o g i c a l  Research I n s t i t u t e  ( B K I )  o f  

t h e  Academy, s i t u a t e d  on t h e  Lake 's  sho re  i n  Tihany. Fu r the r -  

more, an  e x t e n s i v e  network e x i s t e d  w i t h  i n d i v i d u a l  s c i e n t i s t s  

from a  number o f  i n s t i t u t i o n s  i n  Hungary. 

During t h e  coope ra t i on  it soon appeared t h a t  t h e  a v a i l a b i l i t y  

of  d a t a ,  e s p e c i d l y  w i t h  r e s p e c t  t o  t h e  wa te r  q u a l i t y  and t h e  

l oad ing  t o  t h e  l a k e ,  was c r u c i a l  t o  a  f r u i t f u l  p rog ress  o f  t h e  

s c i e n t i f i c  work. S ince  l a r g e  p o r t i o n s  of t h e s e  d a t a  w e r e  o n l y  

a v a i l a b l e  w i t h  t h e  coope ra t i on  of  t h e  Na t i ona l  Water Au tho r i t y  

( O V H ) ,  and e s p e c i a l l y  t h e  Research Center  f o r  Water Re- 

sources  Development ( V I T U K I )  belong ing t o  t h e  ~ u t h o r i t y ,  

there was a  d e s i r e  f o r  a  more o f f i c i a l  involvement of  t h i s  



i n s t i t u t i o n  i n  t h e  r e s e a r c h .  F u r t h e r m o r e ,  VITUKI w a s  i n  a n  

e x c e l l e n t  p o s i t i o n  t o  i n i t i a t e  a d d i t i o n a l  f i e l d  p rograms i n  

t h e  f ramework o f  t h e  s t u d y .  Thus ,  i n  J a n u a r y ,  1979 ,  a  sub -  

commi t t ee  o f  t h e  H u n g a r i a n  Commit tee f o r  A p p l i e d  Sys tems  

A n a l y s i s  (MAREB) was f ounded  i n  o r d e r  t o  b e  r e s p o n s i b l e  f o r  

t h e  c o o p e r a t i o n  w i t h  IIASA w i t h  r e s p e c t  t o  t h e  B a l a t o n  Case  

S t u d y ,  i n  wh i ch  t h e  t h r e e  i n s t i t u t i o n s  p a r t i c i p a t e  o n  a  b a s i s  

o f  e q u a l i t y .  A member l i s t  o f  t h e  subcommi t t ee  i s  g i v e n  i n  

Appendix A.  

A p a r t  f r om t h e  pe rmanen t  c o n t r i b u t i o n  o f  IIASA s t a f f  mem- 

b e r s ,  a  number o f  c o l l a b o r a t i v e  l i n k s  were e s t a b l i s h e d  t h r o u g h  

IIASA w i t h  s e v e r a l  e x t e r n a l e x p e r t s  t o  c o n t r i b u t e  t o  t h e  work 

and  p r o g r e s s  o f  t h e  case s t u d y .  

3 . 2 .  M e e t i n g s  a n d  S c i e n t i f i c  Exchange 

I n  t h e  f ramework  o f  t h e  a g r e e m e n t  a t o t a l  o f  3 man-months 

v i s i t s  by H u n g a r i a n  s c i e n t i s t s  t o  IIASA w a s  r e a l i z e d  i n  1 9 7 8 ,  

w h e r e a s  t h e  t o t a l  v i s i t s  amounted t o  7  man-months i n  1 9 7 9 ,  

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

p r e s e n t e d  i n  Append ix  B ) .  

Dur ing  1978-1979 t h r e e  major m e e t i n g s  w i t h  o u t s i d e  p a r t i -  

c i p a t i o n  were h e l d ,  wh ich  p r o v e d  t o  b e  v e r y  i n s t r u m e n t a l  i n  

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

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

A s  m e n t i o n e d  a b o v e ,  t h e c a s e s t u d y  began  w i t h  a one-day t a s k  

f o r c e  m e e t i n g ,  A p r i l  1 7 ,  1978.  A p a r t  f rom 10 H u n g a r i a n s  and  10 

IIASA s c i e n t i s t s ,  1 4  r e s e a r c h e r s  f rom a b r o a d  a t t e n d e d  t h i s  

m e e t i n g .  I n  g e n e r a l  t h e  r e s e a r c h  s c h e d u l e  l a i d  down i n  t h e  

p r o p o s a l  a t t a c h e d  t o  t h e  Agreement  was app roved  and  v a l u a b l e  

s u g g e s t i o n s  f o r  a c t u a l  work were g i v e n .  The need f o r  a r a p i d  

comprehens i ve  c o l l e c t i o n  o f  t h e  d a t a  f o r  i n c l u s i o n  i n  I IASA1s  

d a t a  bank w a s  p a r t i c u l a r l y  s t r e s s e d .  

A f i r s t  j o i n t  I IASA-Hungar ian Academy o f  S c i e n c e s  Task  

F o r c e  Mee t i ng  was h e l d  i n  T i h a n y ,  Hungary ,  on  t h e  l a k e ' s  s h o r e ,  

f rom J u l y  26-28, 1978.  F i v e  p a r t i c i p a n t s  f rom IIASA, t h r e e  f rom 



abroad  and a b o u t  1 5  f rom Hungary a t t e n d e d  t h e  t h r e e  day  mee t ing .  

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

s t r e s s e d .  S e v e r a l  p r o p o s a l s  f o r  mode l ing  a n d  f i e l d  work w e r e  

d i s c u s s e d .  With r e s p e c t  t o  o r g a n i z a t i o n a l  a s p e c t s  o f  t h e  p ro -  

ject it w a s  c o n s i d e r e d  d e s i r a b l e  t o  i n c r e a s e  t h e  p r o p o r t i o n  o f  

b i o l o g i c a l ,  c h e m i c a l ,  and  h y d r o p h y s i c a l  f i e l d  work p a r t i c i p a t i o n  

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

t h e  f o r m a t i o n  o f  t h e  subcommi t tee  ment ioned i n  t h e  p r e v i o u s  s e c t i o n .  

The second j o i n t  IIASA-Hungarian Academy o f  S c i e n c e s  Task  

F o r c e  Meet ing  was h e l d  f rom August  27-30, 1979,  a g a i n  i n  Hungary,  

namely i n  Veszprgm. The t o t a l  number o f  p a r t i c i p a n t s  was 48, 

d i s t r i b u t e d  among Hungary,  IIASA, and ab road  a s  30, 7 ,  and  1 1 ,  

a round  f o r m a l  p r e s e n t a t i o n s ,  which w e r e  p u b l i s h e d  i n  t h e  Pro- 

c e e d i n g s  i n  1980 ( v a n  S t a t e n  e t  a l .  1980) . The c o n f e r e n c e  

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

d u r i n g  t h e  e x i s t e n c e  o f  t h e  case s t u d y ,  b o t h  w i t h  r e g a r d  t o  

e x p e r i m e n t a l  a s . w e l l  a s  t o  model ing  work.  P a r t  o f  t h e  s t a t u s  

o f  t h i s  work i s  summarized i n  P a r t  I1 o f  t h i s  r e p o r t .  The re- 

s u l t s  w e r e  d i s c u s s e d  i n  t h r e e  work ing g r o u p s  and t h e  recornmen- 

d a t i o n s  made are i n c l u d e d  i n  t h e  P r o c e e d i n g s .  Among o t h e r s  a 

p l e a  was made f o r  a b e t t e r  c o o r d i n a t i o n  o f  t h e  h y d r o b i o l o g i c a l  

and  c h e m i c a l  measurement programs i n  t h e  l a k e .  S t r o n g  s u p p o r t  

was e x p r e s s e d  f o r  t h e  c o n t i n u a t i o n  o f  t h e  work o n  wind i nduced  

mass exchange and t h e  sed iment -water  i n t e r a c t i o n ,  and a d d i t i o n a l  

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

sed imen t .  F i n a l l y ,  t h e  c o n t i n u i n g  l a c k  o f  r e l i a b l e  and  compre- 

h e n s i v e  d a t a  o n  t h e  l a k e ' s  l o a d i n g  w e r e  f e l t  a s  a s e r i o u s  h i n -  

d r a n c e  t o w a r d s  b e t t e r  mode l i ng ,  and it w a s  s t r o n g l y  u rged  t h a t  

t h i s  d a t a  b e  made a v a i l a b l e  a s  soon  a s  p o s s i b l e .  

The e x p e r i e n c e ,  cr i t ic ism,  remarks ,  s u g e s s t i o n s ,  and  

recommendat ions o b t a i n e d  d u r i n g  t h e  case s t u d y  a s  i n d i c a t e d  

above,  h a v e  been  i n c o r p o r a t e d  i n  t h e  deve lopment  o f  i d e a s  

o n  t h e  s t u d y ' s  c o n t i n u a t i o n .  These  w i l l  b e  o u t l i n e d  b r i e f l y  

i n  P a r t  I11 o f  t h i s  r e p o r t .  



PART 11. SCIENTIFIC RESULTS 
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1 .  INTRODUCTION TO THE PROBLEM 

I ts  n i c e  summer c l i m a t e ,  t h e  f i n e  scene ry  o f  t h e  su r round ing  

landscape ,  and i t s  water q u a l i t y  have made Lake B a l a t o n  an a t t r a c -  

t i v e  t o u r i s t  r e s o r t  o f  impor tance  r e a c h i n g  f a r  beyond t h e  n a t i o n a l  

Hungarian b o r d e r s .  With 600 km2 s u r f a c e  area it i s  t h e  l a r g e s t  

l a k e  i n  c e n t r a l  Europe. I n  r e c e n t  y e a r s  s c i e n t i s t s  s t u d y i n g  t h e  

l a k e  have observed  c e r t a i n  changes i n t h e  water q u a l i t y  o f t h e  l a k e .  

Clear s i g n s  o f  e u t r o p h i c a t i o n  became a p p a r e n t  and under  unfavor-  

a b l e  c i r cums tances ,  a l g a l  blooms began t o  a f f e c t  t h e  t o u r i s t i c  

v a l u e  o f  t h e  l a k e ,  a t  least  i n  t h e  most p o l l u t e d  s e c t i o n s .  T h i s  

i s ,  i n  a n u t s h e i l ,  t h e  s p e c i f i c a t i o n  o f  t h e  Lake B a l a t o n  e u t r o -  

p h i c a t i o n  probiem. T h i s  s e c t i o n  summarizes t h e  r e s u l t s  o f  a 

problem a n a l y s i s  scudy ,  per formed a t  IIASA i n  the framework o f  

t h e  Ba la ton  Case Study.  The a s p e c t s  w i l l  b e  t r e a t e d  i n  a b r i e f  

fo rmat  h e r e  o n l y ,  f o r  d e t a i l s  t h e  r e a d e r  i s  r e f e r r e d  t o  t h e  

o r i g i n a l  p u b l i c a t i o n  (van S t r a t e n ,  e t  a l .  1 9 7 9 ) .  

1 . 1 .  Genera l  C h a r a c t e r i s t i c s  

F i g u r e  1 g i v e s  an  impress ion  o f  t h e  Ba la ton  and i t s  ca t ch -  

ment area. The l a k e  is 77.9 km l o n g  and on t h e  ave rage  7.7 km 
2  wide.  The s u r f a c e  area o f  t h e  wa te rshed  is  5,180 km , t h a t  

o f  t h e  l a k e  i t s e l f  596 km2 ( r a t i o  8 . 7 : l )  . I ts  most  t y p i c a l  

f e a t u r e  is i t s  sha l lowness :  t h e  ave rage  d e p t h  i s  3.14 m ,  and 

t h e  d e e p e s t  p o i n t ,  t h e  s t r a i g h t s  o f  T ihany,  i s  n o t  more t h a n  

11 m deep.  Consequent ly ,  wind a c t i o n  i s  o f  g r e a t  impor tance .  

Another  consequence o f  t h e  sha l l owness  i s  t n e  l a r g e  t empe ra tu re  

d i f f e r e n c e  between summer and w i n t e r .  On the ave rage  t h e r e  i s  

an  i c e  cove r  f o r n e a r l y  two months i n  w i n t e r ,  whereas t h e  tempera- 

t u r e  o f  t h e  water rises r a p i d l y  t o  v a l u e s  around 24' i n  summer. 

1 .2 .  Hydrology 

The p r i n c i p a l  r i v e r  i n f l o w  is  t h e  Zala Rive r  i n  t h e  sou th -  
2  

wes te rn  end o f  t h e  l a k e .  The Za la  d r a i n s  abou t  2,750 km o r  

53% o f  t h e  t o t a l  ca tchment  a r e a  and is ,  t h e r e f o r e ,  o f  pr ime 

impor tance t o  t h e  l a k e .  The l a k e  h a s  o n l y  one s i n g l e  o u t f l o w ,  

i n  S i d f o k ,  a t  t h e  s o u t h - e a s t e r n  end. The ou t f l ow  i s  r e g u l a t e d  

by a g a t e ,  s o  t h a t  t h e  l e v e l  o f  t h e  l a k e  c a n  b e  c o n t r o l l e d  w i th -  

i n  rough ly  30 cm d i f f e r e n c e  i n  most s i t u a t i o n s .  F i g u r e  2  g i v e s  
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t h e  long- te rm y e a r l y  a v e r a g e  w a t e r  b a l a n c e :  t h e  t o t a l  i n f l o w  

o f  957 mm/year r o u g h l y  b a l a n c e s  t h e  e v a p o r a t i o n  l o s s e s  (916 mm/ 

y e a r )  , whereas  t h e  o u t f l o w  (671 mrn/year) i s  a b o u t  e q u a l  t o  t h e  

p r e c i p i t a t i o n  (628 rnm/year) . Given a  mean d e p t h  o f  3.14 m and 

a  t o t a l  a n n u a l  i n p u t  o f  1.57 m ,  an  a v e r a g e  renewa l  t i m e  o f  2  

y e a r s  r e s u l t s .  However, t h i s  i s  j u s t  a  lake-w ide  a v e r a g e .  The 

renewal  t i m e  i s  s i g n i f i c a n t l y  s h o r t e r  ( 1  y e a r )  i n  t h e  K e s z e t h e l y  

Bay (see F i g u r e  1 )  , and c o n s i d e r a b l y  l o n g e r  ( 7  y e a r s )  i n  t h e  

'downstream'  end  o f  t h e  l a k e  ( S i c f o k )  . 

1 . 3 .  Hydrodynamics 

Compared t o  t h e  t h r o u g h  f l o w  d e r i v e d  f rom w a t e r  b a l a n c e  

c o n s i d e r a t i o n s  t h e  wind- induced w a t e r  mo t ion  p l a y s  a  more impor- 

t a n t  r o l e .  I t  i s  b a s i c a l l y  dynamic i n  c h a r a c t e r  d u e  t o  t h e  

s t r o n g  f l u c t u a t i o n  i n  wind (80-90 s to rmy  d a y s  and a p p r o x i m a t e l y  

1000 s e i c h e  e v e n t s  i n  a  y e a r ) .  The s p a t i a l  change i s  a l s o  

e s s e n t i a l  and b o t h  t h e  tempora l  and s p a t i a l  v a r i a t i o n s  a r e  

i n f l u e n c e d  by t h e  s u r r o u n d i n g  moun ta ins  on  t h e  n o r t h e r n  s i d e  

of  t h e  l a k e .  The p r e v a i l i n g  d i r e c t i o n  i s  between M4 and NW-N 

w h i l e  t h e  month ly  a v e r a g e  v e l o c i t y  r a n g e s  f rom 2  t o  5  m / s .  

The w i n d i e s t  p e r i o d  i s  March and A p r i l ,  t h e  c a l m e s t  September  

( H i r l i n g  1979)  . 
Wind a c t i o n s  r e s u l t  i n  d i f f e r e n t  k i n d s  o f  f r e e  s u r f a c e  

and w a t e r  m o t i o n s  s u c h  a s :  s e t - u p ,  c a u s i n g  a  w a t e r  l e v e l  

d i f f e r e n c e s  o f  a s  much a s  1  m;  s e i c h e s ,  w i t h  5 . 5  and 1 . 0  h  

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

and s h a l l o w  waves,  t h e  h e i g h t  o f  which o f t e n  e x c e e d s  1  m (Musz- 

k a l a y  1 9 7 9 ) .  A l l  t h e s e  phenomena a r e  i n f l u e n c e d  b y  t h e  p r e s e n c e  

of  t h e  T ihany  p e n i n s u l a  and c a n  h a r d l y  b e  s e p a r a t e d  f rom each  

o t h e r .  

Only l i m i t e d  knowledge i s  a v a i l a b l e  on  t h e  v e l o c i t y  f i e l d .  

The mo t ion  a t  T ihany  i s  d e t e r m i n e d  m a i n l y  by  u n s t e a d y  v e l o c i t i e s  

o f t e n  h i g h e r  t h a n  1  m / s .  I n  o t h e r  a r e a s  t h e  mo t ion  i s  less 

i n t e n s i v e .  The e x p e r i m e n t s  per formed o n  a  p h y s i c a l  model  

( ~ ~ g r k e  1975)  i n d i c a t e d  t h a t  f o r  n o r t h e r n  wlnds t y p i c a l  s e p a r a t e d  

c i r c u l a t i o n s  were deve loped  i n  d i f f e r e n t  b a s i n s  i n  t h e  s o u t h -  

w e s t e r n  p a r t  o f  t h e  l a k e .  S e i c h e s  and s e t - u p s  may c a u s e ,  however, 

a  c o n s i d e r a b l e m i x i n g i n  t h e  l o n g i t u d i n a l  direction among segments  

w i th  d i f f e r e n t  w a t e r  q u a l i t y .  



wi th  d i f f e r e n t  water q u a l i t y .  A t  p r e s e n t  no d i r e c t  i n f o r m a t i o n  

abou t  t h e  e x t e n t  o f  l o n g i t u d i n a l  mix ing i n  q u a n t i t a t i v e  t e r m s  

i s  a v a i l a b l e .  

Another  impo r t an t  hyd rophys i ca l  e f f e c t  i s  t h e  i n t e r a c t i o n  

a t  t h e  bot tom which a l l o w s  d i s s o l v e d  and p a r t i c u l a t e  m a t e r i a l s  

t o  r e - e n t e r  f rom t h e  bot tom l a y e r .  T h i s  and r e l a t e d  phenomena 

w i l l  be  d i s c u s s e d  i n  S e c t i o n  1 .6 .  

1 . 4 .  Water Q u a l i t y  C h a r a c t e r i s t i c s  

The dominant  g e o l o g i c a l  f o r m a t i o n s  i n  t h e  Ba la ton  a r e a  a r e  

compr ised o f  do l om i t e .  The wa te r  i s  most l y  of  k a r s t i c  o r i g i n  

and i t s  compos i t i on  i s  r e f l e c t e d  i n  t h e  chemica l  c h a r a c t e r i s t i c s  

o f  t h e  Ba la ton  w a t e r .  The ca l c i um  c o n t e n t  i s  h igh :  f rom 60 mg/l 

i n  t h e  Kesz the ly  end t o  40 mg/l a t  t h e  o u t l e t .  The magnesium 

c o n c e n t r a t i o n  i s  of t h e  same o r d e r  o f  magni tude.  I n  combinat ion  

w i t h  t h e  h i gh  m - a l k a l i n i t y  ( 4 / 5  mva l / l )  and t h e  h i gh  pH ( 8  -3- 

8 . 7 )  abou t  70% o f  t h e  t o t a l  ca l c i um  e n t e r i n g  t h e  l a k e  p re -  

c i p a t e s .  These phenomena a r e  c l o s e l y  r e l a t e d  t o  t h e  b i o -  

l o g i c a l  a c t i v i t y  i n  t h e  l a k e .  

The d i f f e r e n c e s  i n  t h e  ca l c i um  c o n c e n t r a t i o n  a l ong  t h e  

l a k e  show t h a t  a  c l e a r  l o n g i t u d i n a l  g r a d i e n t  e x i s t s .  I t  t u r n s  

o u t  t h a t  t h i s  i s  a l s o  t h e  c a s e  f o r  many o t h e r  c o n s t i t u e n t s .  

F i g u r e  3  shows t h e  y e a r l y  ave rage  and y e a r l y  maximum v a l u e s  a t  

n i n e  measurement p o i n t s  a l o n g  t h e  l a k e  f o r  c h l o r o p h y l l ,  (as  

a n  i n d i c a t o r  o f  a l g a l  b iomass)  and f o r  some forms o f  t h e  p r i n c i p a l  

n u t r i e n t ,  phosphorus .  Both t o t a l  d i s s o l v e d  and t o t a l  p a r t i c u -  

l a t e  phosphorus show a  marked g r a d i e n t ,  w i t h  c o n c e n t r a t i o n s  de- 

c r e a s i n g  from Kesz the ly  towards  S i d f o k .  T h i s  i s  a l s o  m i r r o r e d  

i n  t h e  c h l o r o p h y l l  d a t a .  S i m i l a r  g r a d i e n t s  a r e  seen  f o r  sus-  

pended s o l i d s  and s e c c h i - d i s k  dep th .  I t  i s  obv ious  t h a t  t h e  

Zala R i ve r  p l a y s  a  major  r o l e  i n  t h i s  r e s p e c t .  On t h e  b a s i s  

o f  F i gu re  3  a n o t h e r  impo r t an t  conc l us i on  can  be drawn, namely 

t h a t  wind mix ing,  alt.hn11gh p robab ly  s i g n i f i c a n t ,  i s  n o t  s t r o n g  

enough t o  remove t h e  l o n g i t u d i n a l  g r a d i e n t  e n t i r e l y .  Consequen t l y ,  

t h e  l a k e  can  n o t  b e  c o n s i d e r e d  as f u l l y  mixed, which i s  i ~ p o r -  

t a n t  f o r  model ing pu rposes .  Thus f a r ,  a  d e s c r i p t i o n  w i t h  

f o u r  segments has  been f r e q u e n t l y  used ( c f .  F i gu re  1 ) .  I t  

shou ld  b e  no ted ,  however, t h a t  t h i s  s e l e c t i o n  was made on 
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h y d r o l o g i c a l  m o t i v e s .  I t  c a n  n o t  b e  exc luded  t h a t  o n  t h e  b a s i s  

o f  hydrodynamica l  o r  e c o l o g i c a l  c o n s i d e r a t i o n s  o t h e r  s e g m e n t a t i o n s  

may b e  p r e f e r r e d .  

1 . 5 .  P h y t o p l a n k t o n  and P h o s p h a t e  Dynamics 

I t  i s  i n t e r e s t i n g  t o  have a c l o s e r  l o o k  a t  t h e  phosphorus  

and  c h l o r o p h y l l  d a t a .  One s i g n i f i c a n t  a s p e c t  c o u l d  a l r e a d y  b e  

r e a d  from F i g u r e  3 .  T h i s  i s  t h e  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n  

o f  t o t a l  d i s s o l v e d  phosphorus .  F i g u r e  4 shows t h e  dynamics o f  

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

f o r  t h e  y e a r s  1975-1978. The t w o  l i n e s  f o r  c h l o r o p h y l l  r e p r e -  

s e n t  t w o  d i f f e r e n t  d a t a  s o u r c e s .  Again,  t h e  h i g h  p r o p o r t i o n  

o f  t h e  t o t a l  d i s s o l v e d  phosphorus  s t r i k e s  t h e  e y e .  I t  c o n s t i -  

t u t e s  a b o u t  1 /3  t o  1/2 o f  t h e  t o t a l  phosphorus  f r a c t i o n .  S i n c e  

t h e  o r t h o - p h o s p h a t e  is u s u a l l y  v e r y  l o w  (2-5 mg/m3) m o s t  o f  t h e  

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

condensed (po1y ) -phospha tes .  Accord ing  t o  a r e c e n t  p u b l i c a t i o n  

(Dobo ly i  1979) t h e  l a t t e r  c a n  b e  a c o n s i d e r a b l e  f r a c t i o n .  

However, v e r y  s t r o n g  i n d i c a t i o n s  e x i s t  t h a t  b o t h  fo rms,  whe the r  

d i s s o l v e d  o r g a n i c  o r  d i s s o l v e d  condensed p h o s p h a t e s ,  o r i g i n a t e  

f rom decay  o f  p h y t o p l a n k t o n  and o t h e r  l i v i n g  o rgan isms  i n  t h e  

l a k e .  Rapid d e m i n e r a l i z a t i o n  by h e t e r o t r o p h i c  b a c t e r i a  is 

l i k e l y  to p l a y  a majo r  role i n  t h e  s u p p l y  o f  o r t h o - p h o s p h a t e  

needed t o  s u s t a i n  t h e  a l g a l  c o n c e n t r a t i o n s  o b s e r v e d .  W i thou t  

t h i s  i n t e r n a l  s o u r c e  a l g a l  g row ths  o f  t h i s  e x t e n t  would b e  

i m p o s s i b l e .  Another  p o s s i b i l i t y  i s  t h a t  p h o s p h a t e  i s  r e l e a s e d  

from t h e  sed imen t .  T h i s  w i l l  be  d i s c u s s e d  l a t e r .  

