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PREFACE 

One of t h e  main r e s e a r c h  e f f o r t s  of t h e  Resource and Environ- 
ment Area o f  IIASA du r ing  t h e  p a s t  few y e a r s  was t h e  Lake Bala ton 
Eu t roph i ca t i on  Study,  under taken i n  coope ra t i on  w i t h  t h e  Hungarian 
Academy of Sc i ences  and o t h e r  Hungarian i n s t i t u t i o n s .  The s t udy  
was i n i t i a t e d  because  o f  t h e  r e c o g n i t i o n  t h a t  ou r  unders tand ing  
on eu t roph i ca t i onwasmuch  less s a t i s f a c t o r y  f o r  sha l low l a k e s  
than  f o r  deep l a k e s .  Lake Ba la ton  was s e l e c t e d  f o r  s e v e r a l  r e a -  
sons ,  one of  them be ing  t h e  pronounced economic i n t e r e s t  i n  so lv -  
i n g  t h e  r e a l - l i f e  problems of t h e  l a k e  and t h e  sur rounding  r eg ion .  
The s t u d y  covered v a r i o u s  s c i e n t i f i c  i s s u e s  (coupled biochemical-  
hydrophys ica l  modeling o f  a  l a k e ,  sediment-water  i n t e r a c t i o n ,  t h e  
d e r i v a t i o n  of  n u t r i e n t  l o a d s ,  u n c e r t a i n t i e s  and s t o c h a s t i c  i n f l u -  
ences ,  e t c . )  on one s i d e ,  and t h e  management of  t h e  l a k e ' s  wa te r  
q u a l i t y - - a  much more nac roscop i c  issue--on t h e  o t h e r .  

Th i s  paper  o f f e r s  a  swtunary, a l b e i t  b r i e f ,  of t h e  e n t i r e  e f f o r t ,  
r e f l e c t i n g  a  s t a g e  s h o r t l y  b e f o r e  t h e  c l o s e  of  t h e  s tudy .  More 
d e t a i l e d  r e s u l t s  on t h e  a p p l i c a t i o n  of t h e  water  q u a l i t y  manage- 
ment model w i l l  be  se t  o u t  i n  t h e  for thcoming book on Eutrophica-  
t i o n  Management f o r  Lake-region Systems, and t h e  p roceed ings  of 
t h e  confe rence  on t h e  Eu t roph i ca t i on  of Shallow Lakes: Nodeling,  
Monitoring and Managenent (The Lake Bala ton Case S t u d y ) ,  29 August 
t o  3  September, 1982, Veszprem, Hungary, bo th  L>ub l i ca t i ons  t o  
appear i n  f a l l  1983. 

~ A s z l 6  somly6dy 
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Abstract.--The problem of t h e  lake-region system s tud-  
i ed  is c h a r a c t e r i z e d  by complexity,  unce r t a in ty ,  and by t h e  
need t o  incorpora te  d i f f e r e n t  l e v e l s  of a n a l y s i s  such a s  
s c i e n t i f i c  unders tanding and po l i cy  making. The approach 
adopted i s  based on decomposition and aggregat ion.  De ta i l ed  
s t u d i e s  were made on subprocesses (sediment-water i n t e r a c -  
t i o n ,  biochemical and hydrophysical phenomena, n u t r i e n t  
loads ,  e t c . ) .  The e s s e n t i a l  f e a t u r e s  of t h e s e  processes  
were preserved a t  t h e  l e v e l  of water q u a l i t y  management and 
incorporated i n  a n  op t imiza t ion  model account ing f o r  uncer- 
t a i n t i e s .  

INTRODUCTION 

The a r t i f i c i a l  eu t roph ica t ion  of l akes  and rese r -  
v o i r s  is recognized worldwide a s  a  s e r i o u s  problem; i t  
encompasses bo th  t h e  physico-chemical changes of water 
q u a l i t y  and t h e  economic and s o c i a l  processes  t h a t  un- 
d e r l i e  these  changes. Excess ive  a l g a l  blooms, provoked 
by augmented n u t r i e n t  loads  of a g r i c u l t u r a l ,  municipal,  
and i n d u s t r i a l  o r i g i n ,  reduce t h e  r e c r e a t i o n a l  poten- 
t i a l  of t h e  water  bodies  and have s e r i o u s  adverse  ef- 
f e c t s  on t h e i r  s u i t a b i l i t y  a s  sources  of d r ink ing  water .  
Furthermore, e u t r o p h i c a t i o n  e n t a i l s  undesi red changes 
i n  t h e  ecology of t h e  system, making i t  g e n e r a l l y  l e s s  
s t a b l e  and more vu lne rab le .  

To c o n t r o l  e u t r o p h i c a t i o n  is  not  a n  easy t a sk .  
Although i n  most cases  a  s o l u t i o n  would include re-  
ducing n u t r i e n t  loads  i n  one form o r  another--in i t s e l f  
a  d i f f i c u l t  task-various uncertaint ies  i n e v i t a b l y  e x i s t  
r ega rd ing  t h e  e x t e n t  of t h e  r educ t ions  r equ i red  t o  
achieve d e s i r a b l e  improvements i n  t h e  l a k e ' s  water qual- 
i t y .  Thus, t h e  e f f e c t i v e n e s s  of a l t e r n a t i v e  s o l u t i o n s  
measured by t h e i r  responses  i n  t h e  l a k e  (and consequent- 
l y  wi th  r e s p e c t  t o  i t s  d e s i r e d  func t ions )  c a l l s  f o r  t h e  
e x p l i c i t  t reatment  of t h e  problem-related u n c e r t a i n t i e s  
( ranging from d a t a  unce r t a in ty  t o  unce r t a in ty  due t o  a  
l imi ted  unders tanding of t h e  processes  involved) .  

Thus, us ing  a  systems appmach t o  analyze and eval- 
u a t e  al ternat ive  m g e m e n t  s t m t e g i e s  o f f e r s  p a r t i c u l a r  
advantages.  I n  f a c t ,  t h i s  is  perhaps the  only  way to  
perform a n  i n t e g r a t e d  s tudy  encompassing the  lake,  the  
region,  and t h e  r e l a t e d  physical .  b i o l o g i c a l ,  chemical,  
economic, and s o c i a l  processes .  Th i s  approach s t ruc -  
t u r e s  informat ion i n  a  format a p p r o p r i a t e  f o r  both t h e  
research phase and t h e  subsequent phase of policy i n r  
plementatwn. A t  t he  co re  of t h e  approach, m d e l s  play 
an  important r o l e  and a r e  e f f e c t i v e  t o o l s .  Model re- 
s u l t s  can be f e d  back t o  f i e l d  workers t o  focus t h e i r  
a t t e n t i o n  on a r e a s  where our knowledge of t h e  r e a l  
world is s t i l l  i n s u f f i c i e n t .  Model r e s u l t s  a l s o  enable  
managers t o  v i s u a l i z e  t h e  e f f e c t s  of p o s s i b l e  manage- 
ment op t ions .  

The n a j o r  f e a t u r e  of man-caused e u t r o p h i c a t i o n  i s  
t h a t ,  a l though t h e  consequences appear  w i t h i n  t h e  l ake ,  
t h e  cause-the gradual  i n c r e a s e  of n u t r i e n t s  (va r ious  
phosphorous and n i t rogen  compounds) r each ing  t h e  lake-- 
l i e s  i n  t h e  region.  Consequently, e u t r o p h i c a t i o n  man- 
agement r e q u i r e s  a n a l y s i s  of t h e  complex i n t e r a c t i o n s  
between the water body vu lne rab le  t o  e u t r o p h i c a t i o n  and 
i t s  surrounding region. I n  t h e  l ake ,  d i f f e r e n t  biolog- 
i c a l ,  chemical and hydrophysical processes  a r e  impor- 
t a n t ,  wh i l e  i n  t h e  r eg ion  t h e r e  a r e  human a c t i v i t i e s  
genera t ing  n u t r i e n t  r e s i d u a l s  t h a t  a r e  u l t i m a t e l y  wash- 
ed to  t h e  l a k e s  and r e s e r v o i r s .  

The r e l a t i o n  of cause  and e f f e c t  of eu t roph ica t ion  
is s i m i l a r  both f o r  deep and shallow l a k e s .  S t i l l  t h e  
understanding of processes  i n  shallow lakes  i s  much - 
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To analyze a l l  these i s sues ,  Lake Balaton, the 
l a r g e s t  lake i n  Central Europe, was se lec ted  a s  the sub- 
j e c t  of a  case study. This l ake  i s  the most important 
rec rea t iona l  area i n  Hungary and has exhibi ted the un- 
favorable  s igns  of a r t i f i c i a l  eutrophicat ion.  There 
is not  only a  s c i e n t i f i c ,  but  a l s o  a  s t rong  economic 
i n t e r e s t  i n  the study (roughly 40% of the income from 
tourism i n  Hungary stems from the Balaton region) .  
This paper gives a  sumnary of the  study, which is now 
nearing completion. For f u r t h e r  d e t a i l s  on the case 
study, the  reader i s  re fe r red  to van S t r a t e n  e t  a1  ., 
1979. van S t r a t e n  and Somlybdy 1980. Somlybdy 1981a. 
and Somlyddy and van S t ra ten ,  forthcoming. 

MAJOR CHARACTERISTICS OF THE SYSTEM 

The lake and i t s  watershed a r e  i l l u s t r a t e d  i n  f i g -  
u re  1. The length of the lake i s  78 km, the average 
width around 8 km (surface a rea  nearly 600 km2) and 
the  average depth 3.1 m. The major inflow of the lake 
is the River Zala a t  the  southwestern end of the lake 
which dra ins  ha l f  of the t o t a l  catchment a rea  (- 5800 
km2). There i s  a  s i n g l e  outflow a t  the  o ther  end of 
the  lake,  Sidfok, through a con t ro l  gate. The mean 
residence time of water is about 2 years .  

The f l u c t u a t i o n  i n  the water 's  temperatufe is 
high. There i s  a  r e l a t i v e l y  long ice-covered period 
(around two months), while the  temperature i n  s m e r  
may exceed 25O C. Concerning the  chemical composition 
of the  water,  the high calcium carbonate content  and 
pH value (8.3 t o  8.7) should be mentioned. Wind a c t i o n  
i s  important r e s u l t i n g  i n  favorable  oxygen condit ions 
and a  permanent back and f o r t h  motion (seiche)  along 
the lake and a  complicated c i r c u l a t i o n  pa t te rn .  Wind 
s t rongly  inf luences sedimentation and resuspension of 
the  sediment ( i t s  organic mate r ia l  content  is low) 
which i s  associated with an e f f e c t i v e  adsorption-desorp- 
t i o n  process. The yearly ne t  desorpt ion a s  i n t e r n a l  
load has the  same order  of magnitude a s  the ex te rna l  
one (see Gelencskr e t  a l . ,  1982). 