From t h e  t i m e  p a t t e r n  i n  F i g u r e  4 i t i s  o b v i o u s  t h a t  t h e  

l a k e ' s  hyd rob io logy  i s  h i g h l y  dynamic,  and  s t r o n g  d i f f e r e n c e s  

b o t h  i n  p a t t e r n  and i n  maximum a l g a l  c o n c e n t r a t i o n s  e x i s t s  f rom 

y e a r  t o  y e a r .  T h i s  i s  a l s o  con f i rmed  by t h e  a v a i l a b l e  b iomass  

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

d i a t o m s  i n  s p r i n g ,  f o l l o w e d  by a mixed p h y t o p l a n k t o n  domina ted  

by C e r a t i u m  h i r u n d i n e l l a  i n  summer. I n  t h e  K e s z t h e l y  Bay and  

t h e  a d j a c e n t  S z i g l i g e t  Bay b lue -g reen  a l g a e  (ma in l y  Aphanizomenon 

f l o s - a q u a e )  have  s t a r t e d  t o  b e  dominant  i n  r e c e n t  y e a r s .  An 

i m p r e s s i o n  on t h e  deve lopment  o f  t h e  e u t r o p h i c a t i o n  p r o c e s s  c a n  

be  o b t a i n e d  from F i g u r e  5,  showing t h e  p r imary  p r o d u c t i o n  i n  t h e  
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BASIN-I TPP[=) PGP(3; 

F i g u r e  4 .  C h l o r o p h y l l  and  p h o s p h a t e  d a t a  f o r  K e s z t h e l y  Bay 
1975-1978.  

TP: t o t a l  p h o s p h a t e  DOP: d i s s o l v e d  o r g a n i c /  
condensed  p h o s p h a t e  

TDP: t o t a l  d i s s o l v e d  p h o s p h a t e  TPP: t o t a l  p a r t i c u l a t e  p h o s p h a t e  
PO,+ : o r t h o p h o s p h a t e  POP: p a r t i c u l a t e  p h o s p h a t e  

Da ta  f o r  c h l o r o p h y l l  f rom two d i f f e r e n t  s o u r c e s  ( v a n  S t r a t e n  
e t  a l .  ' 1 9 7 9 ) .  





v a r i o u s  p a r t s  o f  t h e  l a k e  ( c f .  Herodek 1 9 7 7 ) .  The mos t  s t r i k i n g  

a r e  t h e  p r i m a r y  p r o d u c t i o n  v a l u e s  f o r  K e s z t h e l y  Bay i n  1973 ,  
2 

t h e  peak v a l u e  c o r r e s p o n d i n g  t o  830 gC/m / y r ,  a  h y p e r t r o p h i c  

v a l u e .  The p r o d u c t i o n  t o  b i omass  r a t i o  c a n  b e  a s  h i g h  as 3-4 

day- ' ,  wh i ch  l e a d s  t o  t h e o r e t i c a l  maximum g row th  ra tes  o f  10 

day- '  o r  more.  T h e s e  v a l u e s  are among t h e  h i g h e s t  e v e r  r e p o r t e d  

i n  t h e  i n t e r n a t i o n a l  l i t e r a t u r e .  The a c t u a l  g row th  r a t e  i s  

l o w e r  b e c a u s e  o f  n u t r i e n t  and  l i g h t  l i m i t a t i o n .  Due t o  t h e  

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

s e d i m e n t  t a k e s  p l a c e  unde r  t h e  i n f l u e n c e  o f  w ind .  The t r a n s p a r e n c y  

i s ,  t h e r e f o r e ,  h i g h l y  f l u c t u a t i n g .  T y p i c a l  e x t i n c t i o n  c o e f  f i -  
- 1  

c i e n t s  are 2-4 m ( c f .  Van S t r a t e n  1 9 8 0 ) .  A t  t h e  l a k e  s u r f a c e  

p h o t o i n h i b i t i o n  o f t e n  o c c u r s .  

G iven  t h e  h i g h  g row th  ra tes  t h e  q u e s t i o n  may r ise:  w h a t  

p r o c e s s e s  are r e s p o n s i b l e  f o r  t h e  d e a t h  o f  a l g a e ?  T h i s  q u e s t i o n  

h a s  n o t  b e e n  f u l l y  r e s o l v e d  y e t .  A f a c t  i s  t h a t  z o o p l a n k t o n  con-  

c e n t r a t i o n s  are g e n e r a l l y  low,  d e s p i t e  t h e  f a v o r a b l e  f e e d i n g  

c o n d i t i o n s .  The h i g h  s u s p e n d e d  s o l i d  c o n c e n t r a t i a n s  ( i n  t h e  

f o rm  o f  c a l c i u m  c a r b o n a t e )  i s  p e r h a p s  r e s p o n s i b l e  f o r  t h i s .  

1 . 6 .  Sed imen t  and Sed imen t -wa te r  Interaction 

A f a c t o r  o f  c o n s i d e r a b l e  u n c e r t a i n t y  i n  t h e  s t u d y  o f  t h e  

e u t r o p h i c a t i o n  p r o c e s s  o f  Lake  B a l a t o n  i s  t h e  r o l e  o f  t h e  s e d i -  

ment .  A l t h o u g h  m o s t  o f  t h e  p h o s p h o r u s  e n t e r i n g  t h e  l a k e  i s  

s t o r e d  i n  t h e  s e d i m e n t  (80-90%)  a  v e r y  l a r g e  p r o p o r t i o n  i s  

p r o b a b l y  n o t  a v a i l a b l e  f o r  a l g a l  g row th .  ~ c o l o g i c a l l y  mos t  

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

b e  swep t  away by wind i n d u c e d  c u r r e n t s  and  waves .  I t  

was c a l c u l a t e d  f r om oxygen  measu remen ts  t h a t  r o u g h l y  1 /3  o f  

t h e  t o t a l  m i n e r a l i z a t i o n  o f  dead  o r g a n i c  matter t a k e s  p l a c e  i n  

t h e  s e d i m e n t .  Even s o ,  t h e  s e d i m e n t  i s  r e l a t i v e l y  p o o r  i n  

o r g a n i c  mater ia l  ( o n l y  2% o f  d r y  w e i g h t ) .  The t o p  l a y e r  i s  

n e a r l y  a l w a y s  a e r o b i c ,  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  m i c ro -  

s t r a t i f i c a t i o n  i n  t h e  K e s z t h e l y  and  S z i g l i g e t  b a s i n .  Sed imen t  
a n a l y s i s  shows t h a t  a  s u b s t a n t i a l  p a r t  o f  t h e  p h o s p h o r u s  i n  

t h e  s e d i m e n t  i s  bound t o  c a l c i u m  c a r b o n a t e ,  and a l s o  i r o n  com- 

pounds s e e m  t o  p l a y  a r o l e  ( c f .  Dobo l y i  1 9 8 0 ) .  



The r o l e  o f  t h e  wind can be exemp l i f i ed  by l o o k i n g  a t  t h e  

wa te r  body d a t a  i n  March, 1977. I n  t h e  Szemes b a s i n  measurements 

were conducted on two c o n s e c u t i v e  days ,  where on t h e  second day 

a heavy s to rm p r e v a i l e d .  The d a t a  a r e  p r e s e n t e d  i n  Tab le  1 .  

I n s p e c t i o n  o f  t h e  d i f f e r e n t ' f r a c t i o n s  c l e a r l y  i n d i c a t e s  t h a t  

t h e  observed  i n c r e a s e  i n  t o t a l  P can be f u l l y  a t t r i b u t e d  t o  t h e  

p a r t i c u l a t e  phosphorus f r a c t i o n s .  Both p a r t i c u l a t e  o r g a n i c ,  a s  

w e l l  a s  p a r t i c u l a t e  i n o r g a n i c  phosphorus i n c r e a s e d  remarkab ly ,  

whereas no s i g n i f i c a n t  i n c r e a s e  i n  or tho-phosphate  and o t h e r  

d i s s o l v e d  phosphate  f r a c t i o n s  was observed.  

Tab le  1. E f f e c t  o f  a Storm on Water Q u a l i t y  Data (Szemes) 

The same r e s u l t s  were o b t a i n e d  i n  a d e t a i l e d  s tudy  based 

on d a i l y  measurements (Somly6dy 1980 ) .  Thus, s w i r l i n g  up o f  

sed iment  p a r t i c l e s  i s  a s i g n i f i c a n t  p rocess .  From t h e  l a c k  of 

i n c r e a s e  of  d i s s o l v e d  phosphorus f r a c t i o n  one  would t e n d  t o  

conc lude a t  f i r s t  g l ance  t h a t  t h e  r o l e  o f  mix ing of phosphorus- 

r i c h  i n t e r s t i t i a l  wa te r  i s  n o t  ve ry  impor tan t .  However, t h i s  

need n o t  n e s s a r i l y  be  t r u e .  C e r t a i n l y  f o r  t h e  deeper  p a r t s  o f  

t h e  l a k e ,  where i n t e r s t i t i a l  d i s s o l v e d  phosphorus concen t ra -  

t i o n s  a r e  t y p i c a l l y  i n  t h e  o r d e r  of 100 m g ~ / m 3 ,  t h e  observed  

e r o s i o n  w i l l  l e a d  t o  10 more t han  0.1 mgp/m2 r e l e a s e ,  o r  f o r  

28-3-1977 29-3-1977 

Average wind speed  3 11 

Suspended s o l i d s  

Ch lo rophy l l  

T o t a l  phosphate  

T o t a l  d i s s o l v e d  phosphate  

Ortho-phosphate 

T o t a l  p a r t i c u l a t e  phosphate  

P a r t i c u l a t e  i n o r g a n i c  phosphate  

P a r t i c u l a t e  o r g a n i c  phosphate  

mg/l 14 248 

mg/m3 19 37 

mg/m3 28 160 

mg/m3 11 10 

mg/m3 7 8 

m9/m3 17 150 

mg/m3 5 6 5 

mg/m3 12 85 



t h e  whole l a k e  10 more t h a n  5-10% o f  t h e  t o t a l  e s t i m a t e d  

d i s s o l v e d  phosphorus l o a d i n g .  But i n  t h e  s h a l l o w e r  n e a r  

s h o r e  r e g i o n s ,  m u c h l a r g e r  r e l e a s e s  may b e  p o s s i b l e  f o r  two 

r e a s o n s :  f i r s t ,  i n t e r s t i t i a l  phosphorus c o n c e n t r a t i o n s  a l o n g  

t h e  s h o r e  a r e  g e n e r a l l y  5 t o  10 t i m e s  l a r g e r  t h a n  a t  mid- lake  

p o i n t s ,  and second ,  t h e  wind induced e r o s i o n  i s  l a r g e  i f  t h e  

w a t e r  d e p t h  i s  less. Moreover,  a  s i g n i f i c a n t  r e l e a s e  of o r t h -  

phospha te  may n o t  be  immedia te ly  d i s c e r n a b l e  i n  t h e  w a t e r  body 

because  o f  s i m u l t a n e o u s  and f a s t  removal  o f  a l g a l  u p t a k e  by 

a d s o r p t i o n  o n  suspended s o l i d s .  

I t  may b e  no ted  from T a b l e  1  t h a t  a  r ise i n  c h l o r o p h y l l  

was a l s o  r e c o r d e d .  T h i s  would b e  c o n s i s t e n t  w i t h  t h e  o b s e r -  

v a t i o n  t h a t  t h e  sed imen t  c o n t a i n s  a p p r e c i a b l e  amounts o f  

c h l o r o p h y l l .  For  example,  w i t h  t h e  i n - l a k e  c h l o r o p h y l l  d a t a  

no c o r r e c t i o n  was made f o r  t h e  pheophy t ine  c o n t e n t ,  a n d ,  

c o n s e q u e n t l y ,  t h e  c o n t r i b u t i o n  o f  l i v i n g  a l g a e  i n  t h e  r e s u s -  

p e n s i o n  t e r m  i s  u n c e r t a i n .  T h e o r e t i c a l l y ,  a  r ise i n  c h l o r o -  

p h y l l  cou ld  a l s o  b e  d u e  t o  i n c r e a s e d  l o n g i t u d i n a l  m ix ing  

d u r i n g  t h e  s to rm e v e n t ,  because  a  s h a r p  g r a d i e n t  f rom Kesz the-  

l e y  towards  Szemes e x i s t e d  b e f o r e  t h e  s to rm,  b u t  i t  i s  u n l i k e l y  

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

c o n c e n t r a t i o n s .  

1 .7 .  N u t r i e n t  Loading 

Because o f  t h e  dominant  r o l e  o f  phosphorus ,  i n c r e a s e d  

l o a d i n g  o f  phosphorus  i n  t h e  p a s t  d e c a d e s  must  b e  h e l d  re- 

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

p o p u l a t i o n  i n  t h e  B a l a t o n  ca tchment  a r e a  i n c r e a s e d  t o  

r o u g h l y  420,000 i n h a b i t a n t s  i n  1975. Development i n  t h e  r e g i o n  

h a s  l e a d  t o  a  l a r g e r  d e g r e e  of  p u b l i c  w a t e r  s u p p l y  ( 5 6 X ) ,  and 

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

sewage sys tem is  s t i l l  n o t  v e r y  h i g h  (27X) ,  it i s  l i k e l y  t h a t  

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

t o  t h e  n u t r i e n t  p rob lem o f  t h e  l a k e .  I n  a d d i t i o n ,  improved 

methods i n  a g r i c u l t u r e ,  t h e  major  a c t i v i t y  i n  t h e  w a t e r s h e d ,  h a s  

e n t a i l e d  t h e  u s e  o f  more f e r t i l i z e r ,  amount ing t o  70,000 t o n s  



P205 e q u i v a l e n t s  i n  1975. Other  a g r i c u l t u r a l  a c t i v i t i e s  such 

a s  i n t e n s i v e  l i v e - s t o c k  b r e e d i n g  a r e  a l s o  s i g n i f i c a n t .  F i n a l l y ,  

i n  r e c e n t  y e a r s ,  t o u r i s m  around t h e  l a k e  h a s  grown t remendous ly ,  

and on peak days  d u r i n g  summer more t h a n  h a l f  a  m i l l i o n  peop le  

t a k e  p a r t  i n  r e c r e a t i o n a l  a c t i v i t i e s  i n  t h e  d i r e c t  v i c i n i t y  of 

t h e  i a k e ' s  s h o r e s .  

Direct d a t a  on  t h e  n u t r i e n t  l o a d i n g s  a r e  r e l a t i v e l y  scarce. 

The r e g u l a r  n lon i to r iny  program cc jn ta ins  r a t h e r  d e t a i l e d  d a t a  f o r  

t h e  Zala R iver  ( c f .  J o b  i 9 8 0 ) ,  and from t h e s e  d a t a  e x t r a p o l a t i o n s  

t o  o t h e r  sub-watersheds can  be made based  on  s u r f a c e  a r e a  and 

s l o p e  c o n d i t i o n s .  I n  t h i s  way t h e  r a t i o  o f  t h e  non-po in t  s o u r c e s  

o v e r  t h e  f o u r  b a s i n s  was c a l c u l a t e d  a s  1  : 1 : 0.45: 0 . 3  f rom 

Kesz the ly  t o  S i d f o k .  For  sewage l o a d i n g s  t h e  e s t i m a t e s  f o r  t h e  

l a k e  t o t a l  had t o  be  i n t e r p o l a t e d  o v e r  t h e  f o u r  b a s i n s  w i t h  t h e  

p o p u l a t i o n  d e n s i t y  and  sewage sys tem connec t i on  r a t i o  a s  t h e  

main g u i d e l i n e .  A p a r t  from t h e  o r tho -phospha te  l o a d i n g  from 

t h e  Zala R ive r  t h e  d i s t r i b u t i o n  was e s t i m a t e d  as 0.1:0.25:0.25: 

0.4. The u l t i m a t e  d i s t r i b u t i o n  o f  t h e  l o a d i n g s ,  such  as used  

i n  segment o r i e n t e d  water q u a l i t y  models (BALSECT and  SIMBAL, 

see S e c t i o n  3 .3 . )  i s  summarized i n  F i g u r e  6.  

The r o l e  o f  t h e  v a r i o u s  s o u r c e s  as w e l l  a s  t h e  e s t i m a t e  

f o r  t h e  p r e s e n t  ( b a s e  1975) t o t a l  and a v a i l a b l e  phosphorus  l o a d  

is  p r e s e n t e d  i n  Tab le  2. I t  shou ld  be  s t r e s s e d  t h a t  t h e s e  d a t a  

a r e  s u b j e c t  t o  r e l a t i v e l y  h i g h  u n c e r t a i n t i e s  ( c f .  a l s o  Jo lAnka i ,  

1980 ) .  T h i s  i s  even more t r u e  f o r  t h e  column on  ' a v a i l a b l e '  

phospha te .  The a n n u a l  t o t a l  phosphorus l o a d  t o  t h e  l a k e  is  

e s t i m a t e d  t o  r ange  between 700 and 1,600 kg P/day, o f  which 

rough ly  430-860 kg P/day i s  l i k e l y  t o  be  r e a d i l y  a v a i l a b l e  f o r  

a l g a l  growth ( o r t ho -phospha te ) .  The t o t a l  l o a d i n g  e s t i m a t e s  
2  a r e  e q u i v a l e n t  t o  a  y e a r l y  s u r f a c e  l o a d i n g  o f  0.4-1.0 g  P/m / y r  

i n  t o t a l  phosphorus.  However, abou t  1 /3  o f  t h e  l o a d i n g  i s  

r e c e i v e d  by t h e  Kesz the l y  Bay, hav ing  o n l y  6 .4% o f  t h e  t o t a l  

s u r f a c e  a r e a .  Consequen t l y ,  t h e  s u r f a c e  l o a d i n g  o f  t o t a l  
2  phosphate  f o r  t h i s  p a r t  o f  t h e  l a k e  amounts t o  2.2-4.9 g  P/m / y r ,  

a  ve ry  h i g h  v a l u e .  



F i g u r e  6 .  Distribution o f  ? - load ing  o v e r  t h e  f o u r  B a l a t o n  
seg-xnen ts 

S = e s t i m a t e d  sewage l oad  f o r  whole l a k e  
( t i m e  c o n s t a n t ,  b u t  h i g h e r  d u r i n g  
t o u r i s t  season )  ; 

Zd = measured o r tho -phospha te  load  by Zala 
R iver  i t i m e  v a r y i n g  j 

Z = measured p a r t i c u l a t e  phosphorus l o a d  by 
Zala R ive r  ( t i m e  va ry i ng )  



Table 2. Ten ta t i ve  Es t imates  o f  P resen t  To ta l  and 
Ava i lab le  Phosphorus Loading o f  Lake Balaton 

*Percentages based on median va lues.  

2. HIERARCHY OF MODELS 

- 

The i n t r o d u c t i o n  of t h e  prev ious chap te r  demonst ra tes 

t h e  complexity o f  t h e  water  q u a l i t y  problem. A s u c c e s s f u l  

des ign  of models a s  an  ins t rument  f o r  management purposes 

would demand a  balanced i n t e g r a t i o n  of each of t h e  r e l e v a n t  

a s p e c t s ,  and r e q u i r e s  a  framework t o  p l a c e  each of t h e  i n d i -  

v i d u a l  e lements of t h e  problem i n t o  t h e  p e r s p e c t i v e  of t h e  

whole. Such a  framework i s  presented  i n  F igure  7 .  The b a s i c  

idea  i s  t o  f i r s t  decompose t h e  conplex s t r u c t u r e  i n  sma l l e r ,  

more t r a c t a b l e  u n i t s ,  a c c e s s i b i e  f c r  s e p a r a t e  and d e t a i l e d  

s tudy .  A decomposi t ion t h a t  d i r e c t l y  comes i n  mind i s  t h e  

d i s t i n c t i o n s  between l ake  and watershed.  Indeed, t h e  water  

q u a l i t y  problem i t s e l f  l i e s  i n  t h e  l a k e ,  b u t  t h e  causes ,  acd 

p r a c t i c a l l y  a l l  c o n t r o l  p o s s i b i l i t i e s ,  a r e  found i n  t h e  water- 

shed. I n  t h e  next  s t e p s ,  t h e  va r i ous  s t u d i e s  on t h e  b a s i c  

l e v e l  have t o  be pu t  t oge the r  on a  success i ve l y  h igher  l e v e l  of 

i n t e g r a t i o n .  I n  t h e s e  s t e p s  i t i s  l i k e l y  t h a t  o n l y t h e e s s e n t i a l s  

- 

F e r t i l i z e r  l o s s ,  
e ros ion ,  run-of f 
resuspens ion 

L iqu id  manure 

Indus t ry  

D i rec t  sewage 

I n d i r e c t  sewage 

P r e c i p i t a t i o n  

To ta l  

"Readi ly  Ava i lab lev-P 

F r a c t i o n  
r e a d i l y  
a v a i l a b l e  

0.2  

1.0 

1.0 

1 .O 

0 .9  

0.6 

Total -P 
- 

kg/day kg/day 

50-160 

50-200 

30-50 

150-200 

70-140 

80-1  10 

4 30-860 

% of , 

tota 1 * 

- 

t o t a l *  96 

16 

20 

6 

2 7  

16 

1 5 '  

I 

250-800 1 46 

5 0 - 2 0 0  

30-50  

150-200 

80 -160  

140 -190  

700 -1600  

11  

4 

15 

1 0  

14 





a r e  p reserved  and t h a t  p a r t  o f  t h e  unnecessary  d e t a i l  i s  

r u l e d  o u t .  How t h i s  shou ld  be done p r o p e r l y  i s  a  s u b j e c t  of  

c o n s i d e r a b l e  s c i e n t i f i c  s o p h i s t i c a t i o n ,  i n  which p r e s e n t  

i n t u i t i o n  and f e e l i n g  f o r  p r o p o r t i o n s  s t i l l  p l a y s  a  s i g n i f i -  

c a n t  p a r t .  

Return ing t o  F i g u r e  7 l e t  u s  d i s c u s s  t h e  i d e a s  o u t l i n e d  

above i n  somewhat more d e t a i l .  The fcndaments o f  t h e  a n a l y s i s  

c o n s i s t  o f  t h e  d e t a i l e d  s t u d i e s  o f  chemica l ,  b i o l o g i c a l ,  and 

p h y s i c a l  p rocesses  a t  t h e  lowes t  l e v e l  of  i n t e g r a t i o n .  Even 

on t h i s  l e v e l  s i n i p l i f i c a t i n s  o f  r e a l i t y  a r e  sough t  by employing 

modeling t echn iques ,  s o  a s  t o  ensu re  t h a t  t h e  most s i g n i f i c a n t  

f e a t u r e s  of  t h e  system behav io r  a r e  cap tu red  by t h e  models.  

I t  i s  obv ious t h a t  t h e s e  models r e l y  h e a v i l y  on f i e l d  obse r -  

v a t i o n s  and s p e c i f i c  f i e l d -  and l a b o r a t o r y  s t u d i e s .  Gene ra l l y  

one  would f i n d  t r y  t o  i s o l a t e  p a r t s  of  t h e  system f o r  t h i s  

purpose t o  exc lude  d i s t u r b a n c e s  by geograph ic  d i f f e r e n c e s  

( e . ~ .  sci l  t y p e s ,  s l o p e  c o n d i t i o n s ,  load u s e ,  p o l l u t i o n  

l o a d i n g ,  wind exposure ,  etc . )  . According t o  t h i s  l i n e  each 

o f  t h e  models marked " 1 "  i n  F i gu re  7 has  t o  be developed f o r  

more o r  less uni form watershed and l a k e  segments.  It shou ld  

be  no ted ,  however, t h a t  t h e s e  a r e  no hard  s c i e n t i f i c  methods 

t o  d e c i d e  how uni form 'un i fo rm '  shou ld  be ,  and expe r i ence  

and d a t a  based judgement a r e  s t i l l  impo r tan t  h e r e .  

On t h e  nex t  l e v e l  (marked "2" )  t h e  segment-or iented 

submodeis a r e  l i n k e d  t o g e t h e r .  For t h e  watershed t h i s  i s  t h e  

i n t e r a c t i o n  and t r a n s p o r t  model which combines t h e  s e c t i o n a l  

run-of f  and e r o s i o n  i n c l u d i n g  t h e  c a r r i e d  and t ranformed 

p o l l u t a n t s  i n t o  t h e  non-point  sou rces  ( t r i b u t a r y  s o u r c e s )  t o  

t h e  l a k e .  I n  t h e  l a k e  i t s e l f  t h e  s e c t i o n a l  b iochemica l  and 

sed iment  models a r e  coup led by t h e  hydrodynamic t r a n s p o r t  

model. 

I n  t h e  n e x t  l e v e l  o f  i n t e g r a t i o n  t h e  non-point  s o u r c e s  

a r e  combined w i t h  t h e  p o i n t  sou rces  i n t o  t h e  n u t r i e n t  l o a d i n g  

model, which p rov ides  t h e  i n p u t  f o r  t h e  l a k e  e u t r o p h i c a t i o n  

model based o c  t h e  lower l e v e l  l a k e  submodels. On t h i s  l e v e l  

s i m u l a t i o n s  can  b e  made of l a k e  wa te r  q u a l i t y  under v a r i o u s  

a l t e r n a t i v e  management s c e n a r i o s ,  t h u s  p rov id ing  t h e  in forma- 

t i o n  t o  be  used i n  a  wa te r  q u a l i t y  management model f o r  t h e  
o f  t h e  b e s t ,  t h e  op t ima l  o r  non - i n fe r i o r  s o l u t i o n s  (see be low) .  

F i n a l l y ,  t h i s  water  q u a l i t y  management model cou ld  be  though t  



of  b r i n g  a  p a r t  of a  r e g i o n a l  development  p o l i c y  model ,  i n  

which w a t e r  q u a l i t y  i s  c o n s i d e r e d  a s  b u t  o n e  e l e m e n t  o u t  o f  

t h e  t o t a i  spec t rum o f  a s p e c t s  i n f l u e n c i n g  r e g i o n a l  deve lopment .  

Work on  t h i s  t y p e  o f  model ,  however, g o e s  beyond t h e  competence 

of  t h e  Resources  an6  Envi ronment  Area and  w i l l  n o t  b e  d i s c u s s e d  

i n  t h i s  r e p o r t .  