I n  recent  years, remarkable changes have been ob- 
served i n  the water q u a l i t y  due t o  the rap id  increase  
i n  tourism, sewage discharges,  f e r t i l i z e r  use, and oth- 
e r  f a c t o r s .  The a l g a l  biomass (algae is the most i n r  
portant  primary producer i n  t h i s  case)  increased by a  

' igure 1.-Major c h a r a c t e r i s t i c s  of the  system 
K - Keszthely. T - Tihany. S - Sidfok 
I . . . I V  typical  basins of the lake - . - boundary of the catchment 
=== boundary of the rec rea t iona l  a rea  

sewage discharges i n  the region 

f a c t o r  of 10 when compared y i t h  the past  15-20 years .  
The trend i n  primary production is s imi la r  and a t  the 
most pol luted western basin,  peaks of up to 13.6gc/m2d 
were observed, a hypertrophic value (Herodek and Tamds. 
1975). I n  shor t .  the average lake condit ions moved 
from mesotrophic t o  eutrophic,  thus endangering the  
use of the l ake  f o r  rec rea t iona l  purposes, the  prime 
water use i n  t h i s  case.  

Phosphorus plays a  dominant r o l e  i n  the eutrophi- 
ca t ion  of the l ake .  Thus. both f romthepoin t  of view 
of understanding and managing the system, t rac ing  the 
phosphorus compounds i n  the  lake and on the watershed 
is of primary i n t e r e s t .  The t o t a l  phos horus load of S the lake is  around 1000 kgld (0.52 mgfm d i n  a  lake- 
wide average) ( Jo l lnka i  and Somlyddy, 1981). ha l f  of 
which is estimated to be a v a i l a b l e  f o r  a l g a l  uptake. 
The load has many components: 33% is derived from sew- 
age. 27% from d i f f u s e  sources. 22% is r e l a t e d  t o  run- 
off  processes i n  the d i r e c t  v i c i n i t y  of the lake,  while 
the con t r ibu t ion  of atmospheric po l lu t ion  i s  18%. The 
r a t i o  of s w a g e  discharges i n  the  ava i lab le  load i s  
higher;  only the  sewage released i n  the rec rea t iona l  
a r e a  ( f i g u r e  1) accounts f o r  36% of the ava i lab le  load. 
This d i r e c t  load v a r i e s  q u i t e  a  l o t  i n  time, following 
the f luc tua t ions  i n  population due t o  tourism, and has 
a  2-4 times higher value i n  suarmer than during the  off-  
season. The load d i s t r i b u t i o n  along the lake i s  approx- 
imately uniform ( the  t r i b u t a r y  load is higher f o r  the  
Western end of the lake,  while the sewage load is q u i t e  
the  opposi te) ;  however, the volume r e l a t e d  value i s  
twelve times higher a t  the Keszthely Bay ( f i g .  1) than 
a t  the other  end of the lake, due to  d i f fe rences  i n  
the  volume of the four  main basins .  This f a c t  is  a l so  
r e f l e c t e d  i n  the pronounced longi tudinal  gradient  of 
var ious water q u a l i t y  parameters, e.g.. f o r  Chloro- 
phyll-a the r a t i o  of the maximum and minimum values 
ranges between 4 and 20 (van S t r a t e n  e t  a l . .  1979). 
The gradient  observed a t  the  same time ind ica tes  t h a t  
the s t rong wind a c t i o n  and the mixing associated with 
it a r e  s t i l l  not  s u f f i c i e n t  fo r  l eve l ing  ou t  t h e  spa- 
t i a l  nonuniformities . 

From an ana lys i s  of the  da ta  i t  is  c l e a r  t h a t  
there  is not only a  c r i t i c a l  s t a t e  of the water q u a l i t y  
a t  Keszthely Bay, but a l s o  a  spreading d e t e r i o r a t i o n  
process which extends towards o ther  areas  of the lake 
where the water q u a l i t y  i s  s t i l l  good. Thus ac t ion  is 
urgent ly required from the view of the e n t i r e  lake.  

Based on hydrologic and water qua l i ty  considera- 
t ions ,  the  l ake  was divided in to  four  basins ,  a s  indi- 
cated i n  f i g u r e  1. The appl ica t ion  of the  p r i n c i p l e  
of segmentation proved to be a  useful  tool  f o r  modeling. 
da ta  co l lec t ion ,  and data  handling. 

Concerning da ta ,  extensive records a r e  a v a i l a b l e  
on hydrology and meteorology. Regular water q u a l i t y  
monitoring s t a r t e d  ten years  ago, i n  two network sys- 
tems cons i s t ing  of 9  and 16 s p a t i a l  sampling points .  
respect ively (10-20 measurements per year ) ,  but irregu- 
l a r  data a r e  a l s o  ava i lab le  dat ing back to the ea r ly  
s i x t i e s .  Several o ther  i n  s i t u  and laboratory measure- 
ments were a l s o  taken (primary production, ex t inc t ion ,  
sediment-water in te rac t ion ,  ve loc i ty .  e t c  .) . A survey 
was done on the nu t r ien t  load between 1975-1979, which 
involved 20 t r i b u t a r i e s  and 27 sevage discharge points  
(JolAnkai and Somlyddy. 1981) ( indicated i n  f i g .  1) .  
On the major t r i b u t a r y ,  d a i l y  observat ions were made 
during t h i s  per iod.  



THE APPROACH 

As mentioned i n  S e c t i o n  1 t h e  s tudy  should  cover  
s e v e r a l  i n t e r r e l a t e d  b u t  s t i l l  q u i t e  d i v e r s e  i s s u e s  and 
processes  such a s  s c i e n t i f i c  unders tanding and po l i cy  
making, t h e  l a k e  and i t s  r eg ion ,  watershed processes ,  
b iochemis t ry ,  hydrodynamics, e t c .  Thus t h e  dileama i s  
which approach can be  used f o r  t h e  r e s e a r c h  and w i t h i n  
t h i s ,  f o r  modeling. Two extremes a r e  a s  fo l lows:  

( i )  t o  base  i t  on i n t u i t i o n  and t o  d r a s t i c a l l y  
s i m p l i f y  the  problem a p r i o r i ;  

( i i )  t o  e s t a b l i s h  one l a r g e ,  d e t a i l e d  model which 
accounts  f o r  a l l  t h e  subprocesses  and t h e  d i f -  
f  e r e n t  l e v e l s  (unders tanding and management) . 

As t h e  f i r s t  approach i s  no t  a c c e p t a b l e  and t h e  
second is u n r e a l i s t i c ,  a d i f f e r e n t  approach was worked 
o u t  which i s  based on t h e  idea  o f  decompoeition and 
aggrega t ion  (Somlyddy. 1981a).  

The approach begins by decomposing t h e  system i n t o  
sma l l e r ,  t r a c t a b l e  u n i t s  forming a h i e ra rchy  of  i s s u e s  
s u b j e c t  t o  s tudy .  One can  make d e t a i l e d  i n v e s t i g a t i o n s  
o f  each o f  t h e s e  i s s u e s ,  u s i n g  i n  s i t u  and l a b o r a t o r y  
obse rva t ions ,  models and o t h e r  a v a i l a b l e  informat ion.  
Th i s  s t e p  is followed by aggregat ion,  t h e  aim of  which 
i s  t o  p rese rve  and i n t e g r a t e  on ly  the  i s s u e s  t h a t  a r e  
e s s e n t i a l  f o r  t he  h i g h e r  s t r a t a  of  t h e  h i e r a r c h y  ( a t  
t he  u p p e r m s t  l e v e l ,  u l t i m a t e l y  f o r  answering ques t ions  
of  management), r u l i n g  o u t  t h e  unnecessary d e t a i l s .  
Prom a s t r u c t u r a l  v i evpo in t ,  t h i s  is  a n  off-l ine ap- 
proach, which a l lows  a p p l i c a t i o n  of  d i f f e r e n t  techniques  
and p r i n c i p l e s  a t  va r ious  l e v e l s  a s  d e s i r e d ,  accounts  
f o r  u n c e r t a i n t i e s ,  and l eads  t o  a r e a l i s t i c ,  y e t  simple.  
model a t  t h e  h i g h e s t  l e v e l  of t h e  h i e ra rchy ,  where eval-  
u a t i n g  management a l t e r n a t i v e s  is t h e  o b j e c t i v e .  

It is noted t h a t  i n  e c o l o g i c a l  modeling. t h e r e  is  
a c e r t a i n  gap between " l a rge r "  models and "smaller" mod- 
e l s  (see  Beck. 1982) .  I n  the  f i r s t  c a s e  t h e r e  is n e a r l y  
no hope f o r  a p r e c i s e  c a l i b r a t i o n ,  b u t  "smaller" models 
can a l s o  b e  j u s t  a s  u n r e a l i s t i c  f o r  complex problems 
because  of t h e i r  s i m p l i c i t y .  The approach o u t l i n e d  o f -  
f e r s  a r easonab le  a l t e r n a t i v e  f o r  such c a s e s .  

The a p p l i c a t i o n  o f  t h i s  approach f o r  t h e  Lake Bala- 
ton problem i s  expla ined wi th  t h e  h e l p  of f i g u r e  2. 
The f i r s t  decomposition t h a t  d i r e c t l y  comes t o  mind is 
t h e  d i s t i n c t i o n  between l a k e  and watershed,  s i n c e ,  a s  

F igure  2.-The method of  decomposition: h i e r a r c h y  of 
models 
(1) submodels f o r  uniform segments (do t t ed  a r e a s )  
(2) coupl ing o f  t h e  submodels . 

mentioned be fo re ,  t h e  water  q u a l i t y  problem l i e s  i n  t h e  
l ake ,  b u t  t h e  causes ,  and p r a c t i c a l l y  211 c o n t r o l  pos- 
s i b i l i t i e s ,  a r e  t o  be found i n  the  watershed. 

The procedure,  i nvo lv ing  f i v e  s t r a t a ,  w i l l  be  d i s -  
cussed i n  g r e a t e r  d e t a i l  f o r  t h e  Lake Eu t roph ica t ion  
Model (LEM), wi th  r e f e r e n c e  t o  t h e  models which have 
been e l abora t ed .  The p a r a l l e l s  i n  t h e  Nu t r i en t  Loading 
Model (NLM) can  be s e e n  i n  f i g u r e  2. 

St ra tum 5 

F i r s t ,  t hose  segments of  t h e  l a k e  should be i s o l a t -  
ed which can be  considered approximately  uniform from 
the  viewpoint of water  q u a l i t y  (complete mixing i n s i d e  
each u n i t )  and from t h e  f a c t o r s  i n f l u e n c i n g  them. The 
o b j e c t i v e  o f t h e m o d e l s  on  t h i s  s t r a t u m  i s  t o  d e s c r i b e  
t h e  a l g a l  dynamics and n u t r i e n t  c y c l i n g  f o r  a l l  t h e  seg- 
ments, i nvo lv ing  both  the  wa te r  body and t h e  sediment.  
s i n c e  t h e  l a t t e r  is  a s i n k  and source  of v a r i o u s  mate- 
r i a l s  and t h e i r  i n t e r a c t i o n  plays  an  important r o l e  i n  
shal low l a k e s .  These kinds  of  models based on t h e  mass 
conse rva t ion  p r i n c i p l e  and formulated through a s e t  of 
non l inea r  o r d i n a r y  d i f f e r e n t i a l  equat ions  (ODES) a r e  
well-known i n  the  l i t e r a t u r e  (Scavia and Robertson. 
1979).  I n  t h e  frame of  t h e  p r e s e n t  study. t h r e e  sub- 
models. BPI. BALSECT, and SPlBAL were developed (Hero- 
dek e t  a l . ,  1980; Leomv. 1980; and van S t r a t e n .  1980). 
wi th  r e s p e c t  t o  t h e i r  comparison (van S t r a t e n  and Somly- 
ddy. 19801 which d i f f e r s  b a s i c a l l y  i n  t h e  number of 
s t a t e  v a r i a b l e s  (between 4 and 7) and e s s e n t i a l  para- 
meters  (10-17). a s  w e l l  a s  i n  t h e  mathematical formula- 
t i o n  of  v a r i o u s  processes  and i n  t h e  parameter estima- 
t i o n  technique adopted.  It is noted h e r e  t h a t  some of  
the  parameters  can  be de r ived  from f u r t h e r  i s o l a t i o n  
up t o  a lower l e v e l  w i th  a p p r o p r i a t e l y  des igned exper i -  
ments. As examples, t h e  e s t i m a t i o n  of  a l g a l  growth 
parameters  from v e r t i c a l  primary product ion measure- 
ments (van S t r a t e n  and Herodek. 1981) and t h e  s tudy o f  
wind induced sediment-water i n t e r a c t i o n  ( s e e  t h e  sec- 
t i o n  on  wind induced sediment water  i n t e r a c t i o n  ) may 
be mentioned . 

Stra tum 4 

On t h e  nex t  l e v e l  t h e  segment-oriented biochemical 
and sediment models a r e  coupled by involving mass in- 
and outf lows a t  t h e  boundar ies  of t h e  u n i t s .  For t h i s  
purpose,  a hydrodynamic-transport  model can be used. 
I n  l i g h t  o f  t h e  exper iences  gained from t h e  s tudy of 
the  Grea t  Lakes (Boyce e t  a l . .  1979). i t  was decided 
m t  t o  u s e  a coupled multi-dimensional hydrodynamic- 
t r a n s p o r t  model i nco rpora t ing  t h e  submodels of  t h e . 1 0 ~  
e r  s t ra tum:  t h e  g a i n  i n  informat ion is not  propor t ion-  
a l  t o  t h e  i n c r e a s e  i n  complexity.  Here aga in ,  a n  o f f -  
l i n e  technique is a p p l i e d .  The b a s i c  assumption is  
t h a t  it is s u f f i c i e n t  t o  subdivide  the  l a k e  i n  a longi-  
t u d i n a l  d i r e c t i o n  only .  This  i s  suppor ted by t h e  r i v e r -  
i n e  shape of t h e  l a k e  and t h e  presumably ex tens ive  
t r a n s v e r s a l  mixing. s i n c e  t h e  p r e v a i l i n g  wind d i r e c t i o n  
i s  n e a r l y  pe rpend icu la r  t o  t h e  l a k e ' s  a x i s  ( t h e  descr ip-  
t i o n  of t h e  s h o r e l i n e  e f f e c t s  is no t  t h e  o b j e c t i v e  
h e r e ) .  Consequently,  t h e  p a r a l l e l  development of  an  
unsteady three-. two-, and one-dimensional hydrodynamic 
model was decided on  (Shanahan e t  a l . ,  1981; Shanahan, 
1981; Somlyddy. 1982; Somlyddy and Vir tanen.  1982).  
The f i r s t  two can be used t o  d e r i v e  convect ion and t h e  
l o n g i t u d i n a l  d i s p e r s i o n  c o e f f i c i e n t  ( e i t h e r  d i r e c t l y  o r  
i n d i r e c t l y  a s  an  "empir ica l"  f u n c t i o n  of t h e  major wind 
parameters) ,  wh i l e  t h e  1-D model could d e s c r i b e  convec- 
t i o n  only  ( i t s  advantage l i e s  i n  i t s  s i m p l i c i t y  and 
s h o r t  execut ion t ime on t h e  computer).  Subsequently,  
t he  s u b m d e l s  of s t r a tum 5 w i l l  be  incorporated i n  a 



straightforward way i n t o  a  s e t  of longi tudinal  disper- 
s i o n  equations on s tratum 4.  

A t  t h i s  l e v e l ,  the  1-D model was aggregated from 
the  3-D version.  A f u r t h e r  aggregation can be a r r ived  
a t  through the use of the  coupled dispersion-biochemical 
m d e l  ( see  the  sec t ion  on appl ica t ion  of hydrodynamic 
models). Original ly,  i n  a l l  th ree  biochemical m d e l s  
(see "Major Charac te r i s t i cs  of the  System") four  seg- 
ments ( s r  mixed reac tors ,  see f i g .  1) a r e  assumed; t h e i r  
coupling is based on hydrologic throughflow and a  wind 
influenced mass exchange process described global ly.  
Since the model s t r u c t u r e  based on ODES has many advan- 
tages, one of the ob jec t ives  of the s tudy on the 1-D 
coupled model is whether the four  basins  concept can be 
maintained o r  not.  

Stratum 3 

The involvement of mass exchange among segments as  
described before w i l l  r e s u l t  i n  the Lake Eutrophication 
Model (LPI) ( f i g .  2) which has severa l  fo rc ing  functions. 
such as  s o l a r  rad ia t ion ,  water temperature, wind, e tc . ,  
(na tura l  o r  uncontrol lable  f a c t o r s )  and the n u t r i e n t  
load.  Since the l a t t e r  is the only f a c t o r  which can be 
cont ro l led ,  i t  plays a  dis t inguished ro le .  A thorough 
da ta  c o l l e c t i o n  and the der iva t ion  of a  nu t r ien t  bal- 
ance f o r  the whole lake gave a  s o l i d  background ( f o r  
d e t a i l s  see  Joldnkai and Somlyddy, 1981). The main 
conclusions have been sumsarized i n  '!Major Characteris- 
t i c s  of the System". Because of the high cont r ibu t ion  
of the sewage Load and the i n s u f f i c i e n t  amount of water- 
shed data  only l imited e f f o r t  was expended on non-point 
source modeling ( ~ o g d r d i  and Duckstein, 1979). Rather, 
the ana lys i s  of h i s t o r i c a l  r i v e r  load data  was pre- 
fe r red ,  which then s a t i s f a c t o r i l y  resu l ted  i n  uncertain-  
t i e s  i n  the load (see the  s e c t i o n  on n u t r i e n t  load un- 
der  uncertainty and s t o c h a s t i c i t y )  due t o  the stochas- 
t i c  character  of the hydrologic regime and da ta  scarc i -  
ty .  The research a l s o  allowed the  d e r i v a t i o n  of the 
temporal and s p a t i a l  p a t t e r n  of the load components, 
both f o r  LEM and the Water Quality Management Model 
(WQMM) on Stratum 2. 

Stratum 2 

The ob jec t ive  of WQMM is t o  generate  a l t e r n a t i v e  
management opt ions and s t r a t e g i e s  ( t h e  e f f e c t  of these 
being expressed through NLM which should be used here 
i n  a  planning mde)  and t o  s e l e c t  from among these a l -  
t e rna t ives ,  on the bas i s  of one o r  m r e  ob jec t ives .  
Both water q u a l i t y  and c o s t s  can be used a s  o b j e c t i v e  
funct ions o r  cons t ra in t s ,  and q u i t e  o f t e n  t h e i r  weight- 
ing i s  required.  Frequently the load can rep lace  the  
lake ' s  water q u a l i t y  i n  the  opt imizat ion,  i n  which case 
LEM i s  used merely to  check the reac t ion  of the l ake  
and WQKM may have a  simpler s t r u c t u r e .  Admittedly h o w  
ever, the inclusion of water q u a l i t y  is = r e  obvious 
because of the nature of the problem. This formulation 
however leads to the dilemma: how should a  complex mod- 
e l  be incorporated i n t o  the opt imizat ion framework? 

A t  t h i s  s t e p  aggregation i s  a l s o  needed. This 
s t a r t s  with the se lec t ion  of c e r t a i n  water q u a l i t y  in- 
d i c a t o r s  charac te r iz ing  the l a r g e  s c a l e  and long-term 
behavior of the system serving a s  a  b a s i s  f o r  decis ion 
making. Di f fe ren t  parameters (yearly peak, d i f f e r e n t  
averages, durat ion of c r i t i c a l  concentrat ions,  frequen- 
cy d i s t r i b u t i o n s ,  e tc . )  of typ ica l  v a t e r  qua l i ty  com- 
ponents (primary production, a l g a l  biomass, Chloro- 
phyll-a, e tc . )  can be employed a s  ind ica tors .  S u b s e  
quent ly the  dynamic model LEM can be used i n  t e r m  of 

ind ica tors  es tab l i shed ,  I, under reduced loading con- 
d i t i o n s  o r  i n  another way under severa l  loading sctnar-  
ios. L .  Since the  d e f i n i t i o n  of ind ica tors  introduces 
temporal averaging, i t  i s  expected t h a t  the l ake ' s  re- 
sponse w i l l  be l e s s  complex compared to the dynamic 
s imulat ion and a  simple, d i r e c t  I(L) type r e l a t i o n s h i p  
can be found f o r  the new equilibrium. I f  such a  solu- 
t i o n  has already been a t ta ined ,  LEM could be replaced 
by 1(L) i n  WQm; an e s s e n t i a l  aggregation (see the sec- 
t i o n  on the water q u a l i t y  management model). 