F i g u r e  7 s t r u c t u r e s  t h e  v a r i o u s  mode l ing  a c t i v i t i e s  i n  

v a r i o u s  s t r a t a ,  f i n a l l y  l e a d i n g  co  t h e  i n t e g r a t e d  w a t e r  q u a l i t y  

manageinent model a t  t h e  t i p  o f  t h e  h i e r a r c h y  pyramid ( f i r s t  

s t r a t u m ) .  What t h i s  r e p r e s e n t a t i o n  d o e s  n o t  show i s  how t h e  

management model  f e e d s  back t o  t h ~  lower  s t r a t a  when it comes 

t o  r e a l  a p p l i c a t i o n  i n  d e c i s i o n  making.  T y p i c a l l y ,  t h e  pur -  

pose  o f  t h e  d e s i s i o n  model would b e  t o  g e n e r a t e  a l t e r n a t i v e  

management o p t i o n s  and s t r a t e g i e s ,  and t o  select  among t h e s e  

a l t e r n a t i v e s  o n  t h e  b a s i s  o f  o n e  o r  more o b j e c t i v e s .  The f e e d -  

back i n  t h i s  p r o c e s s  o f  management a l t e r n a t i v e  g e n e r a t i o n  and 

s e l e c t i o n  may b e  i l l u s t r a t e d  by t h e  f o l l o w i n g  s i m p l e  example.  

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

t h e  lower  s t r z t a  o f  t h e  d e c i s i o n  h i e r a r c h y :  t h e  n u t r i e n t  

l o a d i n g  and l a k e  e u t r o p h i c a t i o n  mode is .  I n  p r e s e n t i n g  t h e  

example,  w e  r e f e r  t o  F i g u r e  8 which shows t h e  e l e m e n t a r y  s t r u c -  

t u r e  G £  F i g u r e  7 i n  a  s i m p l i f i e d  f a s h i o n  f o r  f o u r  a l t e r n a t i v e  

management s t r u c t u r e s .  

P a r t  ( a )  o f  F i g u r e  8 i n d i c a t e s  t h a t  e v e r y  management 

a l t e r n a t i v e  ( g e n e r a t e d  by t h e  management a l t e r n a t i v e  g e n e r a t o r ,  

MAG) l e a d s  t o  a  c e r t a i n  n u t r i e n c  i n p u t  i i n p )  t o  t h e  l a k e  and a  

r e s u l t i n g  w a t e r  q u a l i t y  ( w q ) .  I n  t h i s  example,  w e  assume t h a t  

t h e  e f f e c t s  o f  t h e  managsment s t r a t e g y  upcn t h e  i n p u t  and upon 

w a t e r  q u & l i t y  mhy b e  computed w i t h  t h e  h e l p  of  t h e  n u t r i e n t  

l o a d i n g  model ( NLM) ar,d t h e  l a k e  e u t r o p h i c a t i o n  model (LEM) , 
r e s p e c t i v e l y .  Hence, t h e s e  lower  s t r a t a  models  occupy a  p l a c e  

o f  i m p o r t a n c e  I n  t h e  d e c i s i o n  s t r u c t u r e  h i e r a r c h y .  

With less p r e d i c t i v e  a b i l i t y  o f  t h e  n u t r l e n t  l o a d i n g  and 

e u t r o p h i c a t i o n  models  o f  t h e  second s t r a t u m ,  and t h e  a s s o c i a t e d  

l o w e r - l e v e l  submodel o n e  m igh t  a t t e m p t  t o  b y p a s s  t h e s e  u s u a l l y  
complex e l e m e n t s  by employ ing a  d i r e c t  r e l a t i o n s h i p  between 

nianagenent and w a t e r  q u a l i t y  (dashed  l i n e  i n  Figclre 7 ) , 
such a n  a t t e m p t  h a s ,  i n  f a c t ,  been made f o r  t h e  Lake B a l a t o n  

Case Study  and is  d e s c r i b e d  more f u l l y  i n  S e c t i o n  5.1 . 



minimal 

MAG 

standard 

F igure  8 .  Var ious  s i m p l i f i e d  management d e c i s i o n  s t r u c t u r e s .  

MAG = Management A l t e r n a t i v e  Generator  

NLM = N u t r i e n t  Loading Model 

LEM = Lake Eu t roph i ca t i on  Model 

i n p  = l a k e  n u t r i e n t  i n p u t  

wq = l a k e  water  q u a l i t y  

exp = t o t a l  expenses ( i n c l u d i n g  imponderab i l i a )  

( a )  , ( b j  , ( c )  , and ( d )  - see t e x t .  



Each p o s s i b l e  management a l t e r n a t i v e  is ,  o f  c o u r s e ,  

a s s o c i a t e d  w i t h  expenses  iexp)  , and t h e s e  a r e  a l s o  i n d i c a t e d  

i n  F i g u r e  8 .  W e  u s e  t h e  t e r m  expenses  h e r e ,  r a t h e r  t h a n  c o s k s  

t o  emphasizz t h a t  t h e  i m p o r t a n t  consequences  o f  a  management 

d e c i s i o n  may i n c l u d e  more t h a n  j u s t  c a p i t a l  and o p e r a t i n g  

costs.  For example,  a g r i c u l t u r a l  ~ O S S ,  l o s s  o f  n a t u r a l  

p r e s e r v a t i o n  a r e a ,  s o c i a l  i m p a c t s ,  and o t h e r  s o - c a l l e d  

imp~ndcrabilia must  b e  c o n s i d e r e d .  

The p a r t s  ( b ) ,  ( c ) ,  and ( d )  o f  F i g u r e  8  a r e  f u r t h e r  exam- 

p l e s  t o  d e m o ~ s t l - a t e  t h e  v a r i o u s  ways i n  which t h e  b a s i c  s t r u c t a r e  

c a n  b e  o p e r a t e d .  For  i n s t a n c e ,  or,e m igh t  d e s i r e  t o  s e t  a s p e c i f i c  

w a t e r  q u a l i t y  s t a n d a r d  ( e . g .  a l g a l  b i o m a s s ) ,  which t h e n  s e r v e s  

a s  a  c o n s t r a i n t  c o n d i t i o n  ( F i g u r e  8 b ) .  One t h e n  selects a 

s o l u t i o n  t h a t  min imizes  t h e  e x p e n s e s  under  t h i s  c o n s t r a i n t .  

I n  F i g u r e  8c  a  f i x e d ,  p r e s c r i b e d  amount o f  e x p e n s e s  i s  assumed. 

Here t h e  s o l u t i o n  w i l l  be  s e l e c t e d  which min imizes  e i t h e r  t h e  

i n p u t s  o r  t h e  w a t e r  q u a l i t y  v a r i a b l e .  Note t h a t  i n  t h i s  c a s e  

t h e  l a k e  e u t r o p h i c a t i o n  model mere l y  s e r v e s  a s  a  check  on  whe- 

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

l e a d s  t o  a n  a c c e p t a b l e  improvement o f  w a t e r  q u a l i t y  o r  n o t .  

I n  t h e  examples ( b )  and ( c )  o n l y  one s i n g l e  cr i ter io l ;  was used 

t o  se lect  a n  o p t i m a l  management s t r a t e g y .  I n  many p r a c t i c a l  

s i t u a t i o n s  t h i s  i s  n o t  f u l l y  r e a l i s t i c ,  and a  m u l t i - c r i t e r i a  

problem o f  t h e  t y p e  o f  exampie (d) must  b e  s o l v e d .  Here s o n e  

w e i g h t i n g  o f  w a t e r  q u a l i t y  improvement and r e q u i r e d  expenses  

i s  n e c e s s a r y .  I t  shou ld  b~ no ted  t h a t  t h e  management al ter -  

n a t i v e  g e n e r a t o r  mus t  b e  d e s i g n e d  i n  such a  way t h a t  s o l u t i o n s  

f o r  which b o t h  c r i t e r i a  can  b e  improved s i m u l a t a n e o u s l y  ( s o -  

c a l l e d  i n f e r i o r  s o l u t i o n s i  a r e  r e j e c t e d  r i g h t  away. A s  a 

f i n a l  remark n o t e  t h a t  t h e  examples g i v e n  h e r e  a r e  o f  t h e  

u tmos t  s i m p l i c i t y .  I n  f a c t ,  even  i n  t h e  c a s e s  (b )  and (c )  

some k i n d  o f  p r o c e d u r e  a s  g i v e n  i n  ( d )  Is u n a v o i d a b l e  i f  t h e  

imponderatilia a r e  t o  b e  accoun ted  f o r  i n  a  p r o p e r  way. 

3 .  EUTROPHICATION MODELS 

3.1  . Hydrodynamics 

The e f f e c t  o f  wind induced w a t e r  mot ion  on  l a k e  e c o i o g y  

may b e  c l a s s i f i e d  i n t o  two c a t e g o r i e s  ( c f .  Son~lyody 1 9 7 9 )  . The 

f i r s t  one i s  t h e  e n t r a i n m e n t  o f  d i f f e r e n t  s u b s t a n c e s  from t h e  



bottom l a y e r  (see Chapter  1 )  i nc l ud ing  sed iment  and pore  wa te r .  

A b r i e f  d i s c u s s i o n  of model ing a t t e m p t s  on  t h e  i n t e r a c t i o n  

problem w i l l  f o l l ow  i n  t h e  nex t  s e c t i o n .  The second e f f e c t  

r e l a t e s  t o  t h e  t r a n s p o r t  of d i s s o l v e d  and p a r t i c u l a t e  m a t e r i a l s  

i n  t h e  w a t e r .  Th i s  p rocess  i s  governed by t h e  wind-induced 

c i r c u l a t i o n  and de te rm ines  t h e  mixing of  n u t r i e n t  o r  p o l l u t a n t  

r i c h  i n f l ow ing  wa te rs  w i t h  l a k e  wa te r  and t h e  mass exchange 

i n  a  g l o b a i  s e n s e  among d i f f e r e n t  l a k e  segments.  Th i s  second 

p rocess  i s  of  g r e a t  i n t e r e s t  from a n  e c o l o g i c a l  p o i n t  of  v iew. 

To e s t i m a t e  I ts  r o l e ,  t h e  a r ~ a l y s i s  o f  t i m e  s c a l e s  i s  a  u s e f u l  

t o o l .  Harleman and Shanahan (1980) found t h a t  d i f f u s i o n  and 

c i r c l i l a t i o n  has approx imate ly  t h e  same t i m e  s c a l e  a s  b i o l o g i c a l  

and chemica l  t r a n s f o r m a t i o n s  between a  day and a  week wh i l e  

h y d r o l o g i c a l  th rough f l ow o p e r a t e s  on a  much l onge r  s c a l e .  

S i m i l a r  c o n c l u s i o n s  may be  drawn from o t h e r ,  s imple  c a l c u l a t i o n s .  

When assuming, f o r  example, t y p i c a l  wind-induced v e l o c i t y  p r o f i l e  

w i t h  backf low i n  t h e  v e r t i c a l ,  t h e  renewal  t i m e  can  be es t ima ted  

f o r  t h e  Kesz the ly  Bay a s  5-10 days  ( W  = 5-10 m / s ) .  On t h e  b a s i s  

o f  Muszkalay 's  measurements (1979) a  se t -up  w i t h  d u r a t i o n  12 h  

and W = 10 m / s  w i l l  convec t  approx imate ly  10% of t h e  b a s i n ' s  

t o t a l  wa te r  voluem t o  i t s  neighbor  b a s i n .  A f t e r  t h e  wind 

d e c r e a s e s ,  t h e  convec t i on  i s  fo l lowed by a n  o s c i l i a t i o n  caus ing  

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

s i g n i f i c a n c e  o f  wind-induced h o r i z o n t a l  t r a n s p o r t ,  a l t hough  on 

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

g r a d i e n t s  a long  t h e  a x i s  o f  t h e  l a k e ,  a s  shown i n  F i g u r e  3 .  

P r i n c i p a l l y  two d i f f e r e n t  p o s s i b i l i t i e s  e x i s t  t o  d e s c r i b e  

mass t r a n s p o r t  p r o c e s s e s  i n  a  lhke:  (i) t o  perform d e t a i l e d  

measurements i n  space  f o r  some c o n s e r v a t i v e  subs tances  o r ,  

(ii) t o  deve lop  mathemat ica l  models.  I n  t h e  absence of  appro- 

p r i a t e  d a t a  h e r e  t h e  second approach w i l l  be  rev iewed.  

Mass t r a n s p o r t  i s  b a s i c a l l y  determined by wa te r  mot ion ,  

consequen t l y  t h e  computa t ion  o f  t h e  v e l o c i t y  f i e l d  must be  done 

f i r s t  on  t h e  b a s i s  of  t h e  momentum and c o n t i n u i t y  e q u a t i o n s .  

Then, t h i s  can b e  fo l lowed by t h e  a p p l i c & t i o n  of t h e  advec t ion -  

d i f f u s i o n  equa t i on .  The numer ica l  r e p r e s e n t a t i o n  o f  t h e  f i r s t  

p a r t  i s  c a l l e d  t h e  hydrodynamical model, w h i l e  t h e  second i s  

c a i l e d  t h e  t r a n s p o r t  model, though i n  p r a c t i c e ,  t h e y  a r e  a p p l i e d  

s~ imu l taneous ly .  I n  t h e  subsequent  pa ragraphs ,  hydrodynamical 

inodcls w i l l  b e  d i scussed  s i n c e  t h e i r  development i s  much more 

p rob lemat i c .  



The b a s i c  d i f f i c u l t y  i s  caused  by t h e  need t o  s o l v e  a  se t  

o f  n o n l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  (which may a l s o  

i n c l u d e  e q u a t i o n s  f o r  d e r i v i n g  t h e  eddy v i s c o s i t y :  t h i s  i s  t h e  

s o - c a l l e d  c l o s u r e  prob lem) w i t h  g e n e r a l l y  c o m p l i c a t e d  b o u n d a r i e s  

and boundary c o n d i t i o n s .  T h i s  s o l u t i o n  needs  c o n s i d e r a b l e  

computer memory and e x e c u t i o n  t i m e .  Accord ing l y ,  a  d e t a i l e d  

c o u p l i n g  w i t h  b i o l o g i c a l  models  i s  n o t  r e a l i s t i c .  A s i m p l i -  

f i c a t i o n  o f  t h e  prob lem may be  r e a l i z e d  by e l i m i n a t i n g  dimen- 

s i o n s  a l o n g  wh ich  v e l o c i t y  changes  a r e  n o n - e s s e n t i a l .  T h i s  

p r o c e d u r e  r e q u i r e s ,  however,  d e t a i l e d  v e l o c i t y  f i e l d  measure-  

ments  which a r e  n o t  a v a i l a b l e  h e r e .  Thus ,  one  mus t  s t a r t  w i t h  a  

t h r e e - d i m e n s i o n a l  app roach ,  c a l i b r a t e  it t o  w a t e r  l e v e l  and 

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

t h e  model depend ing  on t h e  l a k e  b e h a v i o r .  

The l i t e r a t u r e  i n c l u d e s  a  w ide  r a n g e  o f  mode ls ,  which were 

t h o r o u g h l y  rev iewed  by Watanabe e t  a l .  ( 1 9 8 0 ) .  C o n s i d e r i n g  

t h r e e - d i m e n s i o n a l  v e r s i o n s  o n l y ,  t h e  mode ls  may b e  c l a s s i f i e d  

a c c o r d i n g  t o  t h e  f o l l o w i n g  c r i t e r i a  ( m u l t i l a y e r  models  a r e  

exc luded  h e r e ) :  t i m e  dependency ( s t e a d y  o r  u n s t e a d y ) ,  s i m p l i -  

f i c a t i o n  o f  t h e  g o v e r n i n g  e q u a t i o n s  ( e . g .  n e g l e c t i o n  o f  non- 

l i n e a r  and h o r i z o n t a l  d i f f u s i o n  t e r m s ) ,  s o l u t i o n  t e c h n i q u e  

(mixed a n a l y t i c a l - n u m e r i c a l  or numer i ca l  methods such  a s  t h a t  

of  t h e  e x p l i c i t  o r  i m p l i c i t  f i n i t e  d i f f e r e n c e s  and f i n i t e  

e l e m e n t s ) ,  boundary  c o n d i t i o n s  i s l i p  o r  n o n - s l i p  c o n d i t i o n s ,  

r i g i d  l i d  a p p r o x i m a t i o n ,  e t c . ) ,  and t r e a t m e n t  o f  t u r b u l e n t  eddy 

v i s c o s i t y  ( B o u s s i n e s q  assumpt ion  w i t h  empirical p a r a m e t e r s  

o r  more s o p h i s t i c a t e d  t u r b u l e n c e  submode l ) .  I n  most c a s e s ,  t h e  

s o l u t i o n  t e c h n i q u e  i s  c l o s e l y  r e i a t e d  t o  t h e  p h y s i c a l  assump- 

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

models .  

I n  t h e  f rame  o f  t h e  Case S tudy  t h r e e  a p p r o a c h e s  were t e s t e d .  

A t  t h e  v e r y  b e g i n n i n g  a n  e f f o r t  was made t o  a p p l y  t h e  s t e a d y  

s t a t e ,  mixed a n a l y t i c a i - n u m e r i c a l  model o f  Gedney ( 1 9 7 1 ) ,  t h e  

computer  progrzim o f  which o r i g i n a l l y  was d e s i g n e d  f o r  Lake 

E r i e  (Durham and  B u t l e r  1 9 7 6 ) .  However, t h e  s t r u c t u r e  o f  t h e  

program i s  c l o s e l y  connec ted  t o  Lake E r i e ,  c a u s i n g  t h e  model 

a d a p t i o n  t o  Lake B a l a t o n ' s  geomet ry  t o  b e  t o o  t e d i o u s  and p r e -  

v e n t i n g  a c t u a l  r e s u l t s  f rom b e i n g  o b t a i n e d .  



Ano the r ,  more g e n e r a l  model deve loped ear l ier  f o r  v e r t i c a l l y  

s t r a t i f i e d  c o o l i n g  ponds was b r o u g h t  t o  IIASA by D r .  V . I .  Kvon 

( I n s t i t u t e  o f  Eydr.odynamics, S i b e r i a n  Branch o f  t h e  USSR Academy 

of  S c i e n c e s ,  N o v o s i b i r s k ,  USSR). The model i n c l u d e s  t h e  non- 

l i n e a r  c o n v e c t i v e  terms, a p p l i e s  t h e  h y d r o s t a t i c  app rox ima t ion  

f o r  p r e s s u r e  d i s t r i b u t i o n  a l o n g  the v e r t i c a l  and i g n o r e s  o n l y  

t h e  h o r i z o n t a l  t u r b u l e n t  d i f f u s i v i t y .  A f i n i t e  d i f f e r e n c e  s o l u -  

t i o n  t e c h n i q u e  i s  used.  The c l o s u r e  problem i s  s o l v e d  by u s i n g  

a  two-equat ion  k- E t u r b u l e n c e  model (Launder and S p a l d i n g  1  9 7 2 ,  

Watanabe e t  a l .  1980),  which i n v o l v e s  two a d d i t i o n a l  e q u a t i o n s  

f o r  t h e  t u r b u l e n t  k i n e t i c  ene rgy  and i t s  d i s s i p a t i o n  rate,  

r e s p e c t i v e l y .  

I n  p r a c t i c e  a p p l i c a t i o n  t o  Lake B a l a t o n  t h e  maximal number 

o f  g r i d  p o i n t s  i s  l i m i t e d  by t h e  IIASA computer  (221 h o r i z o n -  

t a l l y  and 5 v e r t i c a l l y ) .  Fu r the rmore ,  t h e  program may employ 

a s t e p f u n c t i o n  wind i n p u t  h i s t o r y  o n l y ,  which l i m i t s  t h e  a p p l i -  

c a t i o n  t o  t h e  simulation o f  s e t - u p  e v e n t s .  R e s u l t s  i n d i c a t e  

t h a t  t h e  l a k e  l e v e l s  f o r  t h i s  k i n d  o f  e v e n t s  are p r e d i c t e d  

r e a s o n a b l y  w e l l .  The eddy v i s c o s i t y  p r o f i l e  a l o n g  v e r t i c a l s  

i s  p a r a b o l i c  i n  c h a r a c t e r  i n  most  o f  t h e  c a s e s .  The v e l o c i t y  

f i e l d  d i d  n o t  show any c i r c u l a t i o n  p a t t e r n  i n  t h e  h o r i z o n t a l  

p l a n  as observed  i n  t h e  p h y s i c a l  model and on  some s a t e l l i t e  

pho tog raphs .  The mo t ion  d e v e l o p s  r y p i c a l  back f low p r o f i l e  

i n  t h e  v e r t i c a l  direction c o i n c i d i n g  w i t h  t h a t  o f  t h e  wind. 

I n  a d d i t i o n ,  t h e  v e r t i c a l  d i s t r i b u t i o n s  are q u i t e  t h e  same 

t h r o u g h o u t  d i f f e r e n t  segments o f  t h e  l a k e .  A l l  t h e s e  f e a t u r e s  

are most  p r o b a b l y  due  t o  t h e  l i m i t e d  number o f  g r i d  p o i n t s  

s i n c e  d e t a i i s  i n  l a k e  geometry  may s i g n i f i c a n t  i n f l u e n c e  t h e  

model r e s u l t s  o n l y  i f  t h e  number o f  c o m p u t a t i o n a l  p o i n t s  i s  

i n c r e a s e d .  Another  e x p l a n a t i o n  i s  t h e  f a i l u r e  t o  i n c l u d e  

t h e  e f f e c t s  o f  moun ta ins  a round t h e  l a k e ,  which l o c a l l y  

d e f l e c t  t h e  wind. 

The model e x e c u t i o n  t i m e  c a n  b e  d e c r e a s e d  s u b s t a n t i a l l y  

when s i m p l i f y i n g  t h e  model e q u a t i o n s .  A s  demons t ra ted  by ~ar-eman 
and Shanahan ( 1 9 8 0 ) ,  t h e  Rossby number i s  s m a l l  i n  Lake B a l a t o n  

(0.02-0.2),  which a l l o w s  t h e  n e g l e c t  o f  c o n v e c t i v e  t e r m s .  Compu- 

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



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

h o r i z o n t a l  v e l o c i t i e s  c a n  be  e v a l u a t e d  i r i  two s e p a r a t e  s t e p s .  

A s  i n  Kvon 's  model ,  t h e  h o r i z o n t a l  eddy v i s c o s i t y  may be 

n e g l e c t e d ,  t o o ,  b e c a u s e  t h e  h o r i z o n t a l  Ekman number i s  v e r y  

s m a l l .  The s h a l l o w n e s s  o f  t h e  l a k e  a l s o  p e r m i t s  t h e  e l i m i n a t i o n  

of t h e  v e r t i c a l  v e l o c i t i e s  when d e t e r m i n i n g  t h e  h o r i z o n t a l  f l o w  

f i e l d .  

With t h e s e  a p p r o x i m a t i o n s ,  one may d e r i v e  t h e  s i m p l e s t ,  b u t  

s t i l i  r e a l i s t i c ,  t h r e e - d i m e n s i o n a l  model c a l l e d  t h e  Ekman-type 

model.  A s o p h i s t i c a t e d  computer  program o f  a n  Ekman-type model 

was deve loped  by Young and L i g g e t t ( l 9 7 7 j  and made a v a i l a b l e  

t o  IIASA. I t  was a d a p t e d  by I .  F i s h e r  (1980)  f o r  Lake B a l a t o n .  

The model assumes c o n s t a n t  eddy v i s c o s i t y  t h r o u g h ~ u t  t h e  l a k e  

d e p t h .  The s o l u t i o n  i s  based o n  t h e  f i n i t e  e l e m e n t  method which 

p o s s e s s e s  t h e  a t t r a c t i v e  a b i l i t y  t o  app rox ima te  a c c u r a t e l y  t h e  

i r r e g u l a r  boundary o f  t h e  l a k e  s h o r e l i n e .  The c o m p u t a t i o n s  a r e  

per formed i n  t h e  L a p l a c e  domain,  and v e l o c i t y  p r o f i l e s  i n  r e a l -  

t i m e  must  be c a l c u l a t e d  by numer i ca l  L a p l a c e  i n v e r s i o n .  A f t e r  

e l i m i n a t i n g  some numer i ca l  d i f f i c u l t i e s  t h e  model was used a s  

b e f o r e  f o r  a  s t e p f u n c t i o n  wind o n l y .  On t h e  b a s i s  o f  c a l c u i a t i o n s  

per formed ( w i t h  t h e  200-250 e l e m e n t s  l i m i t e d  by t h e  FDP 1 1  

computer)  t h e  same c o n c l u s i o n  ' can  be  drawn a s  ment ioned p r e v i o u s l y  

i n  c o n n e c t i o n  w i t h  Kvon's  approach:  a g a i n ,  a n  e s s e n t i a l  i n c r e a s e  

i n  t h e  number o f  s p a c e  e l e m e n t s  i s  needed,  e s p e c i a l l y  i n  t h e  near -  

s h o r e  r e g i o n  ( F i s h e r  1980)  . 
I n  c o n c l u s i o n ,  t h e  f o l l o w i n g  may be s t a t e d  a b o u t  t h e  u s e  o f  

t h r e e - d i m e n s i o n a l  hydrodynamica l  models f o r  Lake B a i a t o n .  The 

models must b e  c a l i b r a t e d  a g a i n s t  measurement d a t a  by chang ing  

such unknown p a r a m e t e r s  a s  t h e  wind d r a g  c o e f f i c i e n t ,  s u r f a c e  

and bot tom r o u g h n e s s ,  f r i c t i o n  c o e f f i c i e n t  and t h e  eddy v i s c o -  

s i t y  and i t s  d i s t r i b u t i o n  a l o n g  d e p t h  and t i m e .  Because o f  t h e  

b a s i c a l l y  t r a n s i e n t  wind c o n d i t i o n s  (see 1 . 3 )  t h i s  p rocedure  

would need a n  u n s t e a d y  approach .  A w e l l  f o r m u l a t e d  Ekman model 

cou ld  b e  a p p l i e d  s u c c e s s f u i l y  f o r  t h i s  k i n d  o f  s i t u a t i o n ,  and 

i n  f a c t ,  c o o p e r a t i o n  was i n i t i a t e d  w i t h  t h e  Ralph M .  P a r s o n s  

Labora to ry  f o r  Water Resources  and Hydrodynamics, M a s s a c h u s e t t s  

I n s t i t u t e  o f  Technology (USA) i n  t h i s  r e s p e c t .  I n  c o n n e c t i o n  



wi th  t h e  c a l i b r a t i o n ,  t h e  extreme importance o f  f u r t h e r  l a k e  

c u r r e n t  measurements must be emphasized a s  an  a d d i t i o n  t o  t h e  

e x i s t i n g  d a t a .  