Among the management a l t e r n a t i v e s ,  only the two 
most important opt ions a r e  mentioned here: ( i )  t e r t i a r y  
treatment (point source load reduct ion) ,  ( i i )  e s tab l i sh-  
ing rese rvo i r s  (cons i s t ing  of two segments serving f o r  
the removal of both p a r t i c u l a t e  and dissolved nu t r ien t  
forms, respec t ive ly  (van S t r a t e n  e t  a1 ., 1979) a t  the 
mouth of r i v e r s  which a r e  the r e c i p i e n t s  of point  and 
non-point source po l lu tan ts .  The opt imizat ion should 
then be based on the trade-off between the tvo basic  
a l t e r n a t i v e s ,  with respec t  t o  t h e i r  locat ions and the 
s p a t i a l  v a r i a t i o n  of the l ake ' s  water qua l i ty .  

Stratum 1 

For the  sake of completeness i t  has to  be mention- 
ed t h a t  WQMM could be thought of a s  being a  par t  of a  
regional development policy model forming the top of 
the pyramid, a  f i e l d  which is  beyond the scope of t h i s  
study. 

ILLUSTRATION OF THE DIFFERENT STEPS OF THE APPROACH 

Wind Induced Sediment Water I n t e r a c t i o n  (Stratum 5 )  

For studying the sediment-water i n t e r a c t i o n  i n  
lakes,  severa l  approaches a r e  possible  (Sheng and Lick. 
1979). I n  t h i s  study, y e t  another method was chosen 
(Somlyddy, 19801, i n  recognit ion t h a t  when eutrophica- 
t i o n  i s  considered, more than j u s t  the  physical pro- 
cesses  should be examined. Daily measurements were 
taken f o r  6 months, a t  the mid-point of the Szemes ba- 
s i n  (Basin 2, f i g .  1 ) .  The measurements included Secchi 
depth, temperature, suspended s o l i d s  (SS), Chloro- 
phyll-a, and phosphorus f r a c t i o n s  a t  d i f f e r e n t  v e r t i c a l  
loca t ions .  Wind ve loc i ty  and d i r e c t i o n  were recorded 
continuously, from which hourly averages were ca lcu la ted .  
The ob jec t ive  of the f i r s t  pa r t  of the ana lys i s  was to 
describe the dynamics of the suspended s o l i d s  a s  a  func- 
t ion  of wind. This then allowed f o r  a  charac te r iza t ion  
of t h e  temporal changes i n  t h e  l i g h t  condit ions,  the  
deposi t ion,  and resuspension of p a r t i c u l a t e  mate r ia l  
and the associated sorp t ion  phenomenon. Here the be- 
havior of SS w i l l  be discussed.  

The ana lys i s  s t a r t e d  from a s implif ied t ranspor t  
equation f o r  descr ibing the temporal and v e r t i c a l  
changes of the average SS concentrat ion f o r  the basin,  
neglect ing inflow and outflow (Somlyddy, 1980). 

Afterward the equation was integrated along the 
depth leading to an ordinary d i f f e r e n t i a l  equation in- 
corporat ing the unknovn f l u e s  of deposition, Qd, and 
resuspenswn, Qe,  on the r i g h t  hand s ide .  The objec- 
t i v e  is t o  est imate these f luxes from the observat ions.  
In order  to do t h i s ,  hypotheses were made based on the 
l i t e r a t u r e :  Qd i s  proportional to  the depth in tegra ted  
SS concentrat ion , while Qe to  some power of the wind 
speed, Wn ( for  d e t a i l s .  see Somlyddy. 1980 and 1981b). 
This procedure led to  the equation f o r  SS concentration 



h e r e  K1 and K2  comprise the  unknovn c o e f f i c i e n t s ,  de- 
r ived from the  hypotheses. Consequently, the s t r u c t u r e  
of the  model should be iden t i f i ed  and the parameter val- 
ues K 1 ,  K2, and n, estimated from measurements. The 
f e a s i b i l i t y  of Equation (1) can be appreciated from 
f i g u r e  3a. vhich c l e a r l y  shovs the inf luence of vind 
ve loc i ty  on the  concentration. 

F i r s t  a  non-recursive de te rmin is t i c  est imation 
technique vas adopted to der ive  the unknovn c o e f f i c i e n t s  
vhich resu l ted  i n  r e a l i s t i c  values,  but  v i thout  proving 
the correctness  of the hypotheses (a  p o s t e r i o r i  model 
s t r u c t u r e  iden t i f i ca t ion .  see Beck. 1982). 

For t h i s  purpose, a s  a  second s t e p ,  the Extended 
Kalman F i l t e r  (Em) method vas appl ied (Beck and Somly- 
ddy, 1982). For the pover n  a  value near to 1 vas de- 
r ived  vhich corresponded to the small Richardson number 
(Somlyddy, 1981b). Subsequently n  vas f ixed  to 1 s i n c e  
i n  t h i s  case the physical i n t e r p r e t a t i o n  of the r e s u l t s  
i s  more obvious. The recursive est imation s t a r t e d  from 
the estimates of the de te rmin is t i c  technique. The re- 
s u l t s  a r e  i l l u s t r a t e d  i n  f igure  3a. A s  is apparent. 
the agreement between observations and model calcula- 
t i o n  is reasonably good. and the parameters become ap- 
proximately constant  a f t e r  the f i r s t  40-50 days ( f i g .  
3b), proving t h a t  the w d e l  s t r u c t u r e  is adequate and 
the data  do not  contain more information than described 
by the model. Some s l i g h t  parameter changes can be ob- 
served a t  t h e  end of the  period; t h i s  may be caused. 
e.g.. by the exclusion of i n f l o r o u t f l o v  processes (or  
by o ther  phenomena such a s  a l g a l  blooms). This suggests 
t h a t  the i s o l a t i o n  of subprocesses is general ly  not c o p  
p le te .  From the  ana lys i s ,  a  r e a l i s t i c  order  of magni- 
tudes follows f o r  a l l  the  e s s e n t i a l  physical q u a n t i t i e s ;  
i n  t h i s  connection s e e  Somlyddy, 1981b. 

A s  can be observed i n  f i g u r e  3, f o r  one w n t h  i n  
the  middle of the  t o t a l  period, no measurements vere  
avai lable .  so the model vas used f o r  p red ic t ion .  The 
appropriateness of the  model is a l s o  i l l u s t r a t e d  by the 
f a c t  t h a t  a f t e r  g e t t i n g  nev data ,  the parameter values 
d id  not change. This second period served f o r  val ida-  
t ion ,  following the i d e n t i f i c a t i o n  and c a l i b r a t i o n  pro- 
cedure. 

The advantage of the simple i n t e r a c t i o n  model a r -  
r ived a t  i s  t h a t  i t  can be e a s i l y  incorporated in to  
the modeling approach ( f i g .  2). f o r  ( i )  charac te r iz ing  
transparency conditions i n  the  water and ( i i )  f o r  de- 
s c r i b i n g  the  re lease  of the sediment layer  a s  the  in- 
t e rna l  P source. A s  vas  shovn i n  the repor t  by Gelenc- 
s & r  e t  a l ,  (1982) the desorpt ion of resuspended p a r t i -  
c l e s  i s  the  primary cause of the  sediment phosphorus 

Figure 3a .--1dentif i c a t i o n  and parameter est imation of 
a  model f o r  wind induced sediment-water i n t e r a c t i o n  
f o r  Lake Balaton: recurs ive  est imate of the sus- 
pended s o l i d s  concentrat ion;  W - d a i l y  average 
wind speed, c  - suspended s o l i d s  concentration. 
* - observations. 

Figure 3b .-Recursive parameter est imates  f o r  the sedi- 
ment-vater i n t e r a c t i o n  model. 

re lease  (d i f fus ion  and convection of pore v a t e r  con t r i -  
bute  t o  a  l e s s e r  e x t e n t ) ;  thus, vind-induced interac-  
t i o n  i s  r e a l l y  of importance. 

Application of Hydrodynamic Models (Stratum 4) 

The r e s u l t s  gained from the t r a n s i e n t  3-D, 2-0 
(horizontal) .  and 1-D models (Shanahan e t  a l . ,  1981; 
Somlyddy and Virtanen. 1982; and Somlyddy. 1982) shoved 
tha t  the models could be equally ca l ib ra ted  aga ins t  the  
dynamic water l e v e l  da ta .  For an example of the  appl i-  
ca t ion  of the  1-D model, see  f igure  4. The model was 
already used i n  the v a l i d a t i o n  phase. The storm vas 
character ized by a  long-last ing longi tudinal  wind fol-  
lowed by smaller shocks from d i f f e r e n t  d i rec t ions  ( f i g .  
4a) .  The agreement between measured and simulated wa- 
t e r  l eve l s  a t  the tvo ends of the l ake  is excel lent  
( f i g .  4b). The discharge a t  the Tihany peninsula shovs 
a  s t r i k i n g  o s c i l l a t i o n  between -2000 and 3000 m3/s ( f i g .  
4c) associated with the seiche phenomenon. This back 
and f o r t h  motion is higher by two orders  of magnitude 
than the hydrologic throughflov. 