The b a s i c  quest ion--which a r e  t h e  dominant wa te r  mot ion 

mechanisms ( h o r i z o n t a l  c i r c u l a t i o n ,  v e r t i c a l  backf low o r  l ong i -  

t u d i n a l  s e i c h e )  from t h e  p o i n t  o f  view o f  mass t ranspor t - - can  

be answered o n l y  a f t e r  c a l i b r a t i n g  t h e  model. A t  t h e  same t i m e  

more can  be s a i d  abou t  t h e  p o s s i b i l i t i e s  f o r  s i m p l i f y i n g  t h e  

d e s c r i p t i o n  o f  water  mot ion  t o  a s s u r e  a necessa ry  and s u f f i c i e n t  

coup i ing  t o  b iochemica l  p rocesses .  

3.2.  Sediment-Water I n t e r a c t i o n  Models 

A s  i l l u s t r a ~ e d  i n  S e c t i o n  1 ,  e r o s i o n  o f  bottom d e p o s i t s  

by wind induced e f f e c t s  i s  a mechanism of  pr ime impor tance 

de te rm in ing  t h e  suspended s o l i d  and p a r t i c u l a t e  phosphorus 

c o n c e n t r a t i o n ,  a s  w e l l  a s  l i g h t  t r anspa rency  p r o p e r t i e s .  R e -  

c e n t  measurements i n  t h e  Szemes Bay o f  t o t a l  suspended s o l i d s ,  

t o t a l  phosphorus,  or tho-phosphorus,  and s e c c h i  d i s k  dep th  

on a d a i l y  b a s i s ,  t o g e t h e r  w i t h  hou r l y  wind d a t a  p rov ide  a 

c o n s i d e r a b l e  unders tand ing  of  t h e  p rocesses  of  e r o s i o n  and 

d e p o s i t i o n  (Somly6dy 1980 ) .  I n  a f i r s t  a n a l y s i s  of  t h e  d a t a  

s t a r t i n g  w i t h  a n  uns teady  t r a n s p o r t  equa t i on  f o r  suspended 

s o l i d s  and some energy  t r a n s f o r m a t i o n  p r i n c i p l e s ,  Somly6dy 

(1980)  d e r i v e d  a r e l a t i v e l y  s imp le  model t o  d e s c r i b e  t h e  

dynamic v a r i a t i o n  o f  depth-averaged SS c o n c e n t r a t i o n  i n  t ime.  

The model used is: 

where c i s  t h e  depth-averaged suspended s o l i d s  c o n c e n t r a t i o n ,  

and W t h e  wind v e l o c i t y  a t  10 m above t h e  3ake s u r f a c e .  Thus, 

t h e  sed imen ta t i on  i s  supposed t o  b e  p r o p o r t i o n a l  t o  t h e  concen- 

t r a t i o n  whereas resuspens ion  depends s o l e l y  upon t h e  wind. I n  

t h e  range  o f  wind speeds  0-45 km/h, cor respond ing t o  a suspended 

s o l i d s  range  from 8-53 mg/l ,  t h e  c o e f f i c i e n t s  were found t o  be 
- 1 -4 m i- 1, k, = 7.5 * lo-' s and k2  = 0.91 * la-' kg m . Here, 



k,  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d e p t h  H I  wh i l e  k2  i s  propor -  

t i o n a l  t o  H - ~ .  I t  should be  noted t h a t  a t  t h e  g i v e n  d e p t h ,  H = 

4.3 m ,  t h e  v a l u e  o f  k l  co r responds  t o  a  s e d i m e n t a t i o n  v e l o c i t y  

of  5-6 m/day, a  r e a l i s t i c  v a l u e .  

Given t h e  suspended s o l i d s  c o n c e n t r a t i o n ,  t h e  s e c c h i  d i s k  

d e p t h  can  be  computed. Reworking t h e  d a t a  r e v e a l s  t h a t  i n  t h e  

r a n g e  i n d i c a t e d  t h e  f o l l o w i n g  c o r r e l a t i o n  ho l ds  approx ima te l y :  

where Z S  i s  t h e  s e c c h i  d i s k  d e p t h  (van S t r a t e n  1 9 8 0 ) .  A l so  

a  f a i r l y  s t r o n g  c o r r e l a t i o n  between t o t a l  phosphorus and s u s -  

pended s o l i d s  c o n c e n t r a t i o n  was found (Somly6dy 1980) . 
U n f o r t u n a t e l y ,  t h e  r e s u l t s  p r e s e n t e d  i n  t h e  p r e v i o u s  

pa rag raph  do n o t  a l l o w  f o r  c l e a r  c o n c l u s i o n s  abou t  t h e  r e l e a s e  

o f  d i s s o l v e d  pnospha te  t o  t h e  l a k e .  The t o p  l a y e r  o f  t h e  

sed imen t  i s  p robab ly  v e r y  l o o s e ,  w l t h  interstitial d i s s o l v e d  

phospha te  c o n c e n t r a t i o n s  comparab le  t o  t h o s e  i n  t h e  l a k e .  

Re lease  due t o  r e s u s p e n s i o n  i s  t h e n  mos t l y  dependen t  upon d i f f u -  

s i o n  from deepe r  l a y e r s .  To d a t e  no s u i t a b l e  expe r imen ta l  

r e s u l t s  e x i s t  which would p e r m i t  t h e  d e s i g n  o f  a  comprehensive 

dynamic phosphorus release model.  Data c h a r a c t e r i z i n g  t h e  

chemica l  compos i t i on  o f  t h e  sed iemnt  l a y e r s ,  b o t h  o f  t h e  s o l i d  

p a r t  a s  w e l l  a s  t h e  i n i z e r s t i t i a l  wa te r  d o  e x i s t  (Dobo ly i  198G), 

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

dynamics,  a r e  l a c k i n g .  On t h e  ave rage ,  Dobo l y i ' s  d a t a  show a n  

i n t e r s t i t i a l  o r tho -phospha te  c o n c e n t r a t i o n  o f  r ough l y  80 mg/m3 

i n  t h e  t o p  5 c m ,  i n c r e a s i n g  t o  abou t  i 40 mg/m3 between 20-25 c m .  

The t o t a l  d i s s o l v e d  phosphorus  c o n t e n t  was v i r t u a l l y  c o n s t a n t  

a t  r ough l y  200 mg/m3. These d a t a  were g a t h e r e d  d u r i n g  J u l y  and 

September,  1978, and no th i ng  i s  known a b o u t  t h e  t i m e  v a r i a b i l i t y .  

3.3.  Lake E u t r o p h i c a t i o n  Models 

A t  p r e s e n t  t h r e e  b a s i c  models  e x i s t  f o r  t h e  i n v e s t i g a t i o n  

of t h e  phy top lank ton  dynamics i n  t h e  l a k e ;  BEM, BALSECT, and 



SIMBAL. The BEM model is t h e  e a r l i e s t  modei and was deve loped  

by t h e  Hungar ian  B a l a t o n  E c o l o g i c a l  Modelers  Group. V a r i o u s  

v e r s i o n s  o f  t h i s  model have  been u s e d ,  b u t  o n l y  t h e  p u b l i s h e d  

v e r s i o n  w i l l  b e  ment ioned h e r e  (see f o r  backgcound: Herodek 

and Csak i  1980; f o r  e q u a t i o n s :  C s a k i  and Ku tas  1980; and f o r  

r e s u l t s  K u t a s  and Herodek 1 9 8 0 ) .  Emphasis i n  t h i s  model l i es  

o n  t h e  d e s c r i p t i o n  o f  p h y t o p l a n k t o n  b iomass and d a i l y  p r i m a r y  

p r o d u c t i o n .  The model BALSECT ( B a l a t o n  S e c t o r  Model) w a s  

deve loped a t  I IASk from a n  ear l ier  more g e n e r a i  phosphorus  and 

n i t r o g e n  c y c l i n g  model.  I t  c o n c e n t r a t e s  o n  t h e  a n a l y s i s  o f  

t h e  mode ls  o f  phosphorus  compound t r a n s f o r m a t i o n  i n  t h e  l a k e  

(Leonov 1980 j . The t h i r d  model,  SIMBAL (S imp le  B a l a t o n  Model) , 
a c t u a l l y  c o n s i s t s  o f  a se t  o f  models  d e s i g n e d  e s p e c i a l l y  t o  

i n v e s t i g a t e  v a r i o u s  hypo theses  a b o u t  t h e  modes o f  phosphorus  

i n t e r a c t i o n  be tween w a t e r  and s e d i m e n t ,  w h i l e  e x p l i c i t l y  t a k i n g  

t h e  u n c e r t a i n t y  i n  t h e  d a t a  i n t o  a c c o u n t  ( v a n  S t r a t e n  1 9 8 0 ) .  

I n  t h e  s e q u e l  t h e  models  a r e  compared i n  v a r i o u s  a s p e c t s  

s u c h  as:, a p p r o x i m a t i o n  t o  t h e  s p a t i a l  mass t r a n s p o r t ,  t y p e  

and number o f  s ta te  v a r i a b l e s ,  number o f  f o r c i n g  f u n c t i o n s  

and p a r a m e t e r s ,  and m a t h e m a t i c a l  f o r m u l a t i o n  o f  ma jo r  p r o c e s s e s .  

F i n a l l y  some r e s u l t s  w i l l  be d i s c u s s e d .  

T r a n s p o r t .  Al though t h e  b io -chemica l  and chemica l  t r a n s -  

f o r m a t i o n  p r x e s s e s  a r e  t h e  major  theme o f  a l l  t h r e e  models ,  

t h e  s p a t i a l  mass t r a n s p o r t  m ~ s t  b e  i n c l u d e d  i n  harmony w i t h  

i t s  r o l e  i n  e c o l o g y .  Fu r the rmore ,  a compar ison w i t h  f i e l d  

d a t a  would b e  i m p o s s i b l e  w i t h o u t  somehow t a k i n g  t h e  e f f e c t s  o f  

w a t e r  mot ion  i n t o  a c c o u n t .  S i n c e  a comprehensive a n a l y s i s  a s  

ment ioned i n  s e c t i o n  3 .1 .  was n o t  y e t  a v a i l a b l e ,  d i f f e r e n t  ad  

hoc s o l u t i o n s  w e r e  implemented i n  t h e  t h r e e  models .  These 

s o l u t i o n s  are summarized i n  F i g u r e  9 .  

The t r a n s p o r t  r e p r e s e n t a t i o n  i n  a l l  t h r e e  mode ls  i s  based  

o n  t h e  f o u r - b a s i n  s e g m e n t a t i o n  o f  t h e  l a k e  as d e s c r i b e d  p re -  

v i o u s l y .  However, t h e  BEM-model o n l y  o p e r a t e s  f o r  o n e  b a s i n  

a t  a t i m e ,  w i t h o u t  i n t e r c o n n e c t i o n .  The i n f l o w  and o u t f l o w  are 

t i m e  i n v a r i a n t .  I n  t h e  BALSECT model o n l y  n e t  h y d r o l o g i c a l  

t r a n s p o r t  i s  a l l o w e d  f o r ,  where t h e  t r a n s p o r t  terms are d e r i v e d  

from t h e  month ly  w a t e r  b a l a n c e  d a t a .  T h i s  i s  done i n  SIMBAL 



BALSECT 

S  IMBAL 

Vr = e x c i ~ a n g e  v e l o c i t y  ( m / s )  

Ai = i n t e r s e g m e n t  c r o s s  s e c t i o n  a r e a  

F i g u r e  9 .  Compar ison o f  s p a t i a l  t r a n s p o r t  p r o c e s s  d e s c r i p t i o n s .  



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

wind- induced exchange f l o w s ,  though p r e s e n t l y  a s  a  non-dynamic 

term o n l y .  T h i s  c o n s t r u c t i o n  i s  n o t  f u l l y  e q u i v a l e n t  t o  t h e  

i n t e g r a t e d  hydrodynamic t r a n s p o r t  models  d i s c u s s e d  i n  s e c t i o n  

3.2., b u t  it i s  c o n s i d e r e d  a t  p r e s e n t  t o  b e  s u f f i c i e n t  g i v e n  

t h e  u n c e r t a i n t y  i n  b o t h  e c o l o g i c a l  and hydrodynamica l  d a t a .  

The d i f f e r e n t  p r e s e n t a t i o n s  o f  t h e  t r a n s p o r t  p r o c e s s  w i l l ,  

o f  c o u r s e ,  e f f e c t  t h e  outcome o f  t h e  model s i m u l a t i o n s .  Obvi- 

o u s l y ,  t h e  mode ls  have  t o  b e  u n i f i e d  i n  t h i s  r e s p e c t  b e f o r e  

compar i sons  o f  t h e  pe r fo rmance  o f  t h e  b i o l o g i c a l  and  c h e m i c a l  

segments  among t h e  models  c a n  b e  made. 

Stpucture. A s c h e m a t i c  ove rv iew  o f  t h e  s t r u c t u r e  o f  t h e  

mode ls  is p r e s e n t e d  i n  F i g u r e  1 0 .  A l l  t h r e e  models  show t h e  

c y c l i c  s t r u c t u r e  t y p i c a l  f o r  p h y t o p i a n k t o n  dynamics.  A lgae 

grow under  u p t a k e  o f  n u t r i e n t s .  M o r t a l i t y  p r o c e s s e s  p roduce  

dead o r g a n i c  matter ( d e t r i t u s )  which i s  s u b s e q u e n t l y  m i n e r a l i z e d  

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

f r a c t i o n a l  l o s s  o f  n u t r i e n t s  t o  t h e  sed imen t  d u r i n g  e a c h  c y c l e .  

The d i f f e r e n c e s  i n  t h e  b i o c h e m i c a l  s t r u c t u r e  o f  t h e  mode ls  l i e  

m a i n l y  i n  t h e  number o f  s t a t e  v a r i a b l e s  c o n s i d e r e d ,  and  t h e  

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

I n  t h e  BEM-model b o t h  n i t r a t e  and phospha te  a r e  c o n s i d e r e d  

as l i m i t i n g  n u t r i e n t s .  However, n i t r a t e  i s  l i m i t i n g  o c c a s i o n a l l y  

i n  t h e  K e s z t h e l y  Bay o n l y .  The model  s p e c i f i e s  summer and 

w i n t e r  a l g a e  as s e p a r a t e  s t a t e  v a r i a b l e s .  The e q u a t i o n s  are 

i d e n t i c a l  b u t  maximum g rowth  r a t e ,  m o r t a l i t y  and t e m p e r a t u r e  

d e p e n d e n c i e s  are d i f f e r e n t .  Account ing  f o r  t h e s e  s e a s o n a l  

d i f f e r e n c e s  i n  a l g a l  c o m p o s i t i o n  i s  also p o s s i b l e  i n  BALSECT, 

where s e a s o n a l l y  d i f f e r e n t  p a r a m e t e r s  and t e m p e r a t u r e  depen-  

d e n c i e s  c a n  o p t i o n a l l y  b e  s p e c i f i e d .  I n  SIMBAL, a  two-peak 

t e m p e r a t u r e  f u n c t i o n  d e r i v e d  f rom p r i m a r y  p r o d u c t i o n  d a t a  a n a l -  

y s i s  was used o r i g i n a l i y  t o  a c c o u n t  f o r  p o p u l a t i o n  d i f f e r e n c e s ,  

b u t  l a t e r  t w o  a l g a l  s p e c i e s  g r o u p s  w e r e  d i s t i n g u i s h e d .  
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The major  d i f f e n c e s  o f  t h e  models l i e  i n  t h e  a l g a l  uecay 

and r e m i n e r a l i z a t i o n  p r o c e s s e s  f o rmu la t i on .  The most complete 

model i n  t h i s  r e s p e c t  i s  BALSECT, where a  d i s t i n c t i o n  i s  made 

between m o r t a l i t y  ( bo th  of  phytop lankton and b a c t e r i a  j which 

l e a d s  t o  p a r t i c u l a t e  dead o r g a n i c  m a t e r i a l  ( d e t r i t u s )  , and 

e x c r e t i o n .  Exc re t i on  by phytop lankton i s  assumeu t o  proauce 

d i s s o l v e d  o r g a n i c  phosphorus,  whereas e x c r e t i o n  by b a c t e r i a  

r e g e n e r a t e s  t h e  d i s s o l v e d  i n o r g a n i c  phosphate.  B a c t e r i a  a r e  

a l s o  e x p l i c i t l y  s p e c i f i e d  i n  t h e  BEM model a s  t h e  major  a g e n t  

of  decompos i t ion  of d e t r i t u s  m a t e r i a l .  I n  t h e  BEM model no 

d i s t i n c t i o n  i s  maae between p a r t i c u l a t e  and d i s s o l v e d  d e t r i t u s  

forms.  A lso ,  no sed imen ta t i on  o f  d e t r i t u s  i s  i n c l uded .  I n  

SIMBAL, a g a i n  no d i s t i n c t i o n  i s  made between t h e  v a r i o u s  d e t r i -  

t u s  forms.  F'urthermore, t h e  b a c t e r i a l  p r o c e s s e s  a r e  dropped 

on t h e  grounds t h a t  no measurements f o r  t h i s  s t a t e  v a r i a b l e  a r e  

a v a i l a b l e .  I n s t e a d ,  a t ime-vary ing decompos i t ion  ( o r  r e m i n e r a l i -  

z a t i o n )  r a t e  i s  o b t a i n e d  by i n t r o d u c i n g  a  s t r o n g  t empera tu re  

dependency, which 1s hope t o  r e f l e c t  r easonab l y  w e l l  t h e  e f f e c t s  

of a  dynamic b a c t e r i a l  popu la t i on .  

The b a s i c  e q u a t i o n s  f o r  t h e  t h r e e  models a r e  p r e s e n t e d  i n  

Tab le  4 .  For c l a r i t y ,  non -essen t i a i  s t a t e  v a r i a b l e s  have n o t  

been inc luded :  n i t r a t e  i s  omi t ted  from BEM and oxygen from 

BALSECT . 

A 1 1  t h r e e  models a r e  c o n s t a n t  s to i ch io rne t ry  models,  i . e .  

t h e  phosphorus (and n i t r o g e n )  c o n t e n t  of  t h e  a l g a l  ce l l s  i s  

c o n s t a n t .  I n  t h e  BEM model t h i s  r a t i o  must be  s t a t e d  e x p l i c i t l y  

( x  i n  Tab le  3 ) .  T h i s  i s  n o t  necessa ry  i n  BALSECT and SIMBAL 

because t hey  a r e  phosphorus c y c l e  models. However, n u t r i e n t  

up take  and a l g a i  growth a r e  supposed t o  occur  s imu l t aneous l y ,  

hence c o n s t a n t  s t o i c h i o m e t r y  i s  i m p l i c i t l y  assu red .  I t  shou ld  

a l s o  be  no ted  t h a t  f o r  comparison w i t h  biomass o r  c h l o r o p h y l l  

d a t a  t h e  r a t i o  phosphorus/biomass o r  phosphorus/chlorophy11 

must  be known. 





T a t l e  4 .  Combined N u t r i e n t  and L i g h t  L i i n i t a t i o n  f o r  t h e  
Three  Yode ls :  N ,  P,  FP i s  n i t r o g e n ,  phosphorus  
and  a l g a e - p h o s p h o r u s  c o n c e n t r a t i o n  r e s p e c t i v e l y  



k  - t empera tu re  dependent  maximum growth r a t e  kga'  gb 
f o r  a l g a e  and b a c t e r i a  r e s p e c t i v e l y  ; 

'at 'b - l i g h t  and n u t r i e n t  l i m i t i n g  f a c t o r s  f o r  

a l g a e  and b a c t e r i a  r e s p e c t i v e l y  ; 

k  - t empera tu re  dependent  m o r t a l i t y  r a t e  f o r  kma m 
a l g a e  and b a c t e r i a  r e s p e c t i v e l y  ; 

keb - t empera tu re  dependent  e x c r e t i o n  r a t e  ; 

x - phosphorus-biomass ~ a t i o  ; 

NFl MB - t empera tu re  and up take  dependent  m o r t a l i t y  

f o r  a l g a e  and b a c t e r i a  r e s p e c t i v e l y  (see t e x t ;  ; 

L ~ ,  Mg - t empera tu re  and up take  dependen t  e x c r e t i o n  

f o r  a l g a 2  and b a c t e r i a  r e s p e c t i v e l y  (see t e x t ) ;  

kd - d e t r i t u s  decay  o r  m i n e r a l i z a t i o n  r a t e ;  

k - Siogeneous l i m e  c o p r e c i p i t a t i o n  r a t e ;  
S 

'i - n e t  sed imen ta t i on  r a t e ;  

'relPs - e f f e c t i v e  lumped sed iment  phosphorus r e l e a s e ;  

k s o r  - a d s o r p t i o n / d e s o r p t i o n  r a t e  (SIMBAL I1 o n l y ) ;  

DP - e q u i l i b r i u m  concentration d i s s o l v e d  i n o r g a n i c  P  
eg  

(SIX3AL I1 o n l y ) .  

Light L i m i z a c i o n .  A l l  t h r e e  models u s e  t h e  S t e e l e  equa- 

t i o n  f o r  t h e  dependence o f  a l g a l  growth on l i g h t ,  which a l l o w s  

f o r  i n h i b i t i o ~  a t  h igh  l i g h t  i n t e n s i t i e s  a s  observed i n  t h e  

l a k e .  The d e p t h  averaged e q u a t i o n  is :  

w h e r e  

ke = e x t i n c t i o n  c o e f f i c i e n t  

H = d e p t h  

R I  = I/Is 

I = l i g h t  i n t e n s i t y  a t  t h e  s u r f a c e  

Is = op t ima l  ( s a t u r a t i o n )  l i g h t  i n t e n s i t y  

RX = R I  exp ( -kp H) . 



I n  BALSECT t h i s  f a c t o r  i s  e v a l u a t e d  a t  eve ry  t i m e  s t e p  

us ing  a  sine-wave approx imat ion  f o r  t h e  d a i l y  l i g h t  v a r i a t i o n .  

Al though t h i s  p rocedu re  is t h e  most  c o r r e c t  one ,  computa t ion  

t i n e  can be saved by i n t e g r a t i n g  t h i s  e x p r e s s i o n  o v e r  2 4  hours  

and u s i n g  t h e  r e s u l t  a s  a  v a l u e  c o n s t a n t  o v e r  t h e  day.  T h i s  

p rocedure  i s  used i n  SIMBAL, based  on a t r i a n g u l a r  app rox ima t i on '  

o f  t h e  l i g h t  v a r i a t i o n  o v e r  t h e  day.  The BEM-model employs t h e  

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

l i g h t  i n t e n s i t y  must be  used i n  FI, a somewhat less a c c u r a t e  

p rocedure .  

N u t r i e n t  L i m i t a t i o n .  The models d i f f e r  c o n s i d e r a b l y  i n  

t h e  d e s c r i p t i o n  o f  n u t r i e n t  l i m i t a t i o n ,  a s  shown i n  Tab le  4. 

SIMBAL u s e s  t h e  c l a s s i c a l  Michael is-Menten approach.  T h i s  is 

a l s o  done i n  BEM, b u t  i n s t e a d  o f  m u l t i p l y i n g  t h e  n u t r i e n t  and 

l i g h t  l i m i t i n g  terms t h e  minimum i s  c a l c u l a t e d  (and used i n  t h e  

model a s  an  o p t i o n ) ,  and a  geome t r i c  mean o f  p roduc t  and  minimum 

i s  used as t h e  combined e f f e c t  f a c t o r .  BALSECT d i f f e r s  essen-  

t i a l l y  f rom t h e  o t h e r  two models.  The Michael is-Menten expres -  

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

f u l l y  s a t i s f a c t o r y  i n  d e s c r i b i n g  n u t r i e n t  l i m i t a t i o n .  By ana logy 

w i t h  b a c t e r i a  p r o c e s s e s ,  Leonov ( 1 9 8 0 )  has  r e p l a c e d  t h e  h a l f -  

s a t u r a t i o n  c o n s t a n t  by t h e  phy top lank ton  phosphorus concen t ra -  

t i o n .  I n  t h i s  way a  lower  t h r e s h o l d  l i m i t i n g  c o n c e n t r a t i o n  

i s  reached  a t  l ower  b iomass t h a n  a t  h i g h e r  biomass. The f a c t o r  

3 is a paramete r  o f  t h e  o r d e r  1.  

M o r t a l i t y  and e x c r e t i o n .  Here BEM and SIMBAL assume 

s imp le  t empera tu re  dependent  f i r s t  o r d e r  p rocesses .  Again 

BALSECT d i f f e r s  c o n s i d e r a b l y .  E x c r e t i o n  o f  d i s s o l v e d  o r g a n i c  

phosphorus i s  assumed t o  be p r o p o r t i o n a l  w i t h  phosphorus up take  

by growth 



where t h e  p r o p o r t i o n a l i t y  f a c t o r  i s  a g a i n  a  c o m p l i c a t e d  two- 

p a r a m e t e r  f u n c t i o n  o f  t h e  u p t a ~ e  r a t e  ( s e e  Leonov 1930) . 

The m o r t a l i t y  r a t e  i s  t h o u g h t  t o  be  p r o p o r t i o n a l  t o  t h e  

b iomass-uptake r a t e  r a t i o :  

Thus ,  a  low u p t a k e  a c t i v i t y  a t  h i g h  b iomass c a u s e s  a  h i g h  

m o r t a l i t y ,  and i n  t h i s  s e n s e  t h e  u p t a k e  r a t e  b iomass r a t i o  i s  

a  measure  o f  v i a b i l i t y .  Note t h a t  e x p r e s s i o n  ( 5 )  l e a d s  t o  a  

second  o r d e r  e q u a t i o n  f o r  m o r t a l i t y  (which i s  c o n s i s t e n t  w i t h  

t h e  l o g i s t i c  g rowth  e q u a t i o n  f r e q u e n t l y  used  t o  d e s c r i b e  a  

b a t c h  l a b o r a t o r y  e x p e r i m e n t )  . 
B a s 5 ~ r : a L  Uptake. Here BEM and BALSECT u s e  t h e  same 

e x p r e s s i o n  f o r  t h e  n u t r i e n t  l i m i t a t i o n .  I n s t e a d  o f  M i c h a e l i s -  

Nenten k i n e t i c s  t h e  same c o n s t r u c t  i s  used  as d e s c r i b e d  f o r  

t h e  p h y t o p l a n k t o n  growth :  

BEM 

- BALSECT f b  - DOP I 

BP + DOP 

i . e .  t h e  b a c t e r i a l  b iomass  o r  b a c t e r i a l  phosphorus  c o n c e n t r a t i o n  

r e p l a c e  t h e  h a l f - s a t u r a t i o n  c o n s t a n t  used  i n  t h e  M i c h a e l i s -  

Menten e q u a t i o n .  M o r t a l i t y  and e x c r e t i o n  a r e  t r e a t e d  i n  t h e  

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

B i o g e n i c  L i r e  t o - p r e c i ? C ? a t i o n .  ~ 0 t h  BEM and  SIMBAL a l l o w  

f c r  t h e  p o s s i b i l i t y  o f  phosphorus  remova l  due t o  c o - p r e c i p i t a t i o n  

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



s t r o n g  pr imary  p r o d u c t i o n .  However, r e c e n t  measurements 

(Doboly i  and Herodek, 1980) s u g g e s t  t h a t  t h e  mechanism is  no t  

-zery s i g n i f i c a n t  d e s p i t e  t h e  f a v o r a b l e  pH (8 .1 -8 .3 )  . 

Rzlzasz F r s m  t k e  S s d i n e ~ t .  Although v a r i o u s  models do 

c o n t a i n  a  dynamic sed iment  s e c t i o n  (BALSECT, SIMBAL, BEM l a te r  

v e r s i o n s )  l a c k  o f  d a t a  does  n o t  pe rm i t  t h e  use  o f  t h e s e  s e c t i o n s .  

Rather  a  c o n s t a n t  o r  t empera tu re  dependent  r e l e a s e  rate i s  

p c s t u l a t e d .  I n  a d d i t i o n ,  t h e  most  r e c e n t  v e r s i o n  o f  SImAL 

a l l o w s  f o r  a dynamic a d s o r t i o n / d e s o r p t i o n  p r o c e s s ,  such t h a t  

d e s o r p t i o n  ( i .e .  release) o c c u r s  when d i s s o l v e d  phosphorus 

c o n c e n t r a t i o n s  are low ( d u r i n g  a l g a l  b loom) ,  and a d s o p t i o n  

when o r t hosphospha te  i s  h i g h  ( i n  w i n t e r ) .  T h i s  h y p o t h e s i s  

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

v e r s i o n  o f  SIMBAL (see be low) .  

T e m p e r a t u r e  F u n c t i o n s .  Near ly  a l l  r a t e  c o n s t a n t s  are 

f x n c t i o n s  o f  t empera tu re .  Th is  i s  impo r tan t  i n  Lake Ba la ton  

because  t h e  t empera tu re  r a n g e s  from 0-260C. Gene ra l l y ,  decay,  

m o r t a l i t y  and e x c r e t i o n  t empera tu re  f u n c t i o n s  are f o rmu la ted  

e i t h e r  as l i n e a r  o r  a s  some form o f  e x p o n e n t i a l  e x p r e s s i o n .  

Temperature f u n c t i o n s  f o r  t h e  growth o f  t h e  b i o l o g i c a l  compo- 

n e n t s  are more complex: mos t l y  be l l - shaped  cu rves  are used t o  

e n a b l e  t h e  s p e c i f i c a t i o n  o f  a n  optimum and a  l e t h a l  t empera tu re .  

The g e n e r a l  e q u a t i o n  is :  

FT = max[O, TCRIT - T TCRIT  - T 
TCRIT - TOPT - TCRIT - TOPT ) I ( 8  

where TCRIT is  t h e  l e t h a l  t empera tu re  and TOPT t h e  o p t i m a l  

te inpera ture .  For f u r t h e r  d e t a i l s  t h e  r e a d e r  i s  r e f e r r e d  t o  

:he o r i g i n a l  p u b l i c a t i o n s .  



iVac5zr of P a : - a m e t e r s  a r d  F s r c i n s  F u n c t i z n s  , Befo re  any 

model c a n  be r u n ,  a number o f  numer ica l  d a t a  must  be t r a n s f e r r e d  

t o  t h e  modei. T h i s  i n c i u d e s  f i r s t  o f  a l l  g e o m e t r i c a l  d a t a ,  such 

a s  volume, d e p t h ,  c r o s s - s e c t i o n a l  a r e a .  These a r e  g i v e n  i n  

van  S t a t e n  e t  a l .  (1979) and are t h e  same f o r  a l l  models.  

Fo rc i ng  f u n c t i o n s  must  a l s o  ~e s p e c i f i e d .  These a r e  d a i l y  

r a d i a t i o n ,  pho to -per iod ,  wa te r  t empera tu re ,  and phosphorus 

i n p u t s .  Un fo r t una te l y ,  n o t  t h e  same l o a d i n g  assumpt ions  have 

been adop ted  i n  t h e  t h r e e  models.  P a r t i c u l a r l y  i n  t h e  BEM 

and BALSECT models,  a d d i t i o n a l  i n p u t s  had t o  be assumed i n  cer- 

t a i n  p e r i o d s  o f  t h e  y e a r  t o  improve t h e  f i t ,  w i t h o u t  any 

expe r imen ta l  j u s t i f i c a t i o n  be ing  a v a i l a b l e .  Some o f  t h e  para-  

meters f o r  which a submodel cou ld  have been used a r e  a l s o  i n t r o -  

duced a s  f o r c i n g  f u n c t i o n  t a b l e s  o r  c o n s t a n t s .  These a r e  t h e  

basic e x t i n c t i o n  c o e f f i c i e n t  and,  i n  SIMBAL, t h e  r e t u r n  f l ow .  

The number o f  pa rame te rs  t h a t  must  be  s p e c i f i e d  g r e a t l y  

d i f f e r  among t h e  models.  To e n a b l e  a compar ison,  i n  t h i s  r e s p e c t ,  

Tab le  5 summarizes t h e  paramete r  needs,  c l a s s i f i e d  i n  v a r i o u s  

g roups .  Non-essen t ia l  s t a t e - v a r i a b l e s  have been removed ( such  a s  

n i t r a t e  and oxygen) ,  b u t  t h e  two a l g a l  s p e c i e s  were r e t a i n e d  

i n  a l l  models ( t h e  a d d i t i o n a l  c o s t  o f  i n c r e a s i n g  t h e  number o f  

a l g a e  s p e c i e s  i s  a l s o  i n d i c a t e d ) .  

A s  can  b e  seen  from t h e  t a b l e  by f a r  t h e  most demanding 

a r e  t h e  t empera tu re  f u n c t i o n s .  However, it i s  l i k e l y  t h a t  t h e  

models a r e  n o t  ve ry  s e n s i t i v e  t o  t h e  m a j o r i t y  o f  t h e s e  para -  

meters. Even if t h e  t empera tu re  f u n c t i o n s  would be  comp le te ly  

known t h e  number o f  pa rame te rs  t o ' b e  e s t i m a t e d  i s  s t i l l  r e l a -  

t i v e l y  h igh:  15 f o r  BEM, 1 7  f o r  BALSECT, and 1 2  f o r  SIFIBAL. I t  

shou ld  a l s o  be no ted  t h a t ,  i n  p r i n c i p l e ,  t h e s e  pa rame te rs  rtay 

be d i f f e r e n t  f o r  d i f f e r e n t  p a r t s  o f  t h e  l a k e .  



Table  5. Number of  s t a t e  v a r i a b l e s  v e r s u s  number o f  
pa ramete rs  ( i n  b r a c k e t s :  increment  f o r  
each a d d i t i o n a l  a l g a l  s p e c i e s ) .  

* i m p l i c i t ,  see t e x t .  

R e s u Z t s .  R e s u l t s  ob ta i ned  from s i m u i a t l o n  s t u d i e s  w i t h  t h e  

models desc r i bed  above have p r i m a r i l y  c o n t r i b u t e d  t o  a  b e t t e r  

unders tand ing  of  t h e  complex phenomena i n  t h e  l a k e ,  and w e r e  

ve ry  impor tan t  i n  i n d i c a t i n g  improvements i n  bo th  measurement 

and model ing t echn iques .  The models prompted s p e c i a l  exper imen ts  

t o  i n v e s t i g a t e  t h e  p r i n c i p l e  modes o f  phosphorus removal from 

t h e  l a k e  wa te r .  A r e s u l t  common t o  a l l  s i m u l a t i o n s  i s  t h a t  a t  

t h e  g i ven  l oad ing  r a t e  a p p r e c i a b l e  amounts of  phosphorus a r e  

t r a n s f e r r e d  t o  t h e  sed iment  and t h a t  t h e  d i r e c t  r e l e a s e  o f  phos- 

phorus s t i l l  p l a y s  a  minor  r o l e  (w i t h  t h e  excep t i on  of  tile 

p o s s i b l e  r o l e  of  adso rp t i on /deso rp t i on  i n  t h e  annua l  dynamics, 

see below. 

1 

S IMBAL 

3 ( 1 )  

6 ( 2 )  

1 ( 1 )  

3 ( 1 )  

11 ( 2 )  

1  * 
1 

BEM 

The BEM model h a s  been used o n l y  t o  s i m u l a t e  one b a s i n  a t  

a  t i n e ,  and was c o n c e n t r a t e d  on s i m u l a t i o n  o f  biomass and pr imary 

p roduc t ion .  A s  shown i n  F i g u r e  11 f o r  t h e  Szemes Bas in  ( b a s i n  

111), t h e  pr imary p roduc t i on  i s  r easonab l y  w e l l  r e p r e s e n t e d ,  

excep t  f o r  a  pe r i od  i n  autumn. The s p r i n g  peak cou ld  on l y  be  

BALSECT 

E s s e n t i a l  S t a t e  V a r i a b l e s  

Parameters  

Bas ic  Rate  Cons tan t s  

N u t r i e n t  L i m i t a t i o n  
F a c t o r s  

L i g h t  L i m i t a t i o n  F a c t o r s  

Temperature Func t i ons  

S t o i c h i o m e t r i c  r a t i o  

Return f low 

I 
5 ( 1 )  5 ( 1 )  i 

i 
9 ( 2 )  1 12 ( 4 )  

2 ( 1 )  

3 ( 1 )  

14 ( 2 )  

1  
- 

1 (1 

3 ( 1 )  

16 ( 2 )  

1 * 
- 





s imu la ted  i f  t h e  assumpt ion was made t h a t  t h e  l a k e  r e c e i v e d  

an  a d d i t i o n a l  l oad ing  of o r g a n i c  m a t e r i a l  a f t e r  t h e  snow m e l t .  

The f i t  was a l s o  q u i t e  good f o r  b iomass,  b u t  s t i l l  r a t h e r  poor 

f o r  o r thophospha te .  Here t h e  model p r e d i c t s  t o o  much phosphorus 

a t  t h e  t i m e  when t h e  a l g a l  a c t i v i t y  d e c l i n e d ,  a tendency t h a t  can  

be observed i n  a l l  models.  The q u e s t i o n  may a r i s e  a s  t o  whether  

i n  s p r i n g  and w i n t e r  a l t e r n a t i v e  phosphorus r e m ~ v a l  mechanisms 

a r e  o p e r a t i v e ,  f o r  i n s t a n c e  due t o  b e n t h i c  a l g a l  a c t i v i t y .  Only 

measurments cou ld  h e l p  t o  c l a r i f y  t h i s  i s s u e .  S imu la t ion  f o r  

S z i g l i g e t  Bay d i d  n o t  y i e l d  a s  good r e s u l t s .  Th i s  may be p a r t l y  

due t o  t h e  p resence  of b lue-green a l g a e  i n  t h e  r e a l  sys tems.  

None of t h e  models c o n t a i n s  a  mathemat i ca l  d e s c r i p t i o n  a l l ow ing  

f o r  a  s i m u l a t i o n  o f  b lue-green a l g a e .  I t  shou ld  be noted t h a t  

t h e  BEM group made no a t t e m p t  t o  compare t h e  BEM model r e s u l t s  

w i t h  t h e  e x t e n s i v e  phosphorus,  n i t r o g e n ,  and c h l o r o p h y l l  d a t a  . 

a v a i l a b l e  f o r  t h e  l a k e ,  a l t hough  it woald c e r t a i n l y  i n c r e a s e  t h e  

r e l i a b i l i t y  o f  model c a l i b r a t i o n .  Fur thermore,  t h e  u r g e n t  need 

t o  ex tend ing  t h e  model t o  t h e  whole l a k e  shou ld  be  emphasized. 

An impress ion  of  t h e  r e l a t i v e  impor tance of  t h e  phosphorus 

t r a n s f o r m a t i o n  p r o c e s s e s  i s  g i ven  i n  F igu re  1 2  ob ta ined  w i t h  

BALSECT f o r  Kesz the ly  Bay i n  1977. The h y d r o l o g i c a l  through- 

f low i s  i n s i g n i f i c a n t  a s  compared t o  t h e  e x t e r n a l  l oad ing  and 

t h e  i n t e r n a l  c y c l e .  According t o  t h e  modei, m o r t a l i t y  i s  a  

more s i g n i f i c a n t  mechanism o f  phosphorus c y c l i n g  t han  e x c r e t i o n ,  

b u t  c o n t r i b u t e s  a t  t h e  same t i m e  most t o  t h e  l o s s .  I t  i s  a l s o  

appa ren t  from t h i s  f i g u r e  t h a t  t h e  Zala l oad  dominates t h e  

phosphorus s i m u l a t i o n  i n  Kesz the ly  Bay. An impress ion o f  t h e  

match between d a t a  and s i m u l a t i o n  r e s u l t s  i s  g iven  i n  F igu re  13. 

Given t h e  u n c e r t a i n t y  i n  t h e  d a t a  t h i s  r e s u l t  i s  r easonab le ,  and 

an  a t t e m p t  f o r  a  more s o p h i s t i c a t e d  f i t  i s  probab ly  n o t  worth- 

w h i l e .  I t  shou ld ,  however, be  r e p e a t e d  t h a t  assumpt ions made 

i n  t h e  model abou t  t h e  d i s t r i b u t i o n  of t h e  l o s d i n g s  over  t h e  

months of t h e  y e a r ,  a r e  n o t  suppor ted  by exper imen ta l  ev idence .  

Also,  t h e  sed imen ta t i on  r a t e  was v a r i e d  from month t o  month 

i n  o r d e r  t o  improve t h e  f i t .  Irl v iew of b o t h  t h e  u n c e r t a i n t i e s  

i n  model and d a t a ,  i t i s  d o u b t f u l  t h a t  a  r e l i a b l e  t i m e  p a t t e r n  

can be i d e n t i f i e d  i n  t h i s  way. L a t e r ,  a l though ,  an a t t e m p t  was 
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( h y p o t h e s i s  o f  t h r e e  phy top lank ton  g r o u p s ) .  



made t o  c o r r e l a t e  t h e  monthly v a r i a b l e  sed imen ta t i on  r a t e  t o  

some wind c h a r a c t e r i s t i c s .  I t  i s ,  t h e r e f o r e ,  more a p p r o p r i a t e  

t o  d e r i v e  n e t  sed imen ta t i on  r a t e s  from t h e  u s e  of t h e  r e s u s -  

pens ion  submodel d e s c r i b e d  e a r l i e r .  I t  i s  a l s o  impor tan t  t o  

i n v e s t i g a t e  t h e  e f f e c t  o f  l o n g i t u d i n a l  mix ing.  F i r s t  r e s u l t s  

w i th  SIMBAL s u g g e s t  t h a t  t h e  l a t te r  can be ex t reme ly  s i g n i f i c a n t  

under s t r o n g  wind c o n d i t i o n s .  

The u s e  of SIMBAL d i f f e r e d  from t h e  o t h e r  two models,  

because SIMBAL w a s  p r i m a r i l y  des igned  t o  test  hypo theses  abou t  

t h e  modes of  phosphorus t r a n s f o r m a t i o n  i n  t h e  l a k e .  The proce-  

d u r e  i s  such t h a t  t h e  model performance f o r  a  randomiy s e l e c t e d  

parameter  combinat ion  i s  compared w i th  a behav ior  d e f i n e d  f o r  

t h e  sys tem from t h e  d a t a  r a t h e r  t han  w i t h  t h e  d a t a  d i r e c t l y .  

I n  t h i s  way a l lowance i s  made f o r  u n c e r t a i n t y  i n  t h e  d a t a  e x p l i -  

c i t l y .  I t  t u rned  o u t  t h a t  w i t h  a f i r s t  v e r s i o n  of  t h e  model 

(w i t hou t  t h e  s o r p t i o n  mechanism) no parameter  combinat ion  

cou ld  b e  found t h a t  produced t h e  d e s i r e d  model behav io r .  ( I n  

f a c t ,  t o o  much o r tho -phospha te  was p r e d i c t e d  i n  autumn, a common 

problem t o  a l l  models as mentioned b e f o r e ) .  T h i s  l e d  t o  t h e  pos t -  

u l a t i o n  o f  t h e  s o r p t i o n  hypo thes i s ,  and i n  t h i s  c a s e  parameter  

s e t s  cou ld  be found t h a t  produced t h e  d e f i n e d  behav io r .  S ince  

t h e r e  i s  more t h a n  one parameter  set,  t h e  s i m u l a t i o n  r e s u l t  

c o n s t i t u t e s  a p r o b a b i l i t y  d i s t r i b t i o n  around t h e  mean t i m e  

t r a j e c t o r y  r a t h e r  t h a n  one  s i n g l e  d e t e r m i n i s t i c  t i m e  trajec- 

t o r y .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  1 4  f o r  phytop iankton.  

Al though t h e  r e s u l t  is  n o t  un reasonab le  ( f o r  a d e t a i l e d  

d i s c u s s i o n  see van S t r a t e n ,  1 9 8 0 j ,  s e v e r a l  o t h e r  hypo theses  

may be t e s t e d  u s i n g  t h e  same p rocedure .  I n  t h e  p r e s e n t  s t a g e  

of development,  t h e  methodology prov ided is  more impo r tan t  

t h a n  t h e  a c t u a l  r e s u l t s .  The method a l l ows  t h e  d e t e r m i n a t i o n  

of whether a  c e r t a i n  hypo thes i s  i s  c o n s i s t e n t  w i t h  t h e  d a t a  o r  

n o t ,  though t h e  t r u e  con f i rma t i on  can o n l y  come from e x p e r i -  

men ta t i on  i n  t h e  f i e l d .  

4 .  NUTRIENT LOADING 

Although s e v e r a l  n u t r i e n t  l oad ing  models do e x i s t  i n  t h e  

l i t e r a t u r e ,  and a r e ,  i n  f a c t ,  s t u d i e d  by R E N ' s  t a s k  on Environ- 

menta l  Problems o f  A g r i c u l t u r e ,  l a c k  o f  d a t a  has  h i nde red  
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Figure 1 4 .  R e s u l t s  from SIMBAL. Comparison of f i e i d  da ta  f o r  t he  four bas ins  ( l e f t )  and 
average of model s imulat ions f o r  t he  behavior producing parameter s e t s  ( r i g h t ) .  
For i l l u s t r a t i o n  the  estimated standard dev ia t ion  around the  t r a j ec to ry  f o r  
Basin 2 i s  a l so  indicated.  



a p p l i c a t i o n  f o r  Lake Ba la ton  s o  f a r .  Most of  t h e s e  models 

r e q u i r e  a  f a i r  amount of  geograph ica l ,  geomorphological ,  geo- 

p h y s i c a l ,  and a g r i c u l t u r a l  d a t a  i n  con junc t i on  w i t h  s t r eam 

d i s c h a r g e  and n u t r i e n t  load i n fo rma t i on .  Although d i s c h a r g e  

and n u t r i e n t  l oad  measurements a r e  p a r t  o f  t h e  r e g u l a r  measure- 

ment scheme o f  t h e  Water A u t h o r i t i e s ,  much o f  t h e  l oad ing  o c c u r s  

du r i ng  r a i n f a l l  e v e n t s ,  which a r e  normal ly  n o t  sampled. Only 

one event-based f i e l d  s tudy  i s  known, namely f o r  t h e  Tetves-  
2 b a s i n  ( 7 0  km ) ( ~ o l s n k a i  1 9 7 7 ) .  Once t h e  a s s o c i a t e d  geograph i -  

c a l  d a t a  (such a s  s l o p e  c o n d i t i o n s ,  s o i l  p r o p e r t i e s ,  l and  u s e  

t y p e s ,  etc. ) have been compi led,  t h e  r e s u l t s  of t h i s  . s t udy  and 

a  s i m i l a r  s t u d y  underway a t  p r e s e n t ,  can  b e  a  v a l u a b l e  b a s i s  

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

models.  

I n  t h e  meantime a  less amb i t i ous  i n p u t  modei has  been 

des igned on t h e  b a s i s  o f  t h e  Te t ves  d a t a .  B a s i c a l l y ,  e x i s t i n g  

s imp le  r a i n f a l l  runo f f  r e l a t i o n s  w e r e  supplemented w i t h  a  

two-parameter phosphorus l oad ing  hypo thes i s .  The i n p u t  model 

s t a r t s  from a r a i n f a l l  e v e n t  c h a r a c t e r i z e d  by e f f e c t i v e  r a i n -  

f a l l  dep th  and r a i n f a l l  d u r a t i o n .  Runoff volume i s  e s t i m a t e d  

from t h e  r a i n f a l l  dep th  w i t h  t h e  U.S. S o i l  Conserva t ion  S e r v i c e s  

formula (SCS) . S i m i l a r l y ,  sed iment  y i e l d  i s  e s t i m a t e d  by com- 

b i n i n g  t h e  SCS formula  and Un ive rsa l  S o i l  Loss Equat ion .  Thus, 

t h e  v a r i a b l e s  o f  runo f f  volume and sed iment  y i e l d  c h a r a c t e r i z e  

t h e  even t .  N u t r i e n t  l o a d i n g s  are t h e n  ob ta i ned  by m u l t i p l y i n g  

t h e  runo f f  volume w i t h  some c h a r a c t e r i s t i c  d i s s o l v e d  phosphorus 

c o n c e n t r a t i o n  t o  o b t a i n  t h e  d i s s o l v e d  P l oad  p e r  e v e n t ,  and 

s i m i l a r l y  f o r  f i x e d  P by m u l t i p l y i n g  sed iment  y i e l d  w i t h  a  

f i x e d  P c o n c e n t r a t i o n  p e r  u n i t  sediment .  By combining t h e  

e v e n t s  (and,  i f  d e s i r e d ,  w a t e r s h e d s ) ,  t h e  s e a s o n a l  n u t r i e n t  

l oad ing  can  tie o b t a i n e d ,  prov ided t h a t  t h e  c h a r a c t e r i s t i c  P- 

c o n c e n t r a t i o n s  are known, f o r  example from measurements. I n  

t h e  c a s e  of  t h e  Te tves  s t u d y  t h e s e  v a l u e s  w e r e  e s t i m a t e d  by 

c a l i b r a t i o n  o f  t h e  model.  Taking t h e  v a r i a b i l i t y  p e r  e v e n t  

i n t o  accoun t  it was found t h a t  a  c o n s i d e r a b l e  l oad ing  v a r i a b i l i t y  

may be  expected from season t o  season .  A v e r s i o n  o f  t h e  model 

where t h e  e v e n t s  can  be c h a r a c t e r i z e d  by t h e i r  s t o c h a s t i c  proper -  

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



seasona l  l o a d j  i s  a v a i l a b l e  a t  IIASA ( ~ o ~ i r d i  and Duckste in  1978). 