A s  mentioned previously, the 1-D model alone 
does not  give s a t i s f a c t o r y  information f o r  a  v a t e r  
qua l i ty  study a s  i t  serves the  longi tudinal  convection 
term only, but not dispersion.  S t i l l  t h i s  model ver- 
s ion ,  the s implest ,  is extremely useful .  Two examples 
discussed subsequently i l l u s t r a t e  t h i s  statement: 

( i )  To f ind a  more s a t i s f a c t o r y  agreement between 
model s imulat ion and observation than t h a t  given i n  
f igure  4 i s  o f t e n  impossible. The reason i s  qu i te  s i r  
ple: a  small e r r o r  i n  the vind d i r e c t i o n  may cause a  
d r a s t i c  change i n  the vind force,  i f  the d i r e c t i o n  i s  
f a r  from the longi tudinal  one. I n  f a c t ,  there a r e  many 
kinds of uncer ta in t ies  i n  the vind d i rec t ion ,  such a s  
random f l u c t u a t i o n  ( turbulence) ,  the inf luence of h i l l s  
on the  northern s i d e  of the lake,  which cause nonuni- 
fo rmi t ies  i n  the vind f i e l d ,  measurement e r r o r s ,  e t c .  
Figure 5 i l l u s t r a t e s  the  case ( t ransversa l  vind condi- 
t i o n s ) .  A de te rmin is t i c  simulation d id  not prove ac- 
ceptable .  Bearing i n  mind the possible  r o l e  of uncer- 
t a i n t i e s ,  a  random component vas subsequently added to 
the wind d i r e c t i o n  (Gaussian d i s t r i b u t i o n ,  zero mean, 



f o r  a  two-dimensional model, Somlyddy 1982) . 

Figure 4.-Simulation of a  h i s t o r i c a l  event: l o n g i t r r  
d ina l  wind condit ions.  (a)  wind record (Muszka- 
lay,  1979), W speed, ALFA angle (North s oO); 
(b) comparison of simulated and observed water 
l e v e l s  (T - 0 corresponds to  16/11/1966, 8  a.m.). 
Dots ind ica te  measurements (Muszkalay, 1979); 
(c) computed streamflow r a t e  a t  Tihany. 

Figure 5.-The inf luence of wind da ta  uncertainty on 
the  discharge a t  the Tihany peninsula (T = 0 cor- 
responds to 8/7/1963. 8  a.m.); 

discharge derived from measurements (Muszkalay, 
1979). 

17' standard deviat ion:  a  modest value)  and a  Monte 
Carlo simulation was performed (for d e t a i l s ,  see  Somly- 
ddy, 1982). Figure 5, which smnuarizes the r e s u l t s  of 
100 runs, does not requ i re  de ta i led  discussion:  i t  
s t r e s s e s  the  eztreme s a s t i v i t y  to input data uncer- 
tainty (compared t o  t h i s ,  the parameter s e n s i t i v i t y  is 
neg l ig ib le )  and i l l u s t r a t e s  how d i f f i c u l t  it i s  to  va l i -  
d a t e  a  de te rmin is t i c  model ( the  s t i u a t i o n  is s imi la r  

( i i )  A t  a  given loca t ion  i n  the l ake  the  inten- 
s i v e  back and f o r t h  motion causes an o s c i l l a t i o n  of 
various cons t i tuen ts  within a  day, which a l s o  s t rongly 
depends on the longi tudinal  gradient .  This may r e s u l t  
i n  q u i t e  a  l a r g e  e r r o r  i n  the  concentrat ion determined 
through instantaneous sampling. For such a  s h o r t  time 
s c a l e  a s  a .day,  b io log ica l  reac t ions  can be neglected 
and the concentrat ion f l u c t u a t i o n  can be analysed 
through a coupled 1-D hydrodynamic-transport model as- 
suming conservat ive meter i a l  . Through t h i s  model an 
uncertainty range of h i s t o r i c a l  observations can be 
spec i f ied .  Simulations showed t h a t  f o r  t h i s  p a r t i c u l a r  
lake the sampling s t r a t e g y  f o r  Basin I1 ( f i g .  1 )  is of 
major importance; the e r r o r  range of a  s i n g l e  sample a t  
a  f ixed loca t ion  can reach f30%, depending on the ac tua l  
gradient  and streamflow pa t te rn .  

The c a l i b r a t i o n  of the rwo-dimensional hydrodynamic 
model (Shanahan, 1981) resu l ted  i n  the same wind drag 
c o e f f i c i e n t  and bottom f r i c t i o n  parameter as  the 1-D 
model version.  The s imulat ions showed a pronounced c i r -  
cu la t ion  pa t te rn  observed a l s o  on some s a t e l l i t e  photo- 
graphs and a  physical model (GyBrke. 1975) . It i s  noted 
t h a t  the t rans ien t  3-D model (Shanahan e t  a l . .  1981) 
and a l s o  o ther  s teady s t a t e  models tested.  (van S t r a t e n  
and Somlyddy, 1980) r e f l e c t e d  m c h  l e s s  c i r c u l a t i o n  i n  
the  lake, c l e a r l y  showing t h a t  our understanding of the 
three-dimensional water notion i n  shallow lakes (and 
within t h i s ,  of the  v e r t i c a l  eddy v i scos i ty )  is  far 
f r om complete. 

In  order  to  couple the hor izon ta l ly  2-D hydrodynam- 
i c  model to  a  uhosphorus cyc le  model through a s e t  of 
longi tudinal  d i spers ion  equations ( see  "The Approach" 
and "The Lake Eutrophication Model (Stratum 3)"), Shana- 
han (1981) computed the dispersion c o e f f i c i e n t  (as a  
funct ion of time and space) from the ve loc i ty  f i e l d  
through extending the method of Fischer (1979). D i s -  
persion is  the h ighes t  near the two ends of the  lake 
and a t  the v i c i n i t y  of the peninsula, due to  s t rong  
changes i n  geometry and the associated secondary cur- 
r e n t s  and gyres. The l a r g e  d i spers ion  c o e f f i c i e n t  (up 
to 40 m2/s) is due t o  s t rong winds. A s  a  temporal and 
s p a t i a l  average, 1 m2/s was found by Shanahan t o  be a p  
propr ia te  enough f o r  water q u a l i t y  simulations. 

The cross  s e c t i o n a l l y  averaged streamflow (or  ve- 
l o c i t y )  f o r  the 1-D d i spers ion  model was derived from 
the 2-D hydrodynamic model a f t e r  in tegra t ion .  The same 
p a t t e r n  and magnitudes were a r r ived  a t  a s  suggested i n  
f igures  4 and 5. The f a s t  dynamics lead t o  a  small 
seiche excursion ( l e s s  than 1-2 h). This means t h a t  
there  is an o s c i l l a t o r y  t r a n s l a t i o n  of water p a r t i c l e s  
of a  s h o r t  time sca le ,  within which biochemical reac- 
t ions  can be p r a c t i c a l l y  neglected and thus the concen- 
t r a t i o n  averaged over a  seiche type event is unchanged 
(see item ( i i ) ) .  From t h i s  f e a t u r e  it follows (Shana- 
han, 1981) t h a t  convection with i t s  uncer ta in t ies  (see 
item ( i ) )  can be neglected and only dispersion and hy- 
drologic throughflow should be accounted f o r  i n  the 
coupled lake eutrophicat ion model (Section 4.4). 

The Nutr ient  Load under Uncertainty and 
S tochas t ic i ty  (Stratum 3) 

The de te rmin is t i c  load est imate and the s p a t i a l  
d i s t r i b u t i o n  f o r  a  s p e c i f i c  h i s t o r i c a l  year (1975-79) 
i s  derived on the bas i s  of the d a i l y  observations on the 
Zala River's draining 50% of the  t o t a l  watershed, the 
survey on da ta  f o r  o ther  r i v e r s  and sewage treatment 
p lan ts ,  on p i l o t  zone s tud ies ,  watershed character is-  
t i c s ,  e t c .  (JolAnkai and Somlyddy, 1981). The temporal 



pa t te rn  i s  derived from the dynamics of the Zala River 
load, observations made i n  treatment p lan ts  during the 
off-season and s m e r  period, respec t ive ly ,  and popula- 
t i o n  f luc tua t ion  re la ted  to  tourism. Such a load es- 
timate i s  acceptable  f o r  the d e s c r i p t i v e  use of the lake 
model, LEH, but c e r t a i n l y  not  f o r  planning purposes. 

For management of the system, the stochastic char- 
ac ter  of the  load and o ther  e x i s t i n g  uncertaint ies 
should be accounted f o r .  I n  order  t o  develop a load 
scenario generator, f i r s t  the  allowable in tegra t ion  
period of the load input  was tes ted  through the  dynamic 
lake model. The ana lys i s  showed t h a t  monthly averages 
f o r  a l l  the  fozeing ftmctwns can be sa t i s fac tor i l y  
used; an important f inding,  a s  i t  a l l w s  generation of 
the  load on a monthly bas i s .  This can be reasonably 
derived from the  da ta  ava i lab le ,  while the procedure f o r  
a s h o r t e r  time s c a l e  m u l d  be u n r e a l i s t i c .  

With t h i s  conclusion, the  Zala River data  were a 
p r i o r i  aggregated to  monthly averages and a simple re- 
gression ana lys i s  was done between phosphorus loads 
(TP and P04-P) and streamflow r a t e .  Acceptable ex- 
pressions were arr ived a t  (of course, with e r r o r  terms). 
Deriving the s t a t i s t i c s  of the monthly average s t r e a u r  
flow from long-term observations (Baranyi. 1979). the  
load can be calculated i n  a s t o c h a s t i c  fashion. Figure 
6 shows the c h a r a c t e r i s t i c s  of the load p a t t e r n  f o r  
1976-79 (from observations) and the 90% confidence lev- 
e l s  derived f o r  the  long-term load. For i l l u s t r a t i n g  
t h e  inf luence of the  hydrologic regime an event of lw 
probabi l i ty  i n  July. 1975, is l ikewise indicated.  The 
s t o c h a s t i c  inf luence of the  hydrologic regime f o r  o ther  
subwatersheds was derived from the  ana lys i s  out l ined 
and ava i lab le  da ta  f o r  these catchments. The d a i l y  ob- 
se rva t ions  a t  the mouth s e c t i o n  of the  Zala River were 
a l s o  used t o  study the  implication o f  infrequent obser- 
vations typ ica l  f o r  most of the t r i b u t a r i e s  (one or  two 
samples per month). Due t o  s c a r c i t y  of da ta ,  the  con- 
t r i b u t i o n  of f loods to  the  load a r e  p a r t i a l l y  unob- 
served. A s  t h e  "accurate load" f o r  a c e r t a i n  period 
(e.g., long-term monthly o r  year ly  averages) f o r  the  
Zala River can be gained from the  o r i g i n a l  d a t a ,  it  
allows one t o  study the  e r r o r  caused by scanty obser- 
va t ions .  The procedure is a s t raightforward M n t e  
Carlo type technique which s t a r t s  v i t h  a random selec-  
t i o n  on the d e t a i l e d  d a t a  s e t  following the sampling 
s t r a t e g y  of the  o ther  t r i b u t a r i e s  and c a l c u l a t e s  the  

Figure 6.--Influence of the hydrologic regime on the 
monthly average load. Zala River: 3 - average load 
(1976-79). 4 and 2 - minimum and maximum values 
(observed), 5 and 1 - 90% confidence l e v e l s .  

load of the  period i n  question. After  making a s u f f i -  
c i e n t  number of  random se lec t ions  the s t a t i s t i c a l  para- 
meters of the  load can be determined. The r e s u l t s  f o r  
the long-term monthly average load (on the bas i s  of a 
four year long observat ion period) a r e  i l l u s t r a t e d  i n  
f igure  7 .  A s  can be seen from f i g u r e  7, which shows 
the mean and extreme values,  a s  well  a s  the domain of 
2 standard deviat ion,  the  e r r o r  is q u i t e  high and i t s  
f l u c t u a t i o n  follows the change i n  the  mean value. On 
the b a s i s  of t h i s  study. a random component was added 
to the monthly average load component (Somlyddy and 
Eloranta. 1982) . 