I t  shou ld  b e  no ted ,  however, t h a t  t h e  c r u c i a l  problem i n  t h e  

application of  t h i s  model l ies  i n  t h e  s p e c i f i c a t i o n  o f  t h e  charac-  

ter is t ic  phosphorus c o n c e n t r a t i o n s .  Before  a p p l i c a t i o n  i n  t h e  

management c o n t e x t  can  be  ach ieved ,  a r e l a t i o n s h i p  between human 

a c t i v i t i e s  i n  t h e  catchment  a r e a  and t h e  model parameter  must 

be  found. 

I n  r e c e n t  y e a r s ,  d e t a i l e d  d a t a  have been c o l l e c t e d  f o r  t h e  

Zala R i ve r ,  i .e. d a i l y  measurements o f  t o t a l  phosphate  and 

d i s c h a r g e  a t  t w o  measurement s t a t i o n s  a l ong  t h e  River .  S i n c e  

t h e  Zalh R ive r  sub-watershed i s  v e r y  l a r g e ,  u s e  o f  t h e s e  d a t a  

f o r  watershed models on t h e  f i e l d  l e v e l  i s  probab ly  n o t  f e a s i b l e .  

However, t i m e  series a n a l y s i s  might  prove t o  b e  of  i n t e r e s t .  

5. MANAGEMENT MODELS 

5.1. Watershed Development Approach 

Th is  approach t o  long- term management o f  t h e  e u t r o p h i c a t i o n  

problem was proposed by David e t  a l .  (1979) ,  and i s  based on 

t h e  hypo thes i s  t h a t  a close r e l a t i o n  e x i s t s  between t h e  human 

a c t i v i t y  i n  t h e  wa te rshed  and t h e  degree  o f  e u t r o p h i c a t i o n  i n  

t h e  a d j a c e n t  waterbody. F i r s t  a l i s t  was compi led o f  b a s i c  

f a c t o r s ,  which w e r e  b e l i e v e d  t o  r e p r e s e n t  t h e  impact  on n u t r i e n t  

l oad ing .  There a r e  t h r e e  g roups  o f  f a c t o r s :  
-- n a t u r a l  f a c t o r s  (e .g .  wa te rshed  a r e a ,  ave rage  s l o p e  

o f  a r a b l e  l a n d ,  l e n g t h  o f  r i v e r s ,  etc.)  
-- socio-economic f a c t o r s  (e .g .  popu la t i on ,  popu la t i on  

working i n  i n d u s t r y ,  number o f  v i s i t o r - d a y s ,  a r e a  o f  

a r a b l e  l a n d ,  f o r e s t ,  v ineyard ,  f e r t i l i z e r  use ,  etc.)  
-- wate r  management f a c t o r s  (e .g .  a c t u a l  t o t a l  w a t e r  

consumption, domes t i c ,  i n d u s t r i a l ,  a g r i c u l t u r a l  wa te r  

use ,  e f f l u e n t  c o l l e c t e d  i n  sewage works, t r e a t e d  

e f f l u e n t ,  s t o r a g e  r e s e r v o i r  c a p a c i t y ,  etc. 1 . 
I n  t o t a l  50 f a c t o r s  w e r e  s e l e c t e d .  The numer ica l  v a l u e s  

w e r e  e v a l u a t e d  from a v a i l a b l e  d a t a  of l a r g e  r e g i o n a l  u n i t s ,  and 

s e p a r a t e d  ove r  t h e  wa te rsheds  be long ing  t o  t h e  f o u r  b a s i n s  o f  

t h e  Ba la ton  a s  a p r e l i m i n a r y  s t e p .  



Next, t h e  b a s i c  f a c t o r s  were combined i n t o  d imens ion less  

i n d i c e s ,  exp ress ing  t h e  r e l a t i v e  degree o f  development on a 

s c a l e  from minimum t o  maximum. The i n d i c e s  w e r e  de f i ned  i n  

such a way t h a t  an i n c r e a s e  r e p r e s e n t s  an i n c r e a s e  i n  n u t r i e n t  

load ing  t o  t h e  l a k e .  Examples o f  impor tant  i n d i c e s  a r e  r e l a t i v e  

popu la t ion  d e n s i t y ,  average s u r f a c e  s l o p e ,  d e n s i t y  o f  p o i n t  

sources ,  f e r t i l i z e r  use index,  r a t i o  o f  u n t r e a t e d  t o  t r e a t e d  

sewage. 

Once t h e  system o f  i n d i c e s  had been e s t a b l i s h e d ,  a pane l  

o f  e x p e r t s  working on t h e  Bala ton Case Study was asked t o  weight  

t h e  va r i ous  i n d i c e s .  The sum o f  t h e  weighted i n d i c e s  prov ided 

one watershed development f a c t o r .  

The r e s u l t s  a r e  summarized i n  Table 6.  

Table  6. Pre l im inary  r e s u l t s  o f  watershed development approach 
s tudy .  

* see F igure  1.  

r 

* 
Bas in  

Development Index X 

R e l a t i v e  A r e a  

Nut r i en t  Loading Index 

Summer Maximum Biomass mg/l 

Although t h e  S ib fok  reg ion  ( b a s i n  I V )  has  t h e  h i g h e s t  degree o f  

development (w i t h  r e s p e c t  t o  n u t r i e n t  l oad ing )  i t s  c o n t r i b u t i o n  

t o  t h e  n u t r i e n t  l oad ing  is smal l  due t o  t h e  very  sma l l  s u r f a c e  

a r e a  compared w i t h  t h e  t o t a l  watershed.  The s p a t i a l  d i s t r i b u t i o n  

of t h e  n u t r i e n t  l oad ing  index c o r r e l a t e s  w e l l  wi th  t h e  d i s t r i b u -  

t i o n  o f  summer maximum biomass, s e l e c t e d  a s  a measure o f  eu t ro -  

ph i ca t i on .  C o r r e l a t i o n s  w i th  o t h e r  e u t r o p h i c a t i o n  indexes  w e r e  

a l s o  i n v e s t i g a t e d .  The weight ing system had o n l y  a l i m i t e d  e f f e c t  

on t h e  c o r r e l a t i o n s  found. 

The r e s u l t s  of  t h i s  f i r s t  s t a g e  o f  t h e  s tudy  are encouraging,  

b u t  a t  p r e s e n t  n o t  s u f f i c i e n t  f o r  long-term p lann ing.  Of course ,  
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t h e  a v a i l i b i l i t y  of d a t a  on ly  f o r  1975 d i d  n o t  a l l o w  t h e  i d e n t i -  

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

requ i red .  However, a  more s e r i o u s  problem is t h e  l a c k  of sens i -  

t i v i t y  t o  how t h e  v a r i o u s  catchment a r e a  a c t i v i t i e s  a r e  weighted.  

Th is  l a c k  o f  s e n s i t i v i t y  means t h a t  t h e  n u t r i e n t  l oad  does  n o t  

depend c n  t h e  r e l a t i v e  importance o f  each o f  t h e  va ry ing  a c t i v i -  

t ies, which i s  probably  n o t  t h e  c a s e  i n  r e a l i t y .  

5 . 2 .  Other Management Models 

No p u b l i c a t i o n s  e x i s t  y e t  on o t h e r  work on management models 

performed i n  t h e  framework o f  t h e  c a s e  s tudy .  One s tudy  is  i n  

p rogress(Ducks te in  e t  a l .  1980) and is worth  ment ioning he re .  The 

b a s i s  f o r  t h i s  approach i s  t h e  use o f  l i t e r a t u r e  d a t a  on t h e  

r e l a t i o n  between watershed a c t i v i t i e s  and phosphorus l o s s e s .  

A set  o f  r e a l i s t i c  management a l t e r n a t i v e s ,  such a s  t e r t i a r y  

t r ea tmen t ,  con tour  farming,  changed t i l l a g e  p r a c t i c e ,  reduced 

f e r t i l i z e r  use,  sed iment  r e t e n t i o n  r e s e r v o i r s ,  etc. ,  and 

combinat ions,  i s  fo rmu la ted .  The l i t e r a t u r e  d a t a  a r e  then  used 

t o  p rov ide  t h e  d a t a  f o r  a  s t o c h a s t i c  i n p u t  model (desc r i bed  

below).  Th is  model g e n e r a t e s  t h e  annual  n u t r i e n t  l o a d i n g  and 

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

use i n  some k ind  o f  management a l t e r n a t i v e  s e l e c t i o n  model. The 

f i r s t  r e s u l t s  a r e  expected i n  t h e  middle o f  1980. 

Other management o r i e n t e d  approaches w i l l  be developed 

i n  t h e  near f u t u r e .  Here t h e  need f o r  d e t a i l e d  phys i ca l  and 

economic d a t a  must  be  emphasized. 
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7 .  GENERAL 

7 . 1 .  P r a c t i c a l  Needs of Research 

The goa ls  and o b j e c t i v e s  of  t h e  Case Study w e r e  summarized 

i n  P a r t  1 i n  co inc idence w i th  t h e  agreement between IIASA and 

t h e  Coord inat ion Counci l  f o r  t h e  Environmental Research on Lake 

ba la ton .  Mainly q u e s t i o n s  connected t o  t h e  l a k e ' s  ecology w e r e  

addressed and t h e  a c t u a l  a p p l i c a t i o n  of t h e  models t o  be developed 

was mentioned on l y  tangen t iona l l y .  During t h e  l a s t  two y e a r s ,  

however, t h e  u rgen t  need t o  implement c o n t r o l  a c t i v i t i e s  i n  o rde r  

t o  imporve t h e  l a k e ' s  water  q u a l i t y  has  become b e t t e r  recognized.  

Th is  f i n d i n g  has two consequences, namely: (i) d e c i s i o n  makers 

need t h e  r e s u l t s  of  t h e  study--assuming t h a t  they  a r e  a v a i l a b l e  

a t  t h e  a p p r o p r i a t e  t ime i n  a p p r o p r i a t e  form--and (ii) t h e r e  i s  

a unique oppor tun i t y  f o r  r e s e a r c h e r s  t o  have t h e i r  r e s u l t s  

' q u i c k l y  app l i ed  i n  p r a c t i c e .  Consequently,  bes ides  answering 

e c o l o g i c a l  ques t i ons ,  one has  t o  concen t ra te  more and more 

on so lv ing  t h e  problem of  management: how t o  e l a b o r a t e  and sche- 

d u l e  c o n t r o l  s t r a t e g i e s ,  what a r e  t h e  expenses and how t o  f i n d  

a r e a l i s t i c  compromise among t h e  d i f f e r e n t  a l t e r n a t i v e s  ( s e e  

F igu re  8 ) .  

7 . 2 .  Basic  P r i n c i p l e s  

The reader  i s  r e f e r r e d  he re  t o  F igure  7 which i l l u s t r a t e s  

t h e  h ie ra rchy  of t h e  d i f f e r e n t  models. The eco log i ca l  problems 

a r e  addressed mainly by t h e  Lake Eut roph ica t ion  Model (LEM) , 
whi le  t h e  " p r a c t i c a l "  problem ( t h e  improvement of t h e  l a k e ' s  

water  q u a l i t y )  has  t o  be  so lved on t h e  l e v e i  of  t h e  Water Qua- 

l i t y  Management (WQMM) which comprises LEM and t h e  Nu t r i en t  

Loading Model (NLM) a s  submodels. S ince  WQMM should so l ve  

an o p t i m a t i z a t i o n  problem, coupl ing of t h e  va r ious  models 

i s  requ i red ,  which is n o t  a s imple t a s k .  To i l l u s t r a t e  

t h e  concept t o  be app l i ed  two in te rconnec ted  bu t  d i f f e r e n t  s t e p s  

w i l i  be distinguishes i n  t h e  use  of LE;M and NLMi (i) f i r s t ,  

d e t a i l e d  s imu la t i ons  a r e  performed p r imar i l y  on a d a i l y  b a s i s  

i see  P a r t I I ) ,  f o r  c a l i b r a t i o n  and v a l i d a t i o n  of t h e  model be fo re  

us ing it f o r  any p r e d i c t i o n ;  ( 2 )  secondly,  t h e  model can  be 

app l ied  i n  a more g l o b a l  sense  c h a r a c t e r i z i n g  t h e  l a rge -sca le  

and long-term behavior  of t h e  system a s  expressed by c e r t a i n  



chosen i n d i c a t o r s  such a s  yea r l y  peak va lues ,  d i f f e r e n t  averages,  

d u r a t i o n  of c r i t i c a l  concent ra t ions ,  f requency d i s t r i b u t i o n s ,  

e t c . ,  which then  should se rve  a s  a  b a s i s  f o r  l ake  management. 

The number and type  of i n d i c a t o r s  must d e f i n e  unambigously 

t h e  "g loba l "  behavior  of t h e  l a k e  from t h e  po in t  of view of 

water use  ( h e r e  r e c r e a t i o n  i s  of primary i n t e r e s t ) .  

I n  t h i s  l i n e  of thought t h e  same modei could se rve  both 

purposes. I t  i s  ev ident  t h a t  t h e  second type of model a p p l i -  

c a t i o n  (ii) i s  less s e n s i t i v e  t o  t h e  subprocesses.  

Given t h e  f i n a l  i n t e r e s t  i n  a p p l i c a t i o n  i n  a  management 

framework one might suggest  t o  s t r i v e  d i r e c t l y  f o r  a  s i m p l i f i e d  

( s t a t i c ,  semi -s ta t i c ,  o r  l i n e a r i z e d  dynamic) model. However, 

i n  t h a t  case  v a l i d a t i o n  of  t h e  model i s  much more prob lemat ic ,  

i f  no t  imposs ib le ,  and t h e r e  is  a l s o  a  chance t h a t  b a s i c  

f e a t u r e s  ( r o l e  of t h e  sediment, f o r  i n s t a n c e )  a r e  no t  grasped 

c o r r e c t l y .  Therefore,  a  development from t h e  d e t a i l e d  t o  t h e  

s lmp i i f i ed  w i th  t h e  he lp  of an a p p r o p r i a t e  s e n s i t i v i t y  a n a l y s i s  

seems t o  be t h e  on ly  way t o  be fo l lowed. 

Th is  two-step procedure prov ides an  o f f - l i n e  coupl ing of 

submodei r e s u l t s  w i th  t h e  water  q u a l i t y  management model. The 

reason t o  sugges t  t h i s  method is ,  t h a t  one has t o  be q u i t e  

s k e p t i c a l  about  t h e  p o s s i b i l i t i e s  of d i r e c t  coupl ing,  knowing 

t h e  complex i t ies  of t h e  d i f f e r e n t  subprocesses,  t h e  presence 

of many i n t e r a c t i o n s  among them, and t h e  wide v a r i e t y  of  time- 

s c a l e s  on which they ope ra te .  The o f f - l i n e  method i s  a l s o  one 

of t h e  genera l  t a c t i c s  t o  be fol lowed w i th in  LEM and NLM, f o r  

i n s t a n c e  i n  coupl ing hydrodynamical models wi th  t h e  s p a t i a l l y  

and t imely  less d e t a i l e d  biochemical submodels. 

The i d e a s  o u t l i n e d  above would r e s u l t  i n  a  consecut ive  

development from LEM t o  a  s imp l i f i ed  LEM i n  t h e  con tex t  of  

WQMM. Th is  may l e a d ,  however, t o  a  cons iderab le  t i m e  de lay  

i n  t h e  Case Study. A s  it i s  apparen t  from Chapter I I . 3 . ,  

t h e  models a r e  a t  p resen t  only a t  a  s t a g e  of c a l i b r a t i o n .  

I n  both LEM and NLM s e v e r a l  u n c l a r i f i e d  ques t i ons  have t o  be  

answered (see i a t e r )  and s e v e r a l  p rocesses  such a s  s p a t i a l  

mass t r a n s p o r t  and i n t e r a c t i o n  between water and sediment have 



t o  be inc luded  more a c c u r a t e l y .  Accord ing ly ,  a  s u c c e s s i v e  

development i s  n o t  e f f e c t i v e  enough and t h e r e f o r e  t h e  s imul-  

taneous  e l a b o r a t i o n  o f  models has  been chosen.  I t  a l l o w s  a t  

t h e  p r e s e n t  i n t e r m e d i a t e  s t a g e  an  e a r l y  implementa t ion  o f  t h e  

complete model s t r u c t u r e  (see F i g u r e  7 )  u s i n g  t h e  most  up- to-date 

b u t  n o t  y e t  v e r i f i e d  submodels f o r  deve lop ing  and t e s t i n g  metho- 

d o l o g i e s  r a t h e r  t h a n  f o r  s o l v i n g  t h e  problem. Th i s  i s  an  i t e r a -  

t i v e  t y p e  o f  p rocedure ,  t h e  b a s i s  o f  which i s  t h e  improvement 

o f  LEM and NLM up t o  t h e  poi r i t  o f  v a l i d a t i o n .  

Three a d d i t i o n a l  r e a s o n s  g i v e  f u r t h e r  s u p p o r t  t o  t h i s  k ind  

of  development.  I n  c l o s e  connec t ion  w i t h  t h e  model ing a c t i v i t i e s  

a  d a t a  c o l l e c t i o n  program and f i e l d  exper imen ts  a r e  under  way. 

The approach exp la i ned  above a l l o w s  a  s i m i l a r  i t e r a t i o n  i n  t h i s  

r e s p e c t .  Fur thermore,  a f t e r  f i n a l l z i n g  t h e  p r o j e c t  t h e  same 

t echn ique  makes p o s s i b l e  f o r  t h e  r e s p o n s i b l e  Hungarian a u t h o r i -  

t i es  t o  comple te  t h e  background i n fo rma t i on  and t o  u s e  t h e n  t h e  

methodo log ies  i n  a  s i m i l a r  way b e f o r e  e l a b o r a t i n g  t h e  f i n a l  

management a l t e r n a t i v e s  f o r  improving t h e  l a k e ' s  wa te r  q u a l i t y .  

L a s t l y ,  t h e  o b j e c t i v e  o f  t h e  Case S tudy  i s  n o t  o n l y  t o  advance 

t h e  s o l u t i o n  o f  t h e  p r e s e n t  problenl b u t  t o  deve lop  t o o l s  which 

can  be  a p p l i e d  f o r  o t h e r  sha l low l a k e s  a s  w e l l .  

A f i n a l  remark i s  :mentioned t o  conc lude t h i s  s e c t i o n .  

A s  it cou ld  be  l e a r n e d  from t h e  proceed ing p a r t  of  t h i s  r e p o r t ,  

s e v e r a l  models a r e  be ing  developed f o r  t h e  same problem. These 

a r e  d i f f e r e n t  i n  t h e i r  background, s t r u c t u r e ,  comp lex i t y ,  d a t a  

requ i remen ts ,  d e t e r m i n i s t i c  o r  s t o c h a s t i c  c h a r a c t e r ,  s o l u t i o n  

t echn ique ,  etc. I t  i s  f e l t  t o  be n o t  on l y  a n  impo r tan t  t a s k  b u t  

a l s o  a  unique o p p o r t u n i t y  t o  compare t h e s e  models under t h e  same 

c o n d i t i o n s .  I n  t h e  f u t u r e  pr imary  emphasis w i l l  be  g i v e n  t o  

t h i s  m a t t e r .  

To summarize, t h e  b a s i c  g u i d e l i n e s  f o r  ou r  f u t u r e  work w i l l  

be  a s  f o l l ows :  

( i j  acco rd ing  t o  t h e  p r o g r e s s  i n  t h e  Case Study and t o  

p r a c t i c a l  needs t h e r e  shou ld  be a  g r e a t e r  concen- 

t r a t i o n  on WQMM; 

(ii) a n  o f f - l i n e  p r i n c i p l e  i s  t o  be  used i n  coup l i ng  sub- 

models; 



(iii) a s imul taneous r a t h e r  than  s e q u e n t i a l  development 

of t h e  d i f f e r e n t  a s p e c t s  of t h e  s tudy i s  t o  be 

fo l lowed, wi th  i t e r a t i v e  i n t e r a c t i o n s  among t h e  

models, between t h e  models and d a t a  c o l l e c t i o n  

programs, and between t h e  models and exper imenta l  

work. I t  i s  no t  t h e  i n t e n t i o n  t o  d e s c r i b e  

i n  g r e a t  d e t a i l  t h e  subporcesses themselves, b u t  

r a t h e r  t o  f i n d  t h e  s imp les t  d e c r i p t i o n  (us ing  

s e n s i t i v i t y  a n a l y s i s )  t h a t  i s  s u f f i c i e n t  from t h e  

p o i n t  of view of t h e  p rocess  a s  a whole; 

( i v )  a t  t h i s  i n te rmed ia te  s t a g e  it i s  b e t t e r  t o  deveiop 

methodologies than  t o  "so lve"  t h e  problem wi th  non- 

v e r i f i e d  models; 

( v )  it w i l l  be h ign ly  d e s i r a b l e  t o  compare d i f f e r e n t  

models f o r  g iven purposes under t h e  same cond i t i ons .  

I n  t h e  subsequent t h r e e  chap te rs  an overview w i l l  be g iven 

&bout f u t u r e  p lans  f o r  t h e  d i f f e r e n t  a s p e c t s  of modeiing i n  t h e  

l i g h t  of t h e  b a s i c  i d e a s  presented above. 

2. LAKE EUTROPHICATION MODELS 

2.1 . Hydrodynamics 

A s  d iscussed i n  Chapter I I . 3 .1 . ,  w e  a r e  i n t e r e s t e d  he re  i n  

t h e  l a r g e  s c a l e  s p a t i a l  t r a n s p o r t  of d i f f e r e n t  d isso lved  and 

p a r t i c u l a t e  subs tances ,  i n  o rder  t o  enab le  t h e  coupl ing of  t h e  

biochemical models of t h e  d i f f e r e n t  l a k e  segments cons idered t o  

be uniform from t h e  p o i n t  of view of water  q u a l i t y  ( s e e  F igure  7 ) .  

The b a s i c  ques t i on  i s  which k ind of  water motion mechanisms 

(se i che ,  h o r i z o n t a l  c i r c u l a t i o n ,  o r  v e r t i c a l  backflow) p lay  t h e  

dominant r o l e  i n  t h e  t r a n s p o r t  and how t o  overcome some of t h e  

modeling d i f f i c u l t i e s  d e r i v i n g  from t h e  s t r u c t u r e  of t h e  govern- 

ing equat ions.  

Although-Lake Balaton d i f f e r s  e s s e n t i a l l y  from t h e  Great  

Lakes i n  t h e  l i g h t  of exper iences gained from t h e  s tudy  

(Halfon and Lam 1978, Lam and Halfon 1978, Boyce e t  a l .  1979) ,  

it does no t  seem t o  be f e a s i b l e  t o  use a coupled more-dimensional 

hydrodynamic-transport model i nco rpo ra t i ng  a l l  b i o l o g i c a l  and 

chemical r e a c t i o n s :  ga in  i n  in format ion i s  no t  p ropo r t i ona l  t o  

t h e  i nc rease  i n  complexi ty.  Thus aga in  an o f f - l i n e  procedure 



was chosen c o n s i s t i n g  o f  t h e  s imu l taneous  development o f  a  

one-dimensional  ( l o n g i t u d i n a l )  s e i c h e  model and a  t h r e e -  

d imens iona l  model, w i t h o u t  d i r e c t  coup l ing  w i t h  b i ochemis t r y .  

The 3-D model i s  a n  Ekman t y p e  model i n  a  v e r s i o n  w i t h  v e r t i c a l l y  

v a r i a b l e  eddy v i s c o s i t y  (see 11 .3 .1 . ) .  Using a  r e f i n e d  g r i d ,  

t h i s  model may answer t h e  q u e s t i o n  o f  t h e  dominant mechanisms 

o f  wa te r  mot ion ( n o t e  t h a t  t h e  h o r i z o n t a l  c i r c u l a t i o n  depenas 

h igh i y  on  t h e  near  s h o r e  c o n d i t i o r ~ s ,  t h e  d e s c r i p t i o n  o f  which 

by a n  Ekman model w i t h  l i n e a r  bottom f r i c t i o n  is n o t  f u l l y  

v a l i d a t e d ) .  The model may be  c a l i b r a t e d  a g a i n s t  dynamic wa te r  

i e v e l  d a t a  and v e l o c i t y  measurements a t  t h e  Tihany pen insu la .  

The same can  b e  done f o r  t h e  1-D model and t h e  r e s u l t s  may be 

t h e n  compared. I f  t h e  l o n g i t u d i a n l  s e i c h e  c a u s e s  t h e  dominant 

mot ion,  a s  i s  t hough t  t o  be  t h e  c a s e ,  t h e  two o u p u t s  w i l l  a g r e e  

reasonab l y  w e l l  and t h e  e s s e n t i a l l y  s impler l -D v e r s i o n  can b e  

s a t i s f a c t o r i l y  used ( a d d i t i o n a l l y  t h e  r o l e  o f  non -un i f o rm i t i es  

i n  v e l o c i t y  found may b e  inc luded  i n t o  a  d i s p e r s i o n  c o e f f i c i e n t  

used l a t e r  o n ) .  

For t h e  nex t  s t e p  a  one-dimensional  t r a n s p o r t  equa t i on  w i l l  

b e  coupled t o  t h e  7-D hydrodynamicai model w i t h  t h e  aim o f  

s t udy ing  f i r s t ,  t h e  r o l e  o f  wa te r  mot ion on t h e  mix ing o f  a  

c o n s e r v a t i v e  m a t e r i a l ,  and second,  t h e  impor tance o f  mix ing 

r e l a t e d  t o  p h y s i c a l  and b iochemica l  p rocesses .  I n  t h e  c o u r s e  

o f  t h e l a t t e r ,  b i ochemis t r y  w i l l  be  r e p r e s e n t e d  by s imp le  reac -  

t i o n  terms e x p r e s s i n g  t i m e  s c a l e s  and t h e  magni tude of  changes 

c o r r e c t l y  (e .g .  some t y p e  of  t o t a l  phosphorus mode l ) .  Bere, 

r e a l  wind and l oad ing  d a t a  w i l l  b e  a p p l i e d .  The t r a n s p o r t  

model w i l l  u s e  t h e  oupuc of t h e  1-D s e i c h e  model f o r  convec t ion  

and t h e  e x p e r i e n c e s  of  t h e  3-D v e r s i o n  f o r  d i s p e r s i o n .  