From f i g u r e  7, the  quest ion automatical ly  a r i s e s :  
how can the  uncertainty domain be reduced? I n  a d i f -  
f e r e n t  way, what scmrpling strategy should be followed? 
This i s s u e  was a l s o  s tudied.  Besides, f i r s t  order  
ana lys i s  (Cochran. 1963). d i f f e r e n t  sampling s t r a t e g i e s  
(regular ,  random, s t r a t i f i e d ,  e t c  .) , were rea l ized  i n  
a Monte Carlo type fashion. Also, var ious kinds of 
est imates  (simple, r a t i o ,  e tc . .  see  e.g., Dolan e t  a1 .. 
1981) were tes ted  i n  order  t o  reduce b i a s  and variance 
of the load est imate.  Without going i n t o  d e t a i l ,  ( t h e  
reader i s  re fe r red  t o  Somlyddy and van S t ra ten ,  fo r th -  
coming), i t  should be noted tha t ,  with proper s t r a t i -  
f i e d  sampling ( fev  samples when the variance is small-- 
l o r f l o w  conditions-and frequent  sampling f o r  floods 
character ized by l a r g e  variance (Cochran. 1965)). the 
t o t a l  amount of samples can be reduced to one four th  
o r  one f i f t h .  An important conclusion of the study is 
tha t  the variance of the  load can be replaced by t h a t  
of the discharge, Q. A s  Q is an e a s i l y  measureable 
quant i ty ,  a r e a l i s t i c  s t r a t i f i e d  sampling s t r a t e g y  can 
be vorked ou t  i n  p rac t ice ,  on t h i s  b a s i s .  

Returning to the development of the  load genera- 
t o r ,  f o r  sevage load, the  same p a t t e r n  i s  used as i n  
the  d e s c r i p t i v e  fashion, but i n  addi t ion,  an uncertain- 
t y  component is  introduced, which expresses the over- 
load i n  the treatment p lan ts  due t o  the  population in- 
c rease  i n  the main t o u r i e t  season. 

A s  a f i n a l  output  of the research out l ined i n  t h i s  
sec t ion ,  a load scenario generator was developed f o r  
the  vhole lake,  which accounted f o r  both uncertainty 
and s t o c h a s t i c i t y .  discussed above. For fu r ther  de- 
t a i l s  s e e  Somlyddy and Eloranta (1982). 

It i e  noted here t h a t  using h i s t o r i c a l  data ,  a 
s imi la r  a n a l y s i s  was made on c l imat ic  (uncontrol lable)  
fac tors ,  which allowed the water temperature and s o h  
radiation t o  be generated i n  harmony with each other .  
i n  a random fashion. Thus, f u t u r e  scenarios  can be 
generated f o r  a l l  the e s s e n t i a l  fo rc ing  functions of 
the  l ake  model--an e s s e n t i a l  tool  f o r  planning purposes 
( see  "The Lake Eutrophication Model (Stratum 3)" and 
"Water Qual i ty  Management Model (Stratum 2)") . 
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Finure 7.--Monthlv averaRe TP load: uncertainty caused - 
by infrecpen; observations (Zala River, 1976-79) : 
3 - mean value. 4 and 2 - f standard deviation. 
5 and 1 - extreme values.  



The Lake Eu t roph ica t ion  Model (St ra tum 3) 

R e s u l t s  gained wi th  t h e  s i m p l e s t  model, SIMBAL 
(van S t r a t e n .  1980). developed f o r  Lake Balaton.  a r e  
g iven  below. The model i s  a  phosphorus c y c l e  model. 
t h a t  i s ,  a l l  t h e  s t a t e  v a r i a b l e s  ( t h e  e s s e n t i a l s  a r e  
two a l g a l  groups,  d e t r i t u s ,  and d i s s o l v e d  ino rgan ic  
phosphorus) a r e  expressed i n  terms of phosphorus,  f o r  
t he  f o u r  b a s i n s  i n d i c a t e d  i n  F igu re  1. A Monte Ca r lo  
s i m u l a t i o n  i s  i nco rpo ra t ed  i n t o  t h e  model t o  f i n d  a r c a s  
i n  parameter  space  where t h e  model produces r e s u l t s  
f u l l y  w i t h i n  s p e c i f i e d  boundar ies  drawn around t h e  d a t a  
t o  account  f o r  d a t a  u n c e r t a i n t y  and thus ,  i s  e a s i l y  ap- 
p l i c a b l e  f o r  t e s t i n g  v a r i o u s  hypotheses  (van S t r a t e n .  
1980; Fedra e t  a l . .  1981; Hornberger and Spear.  1980) .  

Among t h e  c a l i b r a t i o n  runs ,  r e s u l t s  f o r  t h e  phyto- 
p lankton phosphorus, PPP, f o r  t h e  f o u r  bas ins ,  a r e  g iv-  
en i n  f i g u r e  8  (as  1977 f o r c i n g s  d a t a  was used) togeth-  
e r  w i th  t h e  corresponding o b s e r v a t i o n  v a r i a b l e ,  Chloro- 
phyl l -a  ( b a s i n  average  v a l u e s ) .  It i s  po in t ed  o u t  t h a t  
Chlorophyl l -a  and PPP cannot be  d i r e c t l y  compared t o  
each o t h e r ;  however, s i n c e  a  more o r  l e s s  l i n e a r  measure- 
ment e q u a t i o n  i s  expected  among them, PPP should  fo l low 
t h e  p a t t e r n  of Chlorophyll-a:  a  t r end  which can  be  gen- 
e r a l l y  observed.  For i l l u s t r a t i o n ,  t h e  s t a n d a r d  devia- 
t i o n  around t h e  t r a j e c t o r y  f o r  Bas in  2  e s t ima ted  through 
t h e  Monte Ca r lo  s i m u l a t i o n  i s  a l s o  i n d i c a t e d  (parameter  
u n c e r t a i n t y ) .  Fu r the r  d i s c u s s i o n  o n  t h e  c a l i b r a t i o n  and 
model improvement r equ i r ed  c a n b e  found i n  van S t r a t e n  
(1980) .  

The r e s u l t s  p re sen ted  h e r e  were from t h e  f o u r  box 
model ( f i g .  1 and "The Approach"). Whether t h e  concept  
of t h e  f o u r  box model can  be  p re se rved  o r  no t ,  was t e s t -  
ed through t h e  coupled hydrodynamic-dispersion-P cyc le  
m d e l  ( s e e  "App l i ca t ion  of Hydrodynamic Models (St ra tum 
4 ) " ) .  I n  t h e  l i n k e d  model, t h e  parameter  v a l u e s  of t h e  
o r i g i n a l  model were mainta ined.  From t h e  comparison of 
t h e  s i m u l a t i o n  r e s u l t s  o f  t h e  "continuous" and f o u r  box 
model ( s e e  Shanahan, 1981 and Shanahan and Harleman i n  
t h e s e  p roceed ings ) ,  we may conclude  a s  fo l lows:  

( i )  t h e  coupled t r a n s p o r t - w a t e r  q u a l i t y  model 
obv ious ly  b e t t e r  r e f l e c t s  t h e  s p a t i a l  d e t a i l s  and l o c a l  
i n f l u e n c e s ;  

( i i )  t h e  f o u r  box model unde res t ima te s  t h e  v a r i -  
ous  phosphorus c o n c e n t r a t i o n s  f o r  one of t h e  bas ins .  
w h i l e  t h e  b a s i n  wide ave rages  a r e  s a t i s f a c t o r y  f o r  t h e  
r e s t  o f  t h e  l ake ;  

( i i i )  t h e  r e t u r n  flow v e l o c i t y  cannot  be  used 
s i n c e  t h e  f o u r  box fo rmula t ion  in t roduces  a  p r i o r i  
a r t i f i c i a l  d i s p e r s i o n ,  which i s  h i g h e r  t han  t h e  wind 
induced d i s p e r s i o n .  - 1 4 1  .1 -v 1 4 1  w 
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Figure  8.--Results from SIMBAL. Comparison of f i e l d  

d a t a  f o r  f o u r  b a s i n s  ( l e f t )  and ave rage  model f o r  
runs  s a t i s f y i n g  t h e  behavior  d e f i n i t i o n  ( r i g h t ) ,  
( 1 ) .  . . ( 4 ) .  Bas ins  1.. .4 .  Adopted from van 
S t r a t e n  (1980).  

( i v )  the  four boz model with  i t s  ODE s t r u c t u r e  
and a l l  t h e  advantages  a s s o c i a t e d  wi th  t h i s  can be rea- 
sonably maintained for practical purposes and subsequent  
a n a l y s i s .  

For management purposes t h e  s i m u l a t i o n  of h i s t o r i c -  
a l  even t s  cannot  be used.  E i t h e r  some c r i t i c a l .  unfa- 
v o r a b l e  environmenta l  c o n d i t i o n s  should  be in t roduced 
o r  t h e  model should be  considered  s t o c h a s t i c  through 
i n p u t  d a t a .  Here t h e  l a t t e r  approach was adopted and 
t h e  g e n e r a t o r s  o u t l i n e d  i n t h e  previous  s e c t i o n  coupled 
t o  t h e  l a k e  model. Tvo e s s e n t i a l  r e s u l t s  f o r  Bas in  I 
a r e  p re sen ted  i n  f i g u r e s  9  and 10.  

I n  t h e  f i r s t  c a se ,  uncertaint ies  caused by natural 
factors were cons ide red  and t h e  1977 load  was ma in t a ined .  
The summary o f  100 Monte Ca r lo  runs  (mean, + s t a n d a r d  
d e v i a t i o n ,  and t h e  extremes of PPP) sugges t s  t h e  r e l a -  
t i v e l y  l a r g e  s e n s i t i v i t y  of t h e  l a k e ' s  water  q u a l i t y  
t o  me teo ro log ica l  f a c t o r s  and e x p l a i n s  t h e  e s s e n t i a l  
y e a r  t o  yea r  changes observed i n  t h e  behavior  of t h e  
l a k e  even when the  load remained una f f ec t ed .  The second 
c a s e  ( f i g .  10) involved t h e  random generation o f  both 
natural and control lable factors.  While f o r  t h e  previ -  
ous example t h e  s p e c i f i c  1977 load  was adopted ,  h e r e  
t h e  mean load of t h e  i n p u t  gene ra to r  was de r ived  from 
d a t a  f o r  t h e  pe r iod  1975-1979 ("The N u t r i e n t  Load under 

F igu re  9.--The i n f l u e n c e  of meteorologic  f a c t o r s  on  t h e  
wa te r  q u a l i t y .  Bas in  1: 3  - mean va lue ,  4  and 2 -  
+ s t a n d a r d  d e v i a t i o n s ,  5  and 1 - extreme v a l u e s .  

F igu re  10.--The combined i n f l u e n c e  of u n c e r t a i n t y  and 
s  tochas  t i c i t y  i n  t h e  meteorology and load ing ,  re- 
s p e c t i v e l y ,  on t h e  water  q u a l i t y .  Basin 1:  3  - 
mean value .  4 and 2  - + s t anda rd  d e v i a t i o n s ,  5  and 
1 - extreme va lues .  



Uncer t a in ty  and S t o c h a s t i c i t y  (St ra tum 3 ) " ) .  Th i s  i s  
t h e  r ea son  why t h e  ave rage  t r a j e c t o r y  shown i n  f i g u r e  
10 d i f f e r s  from t h a t  shown i n  f i g u r e  9 .  The i n c l u s i o n  
of l oad  randomness had a n  obvious in f luence :  t he  range 
of u n c e r t a i n t y  of t he  water  q u a l i t y  s i m u l a t i o n  r e s u l t s  
became much wider .  

Compared t o  t h e  r o l e  o f  parameter  u n c e r t a i n t y  ( f i g .  
8 ) ,  t h e  me teo ro log ica l  f a c t o r s  r e p r e s e n t  t h e  same o r d e r  
of magnitude, wh i l e  t h e  c o n t r i b u t i o n  o f  l oad  t o  the  mod- 
e l  u n c e r t a i n t y  i s  twice  as  h igh .  I t  i s  s t r e s s e d  t h a t  i n  
t he  frame of t h e  p r e s e n t  example, no load r e d u c t i o n  was 
employed. Thus f i g u r e  10 shows i n  which domain the  wa- 
t e r  q u a l i t y  may range under t he  p r e s e n t  c o n d i t i o n s ,  
s i n c e  t h e  changes i n  t r end  a r e  a l r e a d y  r e l a t i v e l y  smal l  
from y e a r  t o  y e a r .  Control  a l t e r n a t i v e s  - depending on 
t h e i r  c h a r a c t e r  - can modify no t  on ly  t h e  mean load ,  but  
a l s o  t h e  r e l a t e d  u n c e r t a i n t i e s  ( s e e  ''Water Q u a l i t y  Man- 
agement Model (St ra tum 2)". 

At t h e  end of t h i s  s e c t i o n  i t  i s  s t r e s s e d  t h a t  t h e  
p r e s e n t  v e r s i o n  of SIMBAL has  no sediment  compartment 
and thus  no memory ( t h e  two o t h e r  models a r e  more c o w  
p l e x  i n  t h i s  r e s p e c t ) .  The i n t e r n a l  load i s  r ep re sen t -  
ed by an  e q u i l i b r i u m  d i s s o l v e d  ino rgan ic  P  c o n c e n t r a t i o n  
i n  t he  l a k e  water  ( c a l i b r a t e d  i n  t he  cou r se  of t h e  Mon- 
t e  Car lo  procedure)  which c o n t r o l s  s o r p t i o n .  This  l oad  
i s  approximate ly  h a l f  of t h e  e x t e r n a l  one - a  r e a l i s t i c  
v a l u e  - bu t  s i n c e  no feedback e x i s t s  i t  does n o t  change 
from y e a r  t o  yea r .  Accordingly ,  t h e  model, when used 
under reduced load c o n d i t i o n s  g i v e s  t h e  "immediate" 
response  of t h e  l a k e  bu t  no conc lus ions  can be  drawn 
f o r  t h e  f i n a l  e q u i l i b r i u m  and t h e  renewal t ime. 

I n  o r d e r  t o  improve t h e  model i n  both sho r t -  and 
long-term r e a c t i o n s  t h e  number of s t a t e  v a r i a b l e s  was 
e s s e n t i a l l y  i nc reased  from f o u r  t o  t e n  f o r  each b a s i n  
(Somlyddy and van S t r a t e n ,  fo r thcoming) .  Among the  
s i x  a d d i t i o n a l  v a r i a b l e s ,  t h r e e  a r e  a s s o c i a t e d  wi th  t h e  
sediment  ( p a r t i c u l a t e  inorganic- ,  d i s s o l v e d  inorganic-  
and d e t r i t u s  P ) ,  one i s  suspended s o l i d s  ( s e e  Eq. ( I ) ) ,  
and t h e  r e s t  a r e  t h e  p a r t i c u l a t e  i n o r g a n i c  and d i s so lv -  
ed o r g a n i c  P  c o n c e n t r a t i o n s ,  r e s p e c t i v e l y ,  i n  wa te r .  
The e s t ab l i shmen t  o f  such a  complex model a l s o  desc r ib -  
i n g  r e suspens ion ,  s o r p t i o n ,  d i f f u s i o n ,  and t h e  changes 
i n  t h e  a c t i v e  sediment l a y e r  was f e l t  to  be  r e a l i s t i c ,  
a s  r e c e n t l y  o u r  a  p r i o r i  knowledge o f  t he  behav io r  of 
t h e  sediment  has  g r e a t l y  improved (Gelencskr  e t  a l . ,  
1982) .  Our p re l imina ry  r e s u l t s  a l l o w  two impor tant  
conc lus ions  t o  be  drawn: 

( i )  through the  i n c l u s i o n  o f  resuspension and 
sorption, t h e  shor t - term behavior  became more r e a l i s t i c .  
The i n f l u e n c e  of t h e  wind on algal dynamics i s  apparent 
and i t  i s  i n  harmony wi th  o b s e r v a t i o n s .  Th i s  phenome- 
non i s  expected t o  be  generally important for shaZlm 
lakes; 

( i i )  t h e  magnitude of s i m u l a t i o n  r e s u l t s  i s  quite 
sensit ive o n  t h e  panmeters o f  sorption i so thems (with- 
i n  t h e  range sugges ted  by t h e  o b s e r v a t i o n s ) .  I n  addi-  
t i o n ,  i t  became c l e a r  t h a t  t h e  long-term behavior  of 
t he  l a k e  depends on some c r u c i a l  sediment  parameters  
( i n i t i a l  c o n d i t i o n s ,  l o s s  from the  a c t i v e  l a y e r  to  
deeper  zones,  e t c . )  f o r  which on ly  rough guesses  a r e  
a v a i l a b l e .  A l l  t h e s e  sugges t  t h a t  ( i )  t h e  i n c l u s i o n  of 
- r e  s t a t e  v a r i a b l e s  (and parameters)  s t i l l  r e q u i r e s  
more q u a n t i t a t i v e  knowledge i n  o r d e r  t o  improve the  
p r a c t i c a l  u se  of t h e  model, i n  c o n t r a s t  to  t h e  s imp le r  
v e r s i o n ;  and ( i i )  f o r  problems where sediment plays a 
role,  a t  p r e s e n t ,  we can hardly say anything about  t h e  
renmal process of t h e  l a k e .  

Water Q u a l i t y  Management Model (St ra tum 2) 

F i r s t  we a r e  d e a l i n g  wi th  t h e  i s s u e  of how t o  incor-  
p o r a t e  t h e  l a k e  model (LEM) i n t o  t h e  management frame- 
work, a  q u e s t i o n  r a i s e d  i n  "The Approach". I n  t h e  
cou r se  of t he  a n a l y s i s  o u t l i n e d  subsequent ly ,  t h e  d i f -  
f e r e n t  parameters  of t he  PPP(t )  d i s t r i b u t i o n  were se- 
l e c t e d  a s  wa te r  q u a l i t y  i n d i c a t o r s  c h a r a c t e r i z i n g  the  
a l g a l  behav io r ,  and de t e rmin i s  t i c  s imu la t ions  were per- 
formed wi th  t h e  dynamic l a k e  model. SIMBAL, under re-  
duced load ing  c o n d i t i o n s .  I t  turned o u t  from the  s t u d y  
t h a t  t h e  l a k e ' s  r e sponse  expressed i n  terms of t h e  
y e a r l y  ave rage  o r  peak of PPP i s  q u i t e  l i n e a r  on t h e  
l oad  i n  a  wide range (Somlyddy and E lo ran ta .  1982)-- 
t h e r e  was t h e  same expe r i ence  wi th  t h e  o t h e r  two models.  
I t  i s  noted t h a t  a  s i m i l a r  l i n e a r i t y  i s  expressed f o r  
t o t a l  phosphorus,  TP, by s e v e r a l  e m p i r i c a l  models. 
However, f o r  sha l low l a k e s ,  TP may n o t  p rope r ly  char- 
a c t e r i z e  t he  process  of e u t r o p h i c a t i o n  s i n c e  t h i s  c o w  
ponent i s  s t r o n g l y  in f luenced  by wind induced i n t e r -  
a c t i o n  a t  t h e  bottom ( s e e  "Wind Induced Sediment Water 
I n t e r a c t i o n  (St ra tum 5)") . 