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

be s i m p l i f i e d  f u r t h e r  o r  n o t .  For  i n s t a n c e ,  i f  t h e  wind 

i n f l uenced  v e l o c i t y  h a s  an  o s c i l l a t i n g  c h a r a c t e r  w i t h  z e r o  

mean v a l u e ,  t h e  c o n v e c t i v e  t e r m  can  b e  neg lec ted  and a  new, 

i n c r e a s e d  d i s p e r s i o n  c o e f f i c i e n t  should be d e f i n e d .  A s  a  n e x t  

s t e p  t h e  a p p l i c a b i l i t y  of  t h e  comple te ly  mixed r e a c t o r  concepc 

w i t h  i n t e r c h a n g e  a s .  d e s c r i b e d  i n  Chapter  11.3.3. w i l l  b e  

ana lyzed ,  which can  be cons ide red  a s  t h e  s i m p l e s t  way o f  

s o l v i n g  t h e  problem<, 



Depending on t h e  f i n a l  d e c i s i o n  on t h e  s o l u t i o n  a  d i r e c t  

r e l a t i o n s h i p  between t h e  wind ( induc ing  mass exchange) !ana 

parameter  (s) appear ing  i n  t h e  model (such a s  t h e  newly de f i ned  

d i s p e r s i o n  c o e f f i c i e n t )  snouid be e s t a b l i s h e d .  For t h i s  pur- 

pose a  t i m e  series a n a l y s i s  may be h e l p f u l  us ing  measured wind 

d a t a  and c a l c u l a t e d  q u a n t i t i e s  (e.g.  water  v e l o c i t y  i nc lud ing  

i t s  s t a t i s t i c a l  p r o p e r t i e s  f o r  a  c e r t a i n  per iod ,  d i s p e r s i o n  

coef  f i c i e n t j  . 
I n  f a c t  bo th  models a r e  c u r r e n t l y  under development.  The 

main parameters  f o r  c a i i b r a t i o n  a r e  t h e  eddy v i s c o s i t y ,  d r a g  

c o e f f i c i e n t ,  and bottom f r i c t i o n .  I t  is p a r t i c u l a r l y  i n t e r e s t i n g  

t h a t  t h e  3-D model was found t o  be  ve ry  s e n s i t i v e  no t  on l y  t o  

t h e  average  v a l u e  o f  eddy v i s c o s i t y  b u t  a l s o  t o  i t s  d i s t r i b u t i o n  

a long dep th .  Changing o n l y  t h e  l a t t e r ,  q u i t e  d i f f e r e n t  s e i c n e  

mot ions and v e l o c i t y  p r o f i l e s  were ob ta ined .  Th i s  f a c t  c a l l s  

f o r  f u r t h e r  s tudy  of t h e  v e r t i c a l  eddy d i f f u s i v i t y ,  D. H e r e  

t h e  a p p l i c a t i o n  o f  two d i f f e r e n t  methods i s  planned,  namely: 

(1) t h e  u s e  o f  Kvon's s i m p l i f i e d ,  v e r t i c a l l y  one- 

d imens iona l  model which is  based on t h e  k-E tu rbu-  

l e n c e  theory  (see 11.3.1 .) t o  p rov ide  an  i n s i g h t  

i n t o  D ( W , Z ) ,  where W i s  t h e  wind speed,  z  i s  t h e  

v e r t i c a l  c o o r d i n a t e  (Kvon 1977 ) ; and 

(ii) e s t i m a t i o n  of D from t h e  d a i l y  SS measurements a t  

Szemes i n  f i v e  d i f f e r e n t  p o i n t s  a long  a  v e r t i c a l  

(Somiy6dy 1980 ) .  The d e t a i l s  w i l l  be d i scussed  

t o g e t h e r  w i t h  sediment-water i n t e r a c t i o n  model ing 

i n  t h e  nex t  c h a p t e r .  

Although t h e s e  two approaches may h e l p  cons ide rab l y  t h e  impor- 

t ance  o f  v e l o c i t y  and t r a c e r  measurements has t o  be emphasized 

once more. 

For t h e  s o l u t i o n  o f  t h e  1-D problem an  e f f e c t i v e  numer ica l  

method was developed which a l l ows  t h e  economical u s e  o f  t h e  

model f o r  longer  p e r i o d s  (e .g .  a  y e a r ) .  k thorough s e n s i t i v i t y  

and s t a b i i i t y  a n a l y s i s  and a  compar is ion wi th  a n a l y t i c a l  so lu-  

t i o n s  f o r  s i m p l i f i e d  c o n a i t i o n s  showed t h a t  t h e  model behaves 

reasonab ly  and a c c u r a t e l y .  The most s t r i k i n g  f e a t u r e  i s  t h e  

impor tan t  r o l e  of t h e  s p a t i a l  p a t t e r n  o f  t h e  wind (see Chapter  

11.1.3.) when app ly ing  t h e  modei t o  r e a l  s i t u a t i o n s .  S ince  

r e g u l a r  wind o b s e r v a t i o n s  a r e  a v a i l a b l e  f o r  two o r  t h r e e  s t a t i o n s  



only', t h e  u n c e r t a i n t y  i n  wind d i s t r i b u t i o n  (magnitude and 

d i r e c t i o n )  has  t o  be  t a k e n  i n t o  account  i n  f u t u r e  s i m u l a t i o n s .  

A s  t r a n s v e r s a l  wlnds a r e  also i nduc ing  longitudinal s e i c h e  motion, 

a  c o r r e c t i o n  p rocedure  f o r  t h e  wind d i r e c t i o n  i n  t h e  1-D model 

i s  under e l a b o r a t i o n  u s i n g  bo th  exper imenta l  d a t a  and t h e  conclu-  

s i o n s  from t h e  3-D model v e r s i o n .  

2.2.  Sediment-Water I n t e r a c t i o n  

The sediment  l a y e r  a c t s  a s  bo th  a  s i n k  and a s o u r c e  of 

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

p r e s e n t  s tudy  w e  are main ly  i n t e r e s t e d  i n  t h e  sed imen ta t i on  and 

resuspens ion  o f  suspended s o l i d s  and p a r t i c u l a t e  phosphorus and 

i n  t h e  r e l e a s e  o f  o r thophospha te  P.  A l l  t h e s e  p r o c e s s e s  a r e  

of major  i n t e r e s t  from t h e  p o i n t  of  v iew o f  bo th  t h e  p r e s e n t  

s t a t e  and f u t u r e  f a t e  of  t h e  lake :  SS i n f l u e n c e s  t h e  l i g h t  

c o n d i t i o n s  (see 11.3 - 2 . )  and may p l a y  a  c o n t r o l i n g  role i n  

t h e  l a k e ' s  wa te r  q u a l i t y  th rough  t h e  s o r p t i o n  mechanism (see 

I I . 3 . 3 . ) ,  w h i l e  t h e  PO4-P release works a s  a n  i n t e r n a l  l oad ing  

de te rmin ing  t h e  new e q u i l i b r i u m  and response  t i m e  of  t h e  l a k e  

a f t e r  reduc ing  t h e  e x t e r n a l  n u t r i e n t  l oad ing .  

(i) I n  connec t i on  w i t h  t h e  s u b j e c t s  o u t l i n e d , ' i t  i s  p r i n -  

c i p a l l y  t h e  a n a i y s i s  o f  t h e  d a i l y  measurements c i t e d  i n  

Chapter  11.3.2. t h a t  w i i l  be con t inued .  I n  f a c t ,  t h e  

ex tended Kalman f i l t e r  t echn ique  (see e.g. B.  Beck 1979) 

f o r  Equat ion (1) o f  t h a t  c h a p t e r  i s  be ing  a p p l i e d  f o r  t h e  

t o t a l  6-month p e r i o d .  The f i rst  r u n s  showed t h e  model 

s t r u c t u r e  t o  be fo rmu la ted  w e l l  an6 gave paramete rs  

close t o  t h o s e  e s t i m a t e d  by a  d e t e r m i n i s t i c  l e a s t  

squa res  f i t t i n g  techn ique .  

The SS model may a l s o  be  used f o r  c a l c u l a t i n g  t h e  e x t i n c -  

t i o n  coefficient k, by add ing one m o r e  s t e p  t o  Equa t ions  

( 1 )  and ( 2 )  of  Chapter  I I . 3 , 2 . ,  i .e.  t h e  e m p i r i c a l  

r e l a t i o n  between z and ke (van S t r a t e n  1980) .  The 
S 

model can  t h e n  b e  a p p l i e d  t o  r e a l  s i t u a t i o n s  f o r  which 

wind d a t a  and measured e x t i n c t i o n  c o e f f i c i e n t s  are 

a v a i l a b l e  and t h e  comparison may s e r v e  as a  b a s i s  f o r  

v e r i f i c a t i o n .  



(ii) S i n c e  phosphorus is  found main ly  t o  sma l l e r  p a r t i c i e s  

i t s  sed imenta t ion  and resuspens ion  may d i f f e r  from 

t h a t  of  t h e  suspended s o l i d s .  I t  is  planned, t h e r e f o r e ,  

t o  ex tend t h e  SS model f o r  p a r t i c u l a t e  phosphorus 

by u s i n g  t h e  P f r a c t i o n  d a t a  ga ined  d u r i n g  t h e  obse r -  

v a t i o n  pe r i od .  

S i m i l a r  measurements w i t h  a d a i l y  sampl ing f requency  

a r e  be ing  t aken  a t  p r e s e n t  i n  two b a s i n s  o f  t h e  l a k e :  

Kesz the ly  and Szemes (phephyt ine  i s  a l s o  inc luded  i n  

t h e  program, see 1 .1 .6 . ) .  The d a t a  series w i l l  be 

i n c l uded  i n  t h e  a n a l y s i s  o u t l i n e d  above and presumably 

w i l l  a l l o w  a g e n e r a l i z a t i o n  of  t h e  models developed 

f o r  t h e  whole l a k e .  

(iii) On t h e  basis o f  t h e  SS d a t a  s t u d y  one can  e s t i m a t e  

t h e  p o r e  water release as  a  f u n c t i o n  of  wind. However, 

i n  t r a n s l a t i n g t h i s  t o  a n  i n t e r n a l  l oad ing  one encoun- 

t e r s  many d i f f i c u l t i e s ,  s i n c e  t h e  l oad ing  a l s o  depends 

on  t h e  PO4-P c o n c e n t r a t i o n  of  t h e  pore  water. Due t o  

l a c k  of  a p p r o p r i a t e  d a t a  we are n o t  i n  t h e  p o s i t i o n  t o  

e s t a b l i s h  a dynamic sed iment  chem is t r y  model (see 

Chapter  11 .3 .2 . ) .  consequen t l y ,  n e i t h e r  t h e  o r t ho -  

phosphate  c o n c e n t r a t i o n  nor  i t s  tempora l  change c a n  

be c a l c u l a t e d .  Using Dobo l y i ' s  d a t a  f o r  o f f - s h o r e  

r e g i o n s  (which can  be cons ide red  as a  snapsho t ,  o n l y )  

t h e  l oad ing  i s  q u i t e  s m a l l .  L a t e r  measurements o f  

~ i t e r 6 t h ~ " w i t h  monthly sampl ing f requency i n  t h e  near  

s h o r e  a r e a ,  however, i n d i c a t e  c o n c e n t r a t i o n s  t h a t  are 

no t  i n f r e q u e n t l y  t e n  t i m e s  h i g h e r  and anae rob i c  con- 

d i t i o n s  p r e v i a l  i n  most  o f  t h e  c a s e s .  Taking i n t o  

accoun t  a l s o  t h e  more e f f e c t i v e  r e l e a s e  h e r e  due  t o  

t h e  samller pathway i n  t h e  wind energy  t r a n s f o r m a t i o n  

from t h e  s u r f a c e  t o  t h e  bottom a  much h ighe r  l o a d i n g  

(50-100 kg/d) can  be es t ima ted  f o r  t h e  whole l a k e .  

T h i s  i s  approx imate ly  10% of  t h e  d i s s o l v e d  e x t e r n a l  

l oad ing .  I n  t h e  c o u r s e  of a  r e c e n t  l a b o r a t o r y  s t u d y  

( n o t  y e t  comp le ted) ,  ~ e r o d e k f o u n d  an  even h ighe r  

r e l e a s e  of phosphorus (even though  t h e  o v e r l y i n g  wa te r  

- "Persona l  communication 



was no t  s t i r r e d  i n  t h e  v e s s e l ) .  F i n a l l y  it i s  worthy 

t o  mention t h a t  Gelencsgr and ~ z i l S ~ ~ i *  when c o l l e c t i n g  

sediment w i th  a n  Ekman sampler i n  t h e  Szemes b a s i n  

f o r  s o r p t i o n  exper iments ( s e e  l a t e r )  found an  PO4-P 

concen t ra t i on  which would r e s u l t  i n  s t i l l  somewhat 

l i g h e r  load ing  (no te ,  moreover, t h a t  t h i s  concen t ra t i on  

i s  a  lower l i m i t  due t o  t h e  sampling techn ique ) .  

W e  may conclude he re  t h a t  even when assuming t h e  wind 

induced r e l a e a s e  t o  be t h e  dominant mechnism and i t s  

d e s c r i p t i o n  t o  be w e l l  e s t a b l i s h e d  one can  no t  estimate 

r e l i a b l y  t k ~ e  i n t e r n a l  load ing  which p lays  a  c r u c i a l  

r o l e  from t h e  p o i n t  of view of management. Consequently,  

sys temat i c  measurements a r e  u r g e n t l y  needed f o r  a l lowing 

t h e  e s t i m a t i o n  of a t  l e a s t  lower and upper l i m i t s  f o r  

t h e  r e l e a s e .  The r o l e  of t ime v a r i a b i l i t y  i n  t h e  i n t e r -  

s t i t i a l  concen t ra t i on  i s  once more under l ined  and it i s  

cons idered t o  be u s e f u l  t o  perform r e g u l a r  and f requen t  

measurements both i n  t i m e  and space bes ides  making more 

d e t a i l e d  s t u d i e s  i n  a  l i m i t e d  number of l o c a t i o n s .  

( i v )  The s o r p t i o n  hypothes is  of SIMBAL ind i ca ted  how inpor-  

t a n t  a  r o l e  t h e  suspended s o i i d s  may p lay  i n  c o n t r o l i n g  

or thophosphate concen t ra t i on .  The same f i n d i n g s  w e r e  

obta ined  e a r l i e r  by OlSh e t  a l .  (1977) on an  exper i -  

mental  b a s i s ,  however, no r e g u l a r  measurements are 

a v a i l a b l e  f o r  j u s t i f y i n g  t h i s  s ta tement .  Therefore,  

a d e t a i l e d  adsorp t ion-desorp t ion  measurement program 

was worked o u t  and i s  under development a t  VITUKI .  

( v )  To conclude t h i s  chap te r  w e  r e t u r n  t o  t h e  e s t i m a t i o n  

of  t h e  v e r t i c a l  eddy d i f f u s i v i t y  a s  a  func t i on  of wind 

and depth  ( s e e  Sec t i on  2 . 2 ,  i t e m  ( i i ) ) .  The d a i l y  SS 

d a t a  measured a t  f i v e  d i f f e r e n t  dep ths  a l lows t h e  a p p l i -  

c a t i o n  of  t h e  one-dimensional,  t r a n s i e n t  t r a n s p o r t  

equat ion  t o  t h e  problem w i th  t h e  h e l p  of Equation ( 1 )  

of Chapter 11.3.2. determin ing t h e  boundary cond i t i on  

a t  t h e  bottom. Thus it i s  p o s s i b l e  t o  compute SS(z )  

and then  t o  f i n d  D ( z )  o r  even D(W,z) by a  t r i a l  and 

e r r o r  procedure.  F i r s t ,  promising r e s u l t s  have 
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a l ready  been gained by us ing  an i m p l i c i t  f i n i t e  d i f f e r e n c e  

s o l u t i o n  a lgor i thm.  Many o the r  a l t e r n a t i v e s  a r e  a l s o  

of  i n t e r e s t  and under development such a s :  

-- Ana ly t i ca l  s o l u t i o n  of t h e  same problem. Here t h e  

v a r i a b l e s  a r e  separa ted  such t h a t  an i n f i n i t e  num- 

ber  of o rd inary  d i f f e r e n t i a l  equat ions  r e s u l t s  and 

among t h e s e  presumably it i s  s u f f i c i e n t  t o  so l ve  

on ly  t h e  f i rs t  few equat ions  of  t h e  s e r i e s .  The 

method assumes D(W,  2 )  = D ( W )  , 

-- The n i c e  f e a t u r e  of t h e  l a t t e r  technique i s  t h a t  

it a l lows a  d i r e c t  coupl ing wi th  Kalman f i l t e r i n g  

and a  s imul taneous es t ima t ion  o f  t h e  boundary 

c o n d i t i o n  and D(W) . 
-- The method of moments ( A r i s  1957) i s  a l s o  under 

a p p l i c a t i o n .  I n  t h a t  c a s e  r a t h e r  than  c a l c u l a t i n g  

S S ( z )  i n  d e t a i l s  t h e  f i r s t  few moments of t h e  

same d i s t r i b u t i o n  w i l l  be cons idered,  on ly ,  by 

t ransforming t h e  o r i g i n a l  p a r t i a l  d i f f e r e n t i a l  

equat ion  t o  a  set of o rd ina ry  d i f f e r e n t i a l  equa- 

t i o n s .  The equat ion  of t h e  0 th  moment i s  i d e n t i c a l  

t o  Equat ion ( 1 )  i n  I I .3 .2 . ,  consequent ly,  

t h e  i n c l u s i o n  of t h e  nex t  few ( n o t  more than  f o u r )  

moments i n t o  a  Kalman f i l t e r i n g  scheme is  a  n a t u r a l  

ex tens ion  of t h e  o r i g i n a l  p r i n c i p l e ,  Th is  i dea  

a l lows t h e  s imul taneous est imaion of k,, k2,  m, D ( W ) ,  

and a d d i t i o n a l l y ,  t h e  concen t ra t i ons  a t  t h e  f r e e  

s u r f a c e  and bottom, r e s p e c t i v e l y ,  

Two more remarks a r e  worth mentioning here.  F i r s t ,  t h e  

development of d i f f e r e n t  k ind of  methods permi ts  no t  on ly  com- 

par ison  b u t  a l s o  combinat ion of t h e  approaches (e .g .  it i s  

reasonab le  t o  u s e  t h e  D(W) r e l a t i o n s h i p  ob ta ined  w i th  t h e  use  

of t h e  Kalman f i l t e r i n g  technique i n  t h e  frame of t h e  f i n i t e  

d i f f e r e n c e  cons ide ra t i on  and then  t o  f i n d  t h e  b e s t  f i t t i n g  

f o r  D(z)  s e p a r a t e l y ) ,  and, secondly,  t h e  p r e s e n t  problem s e r v e s  

a s  an  excellent example from t h e  methodological  p o i n t  of view 

t o  i d e n t i f y  and e s t i m a t e  t h e  parameters of  a  system whose s t r u c -  

t u r e  i s  governed by a  p a r t i a l  d i f f e r e n t i a l  equat ion.  



2 . 3 .  E u t r o p h i c a t i o n  Modeling 

I n  t h i s  s e c t i o n  t h e  problems of b iochemica l  and eu t roph i -  

c a t i o n  modeling w i l l  b e  d i s c u s s e d  (see F i g u r e  7 ) .  The f i r s t  of  

t h e s e  has  reached t h e  most advanced s t a g e  among t h e  d i f f e r e n t  

a c t i v i t i e s  b u t  i s  s t i l l  f a r  from comple te  unders tand ing  (see 

P a r t  11). 

With r e g a r d  t o  f u r t h e r  d ieve lopemnts  t h e  f o l l ow ing  comments 

may be g iven :  

(i) I n  t h e  l i ~ h t  o f  t h e  p rev ious  c h a p t e r s ,  one s t e p  i s  

obv ious f o r  improving t h e  e x i s t i n g  models: t h e  coup l ing  

of hydrodynamical and i n t e r a c t i o n  models t o  BEM, BALSECT, 

and SIMBAL i n  a n  i d e n t i c a l  f a s h i o n ,  

(ii) A s  i n d i c a t e d  e a r l i e r ,  many q u e s t i o n s  may be r a i s e d  con- 

c e r n i n g  t h e  l a k e ' s  b io logy  and chemis t ry .  I t  s u f f i c e s  

mere ly  t o  reminti t h e  r e a d e r  t o  t h e  n o n - c l a r i f i e d  r o l e  of 

b lue-green a l g a e  and n i t r o g e n  l i m i t a t i o n ,  t n e  or thophos-  

phate-P anomaly, t h e  assumpt ion of s o r p t i o n ,  t o  t h e  

u n c e r t a i n t i e s  i n  judging t h e  r e l a t i v e  importance o f  rate 

and c a p a c i t y  of s imu l taneous  up take  mechanisms (up take  

by a l g a e ,  a d s o r p t i o n ,  and c o - p r e c i p i t a t i o n ) ,  t h e  release 

of o r g a n i c  m a t e r i a l  and n u t r i e n t s  when b e n t h i c  a l g a e  

d i e  o f f  a f t e r  i ce -me l t ing ,  t h e  e x t e r n a l  o r g a n i c  m a t e r i a l  

l oad ing ,  etc.  

When answer ing t h e s e  q u e s t i o n s  one h a s  t o  t a k e  i n t o  

accoun t  t h a t  t h e  u n c e r t a i n t i e s  i n  t h e  d a t a  and t h e  

l i m i t e d  knowledge o f  t h e  r e l a t i v e  impor tance of t h e  

v a r i o u s  subprocesses  l isted--may w e l l  l ead  t o  s e v e r a l  

model v e r s i o n s  hav ing more o r  less t h e  same "goodness".  

Consequent ly ,  it i s  n o t  a p p r o p r i a t e  t o  f i t  models a t  

eve ry  s t a g e  o f  development t o  f i e l d  d a t a ,  b u t  r a t h e r  

it i s  suggested t h a t  t h e s e  model hypotheses be t e s t e d  

f i r s t  (depending on t h e  execu t i on  t i m e ,  e.g. i n  a  

s i m i l a r  way a s  it was r e a l i z e d  i n  SIMBAL). One cr i -  

t e r i o n  i n  t h i s  procedure h a s  t o  be emphasized: a  

hypo thes i s  o r  a  se t  of hypotheses f o r  v a r i o u s  subpro- 

cesses may be accep ted  on l y  when t h e y  improve t h e  model 

a s  a  whole w i t hou t  r a l s i n g  any a d d i t i o n a l  q u e s t i o n s .  



(iii) The behav ior  o f  water  q u a l i t y  components i n d i c a t e  some 

e s s e n t i a l  d i f f e r e n c e s  among l a k e  segments and t h i s  is 

e s p e c i a l l y  v a l i d  f o r  t h e  Keszthe ly  Bay when compared 

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

i s  i n  t h e  most developed s t a t e  and a d d i t i o n a l  f a c t o r s  

such a s  n i t r o g e n  l i m i t a t i o n ,  t h e  p resence  of b lue-  

g reeen  a l g a e ,  anaeroby,  etc.,  may p l a y  a  more pro- 

nounced role. Accord ing ly ,  s e v e r a l  s t r a t e g i e s  of  

development may be a p p l i e d :  t o  c o n c e n t r a t e  on  he 

a c c u r a t e  model ing of  Keszthe ly  Bay, t h e  management 

of which i s  t h e  most u r g e n t  need and f o r  which t h e  

l oad ing  h i s t o r y  i s  b e s t  de f ined  through t h e  Zala 

R iver  d a t a ,  o r  t o  f i n d  a compromise s o i u t i o n  f o r  t h e  

whole l a k e .  A combinat ion o f  t h e s e  two v e r s i o n s  

may a l s o  b e  p o s s i b l e .  However, from t h e  o b j e c t i v e  of 

t h e  e u t r o p h i c a t i o n  model ing, namely t o  d e s c r i b e  t h e  wa- 

ter  q u a l i t y  of t h e  whole l a k e ,  it seems t o  be unwise 

t o  restr ict t h e  s t u d y  t o  j u s t  one p a r t  of t h e  l a k e ,  

t h e  more s o  s i n c e  d e f i n i t e  i n t e r a c t i o n s  e x i s t  which 

make a n  autonomous development i n  wa te r  q u a l i t y  f o r  

s e p a r a t e  l a k e  s e c t i o n s  u n l i k e l y .  

( i v )  A l l  t h r e e  models a r e  i n  t h e  s t a g e  of c a l i b r a t i o n ,  

b u t  have s t i l l  n o t  been v a l i d a t e d .  Here t h e  f o l l ow ing  
i n d i s p e n s i b i e  s t e p s  have t o  be performed: f i r s t  t o  

f i n d  t h e  parameter  v a l u e s  f o r  a  c e r t a i n  pe r i od  and,  

second,  t o  app ly  t h e  model w i t h  t h e s e  parameter  v a l u e s  

f o r  ano the r  per iod  (bo th  i n  t h e  p a s t ) .  I f  t h e  agree-  

ment w i t h  t h e  measured d a t a  i s  a c c e p t a b l e  t h e  v a l i d a -  

t i o n  can  be cons ide rea  s u c c e s s f u l ,  i f  t h i s  i s  no t  s o ,  

f u r t h e r  model m o d i f i c a t i o n  is needed, guided by t h e  

d i s c r e p a n c i e s  observed.  