The r e c o g n i t i o n  of t h e  l i n e a r i t y  l e a d s  t o  an  iw 
p o r t a n t  agg rega t ion :  the  dynamic k k e  model can be  re- 
p laced a t  t h e  level  o f  WQMM ( s e e  f i g .  2) by a  s imp le  
linear equation ( f i g .  11 ) :  

Here L  and a r e  t h e  i n i t i a l  volume r e l a t e d  load 
-0 ( y e a r l y  mean) and c o n c e n t r a t i o n  "vectors"  r e s p e c t i v e l y ,  

de f ined  by t h e  number of uniform segments assumed i n  
LEM ( a t  p r e s e n t  N = 4 ,  f i g .  1 ) ;  hL_ r e p r e s e n t s  t h e  re- 
duc t ion  of volume r e l a t e d  load  achieved by v a r i o u s  con- 
t r o l  a l t e r n a t i v e s ,  wh i l e  A: is t h e  corresponding r e  
sponse of t h e  l a k e .  

The e lements  of t h e  4 m a t r i x  ma in t a in  t h e  e s sence  
of LEM: a  t r a n s i t i o n  from a  " large"  model t o  a  "small- 
e r "  on  a  h ighe r  l e v e l  o f  t h e  h i e r a r c h y  o f  f i g u r e  2. 
The f i r s t  remarkable  f e a t u r e  of equa t ions  (2) and (3) 
is t h a t  they c l e a r l y  p re se rve  t h e  i n f l u e n c e  o f  subpro- 
c e s s e s  on the  lower s t r a t a  and show t h e  subsequent  s t e p s  
of agg rega t ion .  The e lements  of t h e  main d i agona l  a r e  
determined p r i m a r i l y  by b iochemical  p roces ses  and sed i -  
ment-water i n t e r a c t i o n  ( s t r a tum 5 ) ,  wh i l e  t h e  o t h e r  e l e -  
ments mainly  exp res s  t h e  i n f l u e n c e  of hydrodynamics and 
a s s o c i a t e d  mass exchange ( s t r a tum 4 ) ,  showing t h a t  a  
management a c t i o n  a t  t h e  r e g i o n  o f  t h e  i t h  segment w i l l  
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Figure  11. - - Incorpora t ion  of t he  l a k e  model i n  WQMM: 

i - uniform segments i n  t he  l a k e  
Z - i n t e r a c t i o n  among b a s i n s  through mass exchange 

and hydrologic  throughf low 
CC- i n t e r a c t i o n  among load  components through con- 

t r o l  a c t i v i t i e s .  



a f f e c t  ,he water  q u a l i t y  of o t h e r  segments a s  we l l  ( f i g .  
1 1 ) .  I t  i s  noted t h a t  through Monte Car lo  s imula t ions  
wi th  LEM ( f i g s .  9  and l o ) ,  i t  was p o s s i b l e  t o  include 
the uncertaint ies  i n  Equat ion ( 2 ) .  Three terms appear :  
two correspond t o  u n c e r t a i n t i e s  i n  load and meteorology, 
whi le  t h e  t h i r d  i s  due t o  t h e i r  combined e f f e c t .  

The second remarkable f e a t u r e  of Equat ion (2 ) .  and 
t h i s  i s  of primary importance i n  s t r a tum 2, i s  t h a t  i t s  
linear structure al lows i t s  d i r e c t  involvement i n  a n  
optimization framework: a  s o l u t i o n  t h a t  we were look- 
ing  f o r .  

Opt imizat ion of t h i s  kind is n o t  a n  easy t a s k  a s  
each Lo load  element ( f i g .  11) i s  i t s e l f  a  v e c t o r ,  
which can be  c o n t r o l l e d  i n  many d i f f e r e n t  ways. I n  
a d d i t i o n ,  t he  va r ious  k inds  of u n c e r t a i n t i e s  d i scussed  
be fo re  should  be accounted f o r ,  a n  i s s u e  which has  no t  
y e t  been explored s a t i s f a c t o r i l y  f o r  water  q u a l i t y  prob- 
lems. 

T w  approaches a r e  under e l a b o r a t i o n  i n  t h i s  re- 
s p e c t .  Both use t h e  same load equa t ions  wi th  c o n t r o l  
v a r i a b l e s  f o r  t he  fou r  b a s i n s  and the  s t o c h a s t i c  ver- 
s i o n  of Equat ion (3) e s t a b l i s h e d  f o r  t h e  y e a r l y  peak 
concen t ra t ion .  Control  v a r i a b l e s  a r e  t h e  removal ef-  
f i c i e n c y  of  t r ea tmen t  p l a n t s  ( f i g .  1, 0  5 x < 1 )  and 

k;; t h a t  of  t he  r e s e r v o i r  p r o j e c t s  ("The Approach , Stra tum 
2) assumed f o r  the  two l a r g e s t  r i v e r s  a t  t he  Western 
end of  t h e  l a k e  (0 5 y j  5 1 ) .  Cost  f u n c t i o n s  ( t o t a l  
annual c o s t )  a r e  h igh ly  non l inea r  f o r  t e r t i a r y  t r e a t -  
ment. I t  i s  s t r e s s e d  t h a t  x i  i n f l u e n c e s  t h e  expected 
va lue  of load on ly ,  wh i l e  y i  i n f l u e n c e s  both expecta- 
t i o n  and va r i ance .  For those  r i v e r s  which a r e  r e c i p i -  
e n t s  o f  sewage d i s c h a r g e s  and f o r  which r e s e r v o i r s  can  
be cons t ruc ted  a t  t h e  mouths, t he  product  of t h e  co r re -  
sponding xk and y j  v a r i a b l e s  w i l l  appear ,  l e a d i n g  t o  
f u r t h e r  n o n l i n e a r i t i e s  and c l e a r l y  showing t h e  trade- 
o f f  between the  two a l t e r n a t i v e s .  The two approaches 
d i f f e r  s l i g h t l y  i n  fo rmula t ing  t h e  o b j e c t i v e  f u n c t i o n  
and i n  t h e  op t imiza t ion  technique adopted.  For t h e  
f i r s t  ve r s ion ,  t he  weighted sum of  t h e  expec ta t ions  of  
t h e  squa re  of t h e  a c t u a l  concen t ra t ion  minus the  g o a l ,  
f o r  a l l  t he  fou r  bas ins ,  a r e  minimized, s u b j e c t  t o  bud- 
g e t  and o t h e r  c o n s t r a i n t s .  The technique i s  a  s tochas-  
t i c  quas ig rad ien t  method ( s e e  e.g. ,  Ermoliev, 1981) .  
For t h e  second ve r s ion ,  t h e  load i s  f u r t h e r  aggregated 
from monthly t o  yea r ly  average and t h e  e x p e c t a t i o n  and 
s t anda rd  d e v i a t i o n  of Equat ion (3) .  E(ACi) and o(ACi) 
r e s p e c t i v e l y ,  a r e  de r ived  a n a l y t i c a l l y .  Subsequently 

is maximized, s u b j e c t  t o  the  same c o n s t r a i n t s  a s  be fo re  
(wi and t s e r v e  v a r i o u s  k inds  of we igh t ings ) .  I n  o t h e r  
words, t he  s t o c h a s t i c  problem i s  r ep laced  by a  de te r -  
m i n i s t i c  one,  which cap tu res  t h e  major f e a t u r e s  of t he  
o r i g i n a l  problem fo rmula t ion .  The c o s t  f u n c t i o n s  and 
xk. y i  terms a r e  l i n e a r i z e d  ( see  Loucks e t  a l . .  1981). 
thus a l lowing the  a p p l i c a t i o n  of  l i n e a r  programming f o r  
the  o p t i m i z a t i o n .  Important parameters  of t h e  model 
not  mentioned u n t i l  now a r e  e f f l u e n t  s t anda rds  and 
r i v e r  d e t e n t i o n  c o e f f i c i e n t s .  

It has to  be noted,  t h a t  t he  f i n a l  s o l u t i o n  of 
t h e  sewage P removal w i l l  be t o  d i v e r t  i t  from the  wa- 
t e r shed .  Thus the  p resen t  model s e rves  a s  a  d e c i s i o n  
making t o o l  t o  f ind  a  p r o v i s i o n a l ,  f e a s i b l e  s o l u t i o n  
f o r  t h e  next  15-20 yea r s .  It was,however, recognized 
(Benedek and Szabd, 1981) t h a t  b i o l o g i c a l  t r ea tmen t  
has  t o  be i n t e n s i f i e d  i n  many p l a n t s  b e f o r e  beginning 
on phosphorus removal ( t h a t  i s ,  a  f ixed  c o s t  e x i s t s ,  
no t  r e l a t e d  d i r e c t l y  t o  t h e  e u t r o p h i c a t i o n  problem). 

This  f e a t u r e  was accounted f o r  by ( 0 , l )  dec i s ion  v a r i -  
a b l e s .  Among the  conclus ions  gained from the second 
model, t h r e e  a r e  l i s t e d  below (Somlyddy and van S t r a t e n ,  
forthcoming) : 

( i )  i n  harmony wi th  the  f i n d i n g s  of  o t h e r  ap- 
proaches (Hughes. 1982; David and Telegdi .  1982). a s  
much P should be removed a t  t he  Western end of the  l a k e  
a s  p o s s i b l e ,  under the  g iven  c o n s t r a i n t s ;  

( i i )  i f  u n c e r t a i n t i e s  a r e  neglected t e r t i a r y  
t rea tment  i s  chosen, but  not  r e s e r v o i r  p r o j e c t s  ( s e e  
Hughes, 1982) ; 

( i i i )  however, i f  uncertaint ies  a r e  accounted f o r  
a s  g iven  i n  Equat ion (4 ) .  (wi - t = 1 )  r e s u l t s  i n  a  
c e r t a i n  combination o f  t e r t i a ry  treatement plants and 
reseruoir projects f o r  t h e  Zala  River  catchment,  c l e a r -  
l y  i n d i c a t i n g  t h a t  sewage t r ea tmen t  i s  a  more e f f e c t i v e  
technique f o r  reducing the  expected va lue  of t h e  load,  
bu t  does no t  i n f l u e n c e  the  v a r i a n c e  i n  the  t r i b u t a r y  
load and t h a t  of the  in-lake c o n c e n t r a t i o n s .  This  
shows t h a t  i t  i s  ext remely important t o  inc lude  stochcs- 
t i c  features a t  t h e  l e v e l  of  water qual i ty  nrmaqemznt. 
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