(Y) Genera l l y ,  parameter  v a l u e s  a r e  found by t r i a l  and 

error f i t t i n g .  Here, any b e t t e r  de f i ned  method is  

p r e f e r r e d  by a l l  means. The p l e a s i n g  s t r u c t u r e  of 

SIMBAL i s  a g a i n  s t r e s s e d  s i n c e  i t pe rm i t s  n o t  o n l y  

t h e  e s t i m a t i o n  o f  t h e  paramete rs ,  b u t  a l s o  t h e  u s e  

o f  t h e  model chen i n  a  s t o c h a s t i c  sense ,  which cou ld  

be o f  g r e a t  importance i n  t h e  c o n t e x t  of management. 



Sometimes it i s  p o s s i b l e  t o  d i s a g g r e g a t e  t h e  model 

f o r  t h e  purpose o f  t h e  c a l i b r a t i o n .  For  i n s t a n c e ,  

t h e  paramete rs  of h o r i z o n t a l  mass exchange, d e p o s i t i o n ,  

and resuspens ion  may be es t ima ted  from a t o t a l - P  model 

and t h a n  f i x e d  i n  t h e  e s t i m a t i o n  o f  remain ing paramete rs  

i n  t h e  f u l l  l a k e  model. Another example i s  t h e  s e p a r a t e  

e s t i m a t i o n  o f  phytop lankton growth r a t e s  from pr imary 

p roduc t i on  measurements. 

( v i )  F i n a l l y ,  t h e  importance of model s e n s i t i v i t y  a n a l y s i s  

(see a l s o  111.4.)  and t h e  u s e  o f  t h e  same i n p u t  d a t a  

(such  a s  n u t r i e n t  l oad ing )  f o r  a l l  t h r e e  models have 

t o  be  unde r l i ned .  

3 .  NUTRIENT LOADING MODELS 

The d i r e c t  cause  o f  a r t i f i c i a l  e u t r o p h i c a t i o n  i s  t h e  

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

most obvious f a c t o r  f o r  c o n t r o l i n g  t h e  l a k e .  The r o l e  o f  

n u t r i e n t  l oad ing  shou ld  be emphasized a l s o  from t h e  p o i n t  o f  

view of  unders tand ing  t h e  i n - l ake  p rocesses  and f o r  c a l i b r a t i n g  

LEM (see F i g u r e  7 ) :  s i n c e  it v a r i e s  both  i n  time and space ,  

n e i t h e r  t h e  dynamic nor  t h e  s p a t i a l  behav ior  of  t h e  l a k e ' s  

wa te r  q u a l i t y  c a n  be d e s c r i b e d  u n t i l  a  sound knowledge o n  

t h e  l oad ing  c o n d i t i o n s  i s  a v a i l a b l e .  

Here, d i f f i c u l t i e s  a r i s e  ma in ly  from t h e  l a c k  of d a t a  

( e f f l u e n t s ,  sewage d i s c h a r g e s ,  and d i s t r i b u t e d  l o a d i n g s  from 

t h e  watershed a s  a  who le ) .  Thus it i s  n o t  easy  t o  make 

e s t i m a t e s  f o r  t h e  t o t a l  and a v a i l a b l e  l oad ings ,  t o  s e p a r a t e  

p o i n t  and non-point sou rces ,  and t o  judge t h e i r  r e l a t i v e  

importance,  nor i s  it easy  to  v e r i f y  any non-point source  

model. These k i nd  of models need d e t a i l e d  f i e l d  d a t a  and 

t h e  problems of how t o  app l y  them f o r  a  l a r g e r  watershed o r  

how to  perform a n  e x t r a p o l a t i o n  from a d e t a i l e d  s u ~ w a t e r s h e d  

s tudy  have i n  g e n e r a l  n o t  y e t  been r e s o l v e d .  

Accordingly ou r  p l a n s  f o r  t h e  f u t u r e  a r e  r a t h e r  modest 

and t h e  main o b j e c t i v e  is t o  make a  more thorough l oad ing  

e s t i m a t i o n  us ing  e x i s t i n g  d a t a  r a t h e r  t hen  c o n c e n t r a t i o n  on 

modeling. Here f i r s t  o f  a l l  t h e  r e g u l a r  measurements o f  



~ 0 6  ( 1 960) ( d a i l y  f o r  d i s c h a r g e ,  t e m p e r a t u r e ,  suspended s o l i d s ,  

t o t a l  phosphorus  and n i t r o g e n ,  r e s p e c t i v e l y ,  weekly For o r t h o -  

phospha te  P and comp le te  w a t e r  chemica l  a n a l y s i s )  o f  two s t a t i o n s  

a l o n g  t h e  Za la  R ive r  (Fengkpusz ta  1975-8 and Z a l a a p 6 t i  1977-8, 

d i f f e r e n c e  i n  ca tchmen t  a r e a  i s  r o u g h l y  40%) w i l l  be used .  

The f o l l o w i n g  a c t i v i t i e s  w i l l  be  per fo rmed:  

(1) Time series a n a l y s i s  f o r  t h e  Za la  R iver  ca tchment  a r e a  

d a t a .  The aim i s  t o  d e v e l o p  a  s i m p l e  d e s c r i p t i v e  

model t o  e x p r e s s  t h e  p r e s e n t  l o a d i n g s  ( f i r s t  on a  d a i l y  

b a s i s ,  and second,  f o r  a  l o n g e r  t i m e  s c a l e ,  e .g .  a  

week) as a f u n c t i o n  o f  p a r a m e t e r s  t h a t  may be e a s i l y  

measured ( p r e c i p i t a t i o n ,  s t r e a m f l o w ) .  By comparing 

a v a i l a b l e  and t o t a l  phosphorus  d a t a ,  t a k i n g  i n t o  

a c c o u n t  t h e  n i t r o g e n  d a t a  and t h e  e x i s t i n g  knowledge 

a b o u t  sewage d i s c h a r g e s  i n  t h e  wa te rshed ,  a n  a t t e m p t  

w i l l  b e  made t o  s e p a r a t e  o u t  t h a t  p a r t  o f  t h e  a v a i l -  

a b l e  n u t r i e n t  l o a d i n g  t h a t  is  c o r r e l a t e d  t o  r a i n f a l l  

e v e n t s .  I n  t h i s  way it i s  hoped t h a t  t h e  r o l e  and 

c o n t r i b u t i o n  o f  a g r i c u l t u r e  and o t h e r  non-po in t  s o u r c e s  

may b e  a s s e s s e d .  T h i s  i s ,  of  c o u r s e ,  i n f o r m a t i o n  o f  

paramount impor tance  i n  t h e  d e s i g n  o f  f u t u r e  l o a d i n g  

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

I n  c a s e  o f  s u c c e s s ,  a  n e x t  s t e p  may be  t o  l o o k  f o r  

r e l a t i o n s h i p s  between t h e  v a r i o u s  l o a d i n g  t y p e s  and 

some o f  t h e  a v e r a g e  soc io-economic wa te rshed  c h a r a c -  

te r i s t i cs .  These r e l a t i o n s h i p s  would t h e n  a l l o w  t h e  

u s e  of  t h e  t i m e  ser ies model t o  make p r e d i c t i o n s  under  

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

(ii) It is  i n t e n d e d  t o  make a paramete r  s e n s i t i v i t y  a n a l y s i s  

f o r  t h e  non-po in t  s o u r c e  modei e x p l a i n e d  i n  Chap te r  

1 1 . 4 .  and u t i l i z e  t h e  e x p e r i e n c e s  ga ined  f o r  i t e m  (i) . 
(iii) A f t e r  c o l l e c t i n g  t h e  e x i s t i n g  d a t a  f o r  e f f l u e n t s  and 

sewage d i s c h a r g e s  a  s imi lar ,  b u t  more d e t a i l e d  a n a l y s i s  

w i i l  be made f o r  t h e  l o a d i n g  a f u n c t i o n  o f  t i m e  and 

s p a c e  as p r e v i o u s l y  made b y  v a n  S t r a t e n  e t  a l .  (1979)  

(see a l s o  Chap te r  11.1 . ) . Here t h e  c o n c l u s i o n s  o f  (i) 

and (ii) w i l l  have t o  b e  i n c o r p o r a t e d  a s  w e l l .  



( i v )  For most e f f l u e n t s ,  genera l l y ,  no t  more than  one water 

q u a l i t y  measurement a month i s  a v a i l a b l e  over  a per iod  

of 4-5 subsequent yea rs  s o  t h a t  any kind of load ing  

es t ima t ion  (e.g.  yea r l y  average o r  year averaged monthly 

va lue )  i s  based on t h e s e  d a t a .  S ince  more f requen t  

d a t a  a r e  g iven f o r  t h e  Zala River ,  t h e s e  can be  used 

f o r  developing methods f o r  c a l c u l a t i n g  t h e  load ing  

from s c a r c e  d a t a  on t h e  "most accu ra te "  way and f o r  

judging t h e  u n c e r t a i n t i e s  of  t h i s  kind of es t ima t ions .  

F i n a l l y ,  t o  judge t h e  importance o f  changes i n  water- 

shed a c t i v i t i e s  ( e . g .  f e r t i l i z e r  use ,  runof f  and ero- 

s i o n  c o n t r o l ,  c rop  management) a more comprehensive 

watershed nugr ien t  load ing model (such a s  CREAMS) may 

be  used, b u t  on ly  i n  a r e l a t i v e  sense  because of  t h e  

l i m i t e d  a v a i l a b i l i t y  and r e l i a b i l i t y  of t h e  d a t a .  

4 .  WATER QUALITY MANAGEMENT MODEL 

Since comprehensive management modeling presupposes t h e  

a v a i l a b i l i t y  of w e l l  c a l i b r a t e d  and v a l i d a t e d  submodels, which 

i n  t u r n  must be based on a sound unders tanding of t h e  p r i n c i p a l  

p rocesses  i n  l a k e  and watershed (see Figure  7 ) ,  i t  should be  

no s u r p r i s e  t o  see t h a t  management models a r e  i n  a less pro- 

gressed s t a g e  i n  t h e  c a s e  study.  The two approaches mentioned 

i n  Chapter 11.5. w e r e  pursued i n  t h e  i n i t i a l  phases of t h e  

s tudy because they  do no t  r e l y  e x p l i c i t l y  on a l a k e  water q u a l i t y  

model a s  t h e  r e a c t i o n  of t h e  l ake  t o  n u t r i e n t  l oad ings  was 

e i t h e r  i n f e r r e d  from h i s t o r i c a l  d a t a  o r  pos tu la ted  by an 

engineer ing guess.  There i s ,  however, l i t t l e  doubt t h a t  t h e  

use  of submodels such a s  NLM and LEM w i l l  be compell ing i f  

management models a r e  t o  y i e l d  answers wi th  s u f f i c i e n t  c r e d i -  

b i l i t y .  A s  pointed o u t  i n  t h e  i n t roduc t i on  t o  t h i s  c h a p t e r ,  

it i s  t h e r e f o r e  e s s e n t i a l  t o  develop methodologies, even i n  

t h e  temporar i l y  absence of s u f f i c i e n t l y  r e l i a b l e  submodels, 

i n  such a way t h a t  t h e  r e s u l t s  of f u r t h e r  resea rch  i n  t h i s  

a r e a  can be g radua l l y  incorpora ted  i n  t h e  management framework 

wi thout  d i f f i c u l t y .  



The aim o f  t h e  management model i s  t o  p r o v i d e  a  s t r u c t u r e  

t h a t  e n a b l e s  t h e  r ank i ng  of  p o s s i b l e  management o p t i o n s  acco rd i ng  

t o  c e r t a i n  economics, wa te r  q u a l i t y ,  o r  mixed c r i t e r i a  (see 

F i g u r e  8 )  . For t h e  sake  of  t h e  p r e s e n t  d i s c u s s i o n ,  it i s  con- 

v e n i e n t  t o  r e p r e s e n t  F i g u r e  7 and 8  a s  a  c i r c u l a r  p r o c e s s  a s  i n  

F i g u r e  1 5  (see Spo f fo rd  1 9 7 6 ) .  I n  t h i s  p r o c e s s  t h e  f o l l ow ing  

s t e p s  may be d i s t i n g u i s h e d ,  which c a n  be s t u d i e d  and r e a l i z e d  

more o r  less  i ndependen t l y  b e f o r e  i n t e g r a t i o n :  

( i )  L (x, t )  + LEM + I ix, t)  . I n  t h i s  s t e p  t h e  r e s p o n s e  of  

t h e  l a k e  [ I  ( x ,  t )  ] t o  v a r i o u s  l o a d i n g  s c e n a r i o ' s  i s 

o b t a i n e d .  I n i t i a l l y ,  r e a s o n a b l e  l o a d i n g  s c e n a r i o ' s  

can  be  p o s t u l a t e d ,  w h i l e  i n  a  l a t e r  s t a g e  t h e y  may be 

p rov ided  by 

(i i) l o a d i n g  r e d u c t i o n  o p t i o n s  + NLM + L ( x , t )  . T h i s  s t e p  

p r o v i d e s  t h e  l o a d i n g s  r e s u l t i n g  from v a r i o u s  l o a d i n g  

r e d u c t i o n  o p t i o n s  i n  t h e  wa te rshed  t o g e t h e r  w i t h  

economic and o t h e r  a s p e c t s ;  

(iii) The l i n k  between (i) and (ii) comp le tes  t h e  d e c i s i o n  

c y c i e  p r o c e s s .  Here, t h e  g e n e r a t i o n  and rank i ng  o f  

o p t i o n s  i s  per formed i n  s t e a d y  feed-back w i t h  t h e  o t h e r  

s t e p s .  T h i s  w i l l  i n v o l v e  some k i nd  of  ( m u l t i - o b j e c t i v e )  

o p t i m i z a t i o n  t a k i n g  c o s t s ,  b e n e f i t s ,  wa te r  q u a l i t y ,  and 

socio-economic a s p e c t s  i n t o  accoun t .  

Next t h e s e  s t e p s  w i l l  be  rev iewed i n  more d e t a i l .  

( i )  The method t o  be  fo l l owed  h e r e  i s  t o  r u n  t h e  model 

LEM f o r  d i f f e r e n t  r e a s o n a b l e  L ( x , t )  s c e n a r i o s  and t h e n  t o  para-  

m e t r i z e  t h e  l a k e ' s  r e s p o n s e  i n  t e r m s  o f  i n d i c a t o r s  I (x, t i  (see 

1 1 1 . 1 . )  f o r  u s e  i n  t h e  o p t i m i z a t i o n  p rocedure .  Be fo re  do i ng  

t h i s ,  a  d i s t i n c t i o n  w i l l  be made between f o r c i n g  f u n c t i o n s  of  

t h e  LEM t h a t  a r e  n a t u r a l  f a c t o r s  ( t e m p e r a t u r e ,  r a d i a t i o n ,  and 

wind) and t h o s e  t h a t  a r e  c o n t r o l l a b l e  f a c t o r s .  The l a t t e r  i s  

s o l e i y  t h e  l o a d i n g  L ( x  , t)  . S i n c e  t h e  v a r i a b i l i t y  o f  t h e  

n a t u r a l  f a c t o r s  shou ld  b e  c o n s i d e r e d  a s  g i v e n ,  t h e  u n c e r t a i n t y  

r e s u l t i n g  from them h a s  t o  be  i nc l uded .  Here, two t e c h n i q u e s  

c a n  be  used:  

-- t o  assume d i f f e r e n t  s c e n a r i o s  ( ave rage ,  un favo rab le ,  e tc . ;  

d r y  o r  w e t  y e a r s ,  etc . )  f o r  s t u d y i n g  t h e  s e n s i t i v i t y  o f  I ( x , t )  

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

s c e n a r i o s  t o  be  used i n  t h e  subsequen t  a n a l y s e s ;  
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-- t o  c o n s l d e r  n a t u r a l  f a c t o r s  a s  b a s i c a l l y  s t o c h a s t i c  i n  

c h a r a c t e r .  The p o s s i b i l i t i e s  i n  t h i s  r e s p e c t  w i l l  b e  

d i s c u s s e d  l a t e r .  

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

i n  LEM, f i r s t  t h e  u n c o n t r o l l a b l e  f r a c t i o n s  ( t h e  a t m o s p h e r i c  

and i n t e r n a l  s o u r c e s )  w i l l  b e  s e p a r a t e d ,  t h u s  d e f i n i n q  t h e  

l o w e s t  l e v e l  f o r  t h e  l o a d i n g  t h a t  m igh t  h e  r e a l i z e d .  Nex t ,  

a  f u r t h e r  c l a s s i f i c a t i o n  w i l l  b e  made based  o n  s e v e r a l  d i s -  

c-nct f e a t u r e s  s u c h  a s :  

-- a v a i l a b i l i t y  o f  n u t r i e n t s  f o r  a l g a e ;  

-- o r i g i n  (sewage,  a g r i c u l t u r e ,  e t c . ) ;  

-- l o c a t i o n  and s p a t i a l  p a t t e r n ;  

-- t e m p o r a l  changes .  

( A l s o  n o t e  a t  t h i s  s t e p  t h e  economic f e a s i b i l i t y  o f  

d i f f e r e n t  a l t e r n a t i v e s  h a s  t o  b e  c o n s i d e r e d  ( F i g u r e  151.1 

Having t h e  b a s i c  l o a d i n g  t y p e s ,  L ( t , x ) ,  t h e  l a k e  r e s p o n s e  

I i ( T , x )  w i l l  b e  c a l c u l a t e d  ( t h e  s u b s c r i p t  r e f e r s  t o  t h e  d i f f e r e n t  

k i n d s  o f  i n d i c a t o r s  needed f o r  c h a r a c t e r i z i n g  t h e  l a k e ' s  w a t e r  

q u a l i t y ) .  Here, T  i n d i c a t e s  t h a t  t h e  l a t t e r  a l s o  changes  w i t h  

t i m e ,  however,  on  a  l a r g e r  s c a l e .  I t  i s  wor thy  t o  men t ion  t h a t  

I i ( T , x )  may d i f f e r  for  BEM, BALSECT, and SIMBAL and t h e  l e v e l  

o f  model s i m p l i f i c a t i o n  i n  t h e  management c o n t e x t  w i l l  b e  governed 

by t h e  s e n s i t i v i t y  o f  I i ( T , x ) .  

The app roach  o u t l i n e d  above may o n l y  i n d i c a t e  t h e  a v e r a g e  

and some o f  t h e  ex t reme b e h a v i o r  p a t t e r n s  o f  t h e  s y s t e m  and 

n e x t ,  t h e  r o l e  of u n c e r t a i n t y  w i l l  b e  c o n s i d e r e d .  V a r i o u s  

u n c e r t a i n t i e s  r e s u l t  f rom s e v e r a l  f a c t o r s ,  s u c h  as t h e  s t o c h a s t i c  

c h a r a c t e r  o f  a l l  t h e  i n p u t  f o r c i n g  f u n c t i o n s  (see b e f o r e )  and 

u n c e r t a i n t i e s  i n  t h e  p a r a m e t e r s .  T h e i r  p r o p a g a t i o n  i n  t h e  model 

i s  o f  p r imary  i n t e r e s t .  Fo r  t h i s  p u r p o s e  a  n o n - l i n e a r  Kalman 

f i l t e r i n g  t e c h n i q u e  ( B .  Beck e t  a l .  1979)  o r  a  Monte C a r l o  t y p e  

o f  s i m u l a t i o n  c a n  be  a p p l i e d  ( n o t e  t h a t  i n  t h e  f i r s t  case t h e  

assumpt ion  o f  G a u s s l a n  d i s t r i b u t i o n  i s  r e q u i r e d ) .  S i n c e  t h e  

second method i s  a  n a t u r a l  e x t e n s i o n  o f  t h e  scenario c o n c e p t  and 

w e l l  s u i t e d  t o  t h e  s t r u c t u r e  o f  SIMBAL, which h a s  t h e  s m a l l e s t  

computer c ime r e q u i r e m e n t s  o f  t h e  mode ls ,  i t s  a p p l i c a t i o n  i s  

p lanned f o r  t h e  f u t u r e .  N a t u r a l l y  it w i l l  n o t  b e  r e a l i s t i c  



t o  perform t h e  s tudy  of e r r o r  propagat ion f o r  a l l  t h e  c a s e s  

considered and t h e r e f o r e  some t y p i c a l  examples w i l l  be s e l e c t e d  

i n  t h e  hope t h a t  t h e s e  r e s u l t s  can be genera l i zed .  

(ii) From i n s p e c t i o n  of t h e  d i f f e r e n t  load ing  sources  it 

i s  a s imple mat te r  t o  make a l i s t  of p o s s i b l e  reduc t i on  a l t e r -  

na t i ves .  Among t h e  g r e a t  number of a l t e r n a t i v e s  h e r e  on ly  sewage 

t rea tment  (mainly t e r t i a r y )  and t h e  a p p l i c a t i o n  of reed- lakes  

w i l l  be reviewed, s i n c e  t h e s e  a r e  f e l t  t o  be  presumably t h e  most 

e f f e c t i v e t o o l s f o r  removing a v a i l a b l e  n u t r i e n t  forms. The former 

i s  app l i ed  be fo re  d i scha rg ing  waste water t o  t h e  l a k e  o r  r i v e r s  

of t h e  catchment, wh i le  t h e  l a t t e r  should be l oca ted  on those  

r i v e r s  (be fo re  e n t e r i n g  t h e  l ake ,  which a r e  t h e  r e c i ~ i e n t s  of 

s e v e r a l  sewage d i scha rges .  

A reed- lake system removes n u t r i e n t  by sedimentat ion (of  

p a r t i c u l a t e  forms) and ben th i c  eu t roph ica t i on  (of  a v a i l a b l e  

fo rms) .  I n  a d d i t i o n  such a system has a cons ide rab le  s t o r a g e  

c a p a c i t y  f o r  e q u a l i z i n g  sudden changes i n  t h e  load ing  caused by 

r a i n f a l l  even ts  and t h e r e f o r e  it could be e f f e c t i v e  f o r  reduc ing 

t h e  t i m e  v a r i a b l e  load ing  o r i g i n a t i n g  from a g r i c u l t u r e .  I t  

should be noted he re  t h a t  a l though t h e  r e a l i z a t i o n  of t h e  f i r s t  

s t a g e  of such a system on t h e  Zala River w i l l  s t a r t  nex t  year 

(Kis-Balaton, see van S t r a t e n  e t  a l .  1979) many open ques t i ons  

have t o  be  answered i n  t h e  immediate f u t u r e ,  both r e l a t e d  t o  

p lanning (e .g .  what is  t h e  r e l a t i o n  between des ign  and removal 

e f f i c i e n c y ,  what a r e  t h e  investment and o p e r a t i o n a l  c o s t s ,  e t c . )  

a s  w e l l  a s  o p e r a t i o n  (e .g .  throughflow c o n t r o l  f o r  op t ima l  e f f i -  

c iency ,  when t o  h a r v e s t  reeds ,  how t o  u t i l i z e  t h e  r e e d s ,  e c t . ) .  

I t  i s  a l s o  mentioned t h a t  due t o  t h e  seasona l  p a t t e r n  of ben th i c  

eu t roph ica t i on  t h e  reed  system i s  less capab le  of removing d i s -  

solved n u t r i e n t s  i n  w in te r .  Furthermore, o rgan ic  load ing  must 

be a t  a  l e v e l  low enough t o  p revent  anaerobic  cond i t i ons  i n  t h e  

system. 

I n  t h e  l i g h t  of j u s t  t h e s e  two op t i ons  t h e  need f o r  surveys 

of e x i s t i n g  and planned sewage p lan ts ,  of t h e  p o s s i b i l i t i e s  f o r  

addioil t e r t i a r y  t rea tmen t  t o  ope ra t i ng  p lan ts ,  of c a n a l i z a t i o n ,  

and of t h e  f e a s i b i l i t y  of e s t a b l i s h i n g  reed- lakes  and s ludge 

d e p o s i t i o n  systems i s  apparen t .  Locat ion,  t iming,  c a p a c i t y ,  



e f f i c i e n c y  and expenses  have t o  b e  i n c l u d e d  i n  t h e  s t u d y .  T h i s  

t h e n  a s  a  whole may l e a d  t o  t h e  development  o f  a  r e g i o n a l  con- 

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

a c t i v i t i e s  a l s o  have t o  be c o n s i d e r e d  and t h i s  k ind  o f  back- 

ground work i s  b e i n g  u n d e r t a k e n  a t  V I T U K I  and SZTAKI. 

(iii) When a l l  t h e s e  s t e p s  a r e  comple ted  WOPUI w i l l  be c a r r i e d  

o u t  a s  shown i n  s i m p l i f i e d  form i n  F i g u r e s  8 and 1 5 .  Here, it i s  

mere l y  s t a t e d  t h a t  WQMM shou ld  y i e l d  a  few " n o t  bad"  combina- 

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

s e n s e  b u t  a s  a  ( d i s c r e t e )  f u n c t i o n  o f  b o t h  s p a c e  and t i m e .  With 

t h i s  r e s u l t  t h e  d e c i s i o n  makers s h o u l d  be a b l e  t o  select t h e  

" b e s t "  s o l u t i o n  on  t h e  b a s i s  o f  t h e i r  p r e f e r e n c e s ,  o r  t o  i n i t i a t e  

a new p l a n n i n g  c y c l e  i f  t h e  r e s u l t  was n o t  s a t i s f a c t o r y .  
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