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PREFACE 

Analysis of problems concerned wi th the  r a t i o n a l  use of 
n a t u r a l  resources almost invar iab ly  dea ls  wi th unce r t a i n t i es  
wi th regard t o  t he  f u t u r e  behavior of t he  system i n  ques t ion  
and wi th  mu l t i p le  ob jec t i ves  r e f l e c t i n g  con f l i c t i ng  goa ls  of t he  
use rs  of t h e  resource.  Although e f f e c t i v e  mathematical t o o l s  
have been made a v a i l a b l e  dur ing t h e  l a s t  decades f o r  so lv ing  
such problems, t he re  have only been few app l i ca t ions ,  even i n  
t h e  f i e l d  of water resources ,  which i s  c e r t a i n l y  the  most de- 
veloped one. The major reason f o r  t h i s  i s  probably due t o  the  
f a c t  t h a t  such mathematical t o o l s  a r e  o f ten  q u i t e  a b s t r a c t  and 
soph is t i ca ted  and a r e  t he re fo re  of l i t t l e  he lp  f o r  t he  prac- 
t i t i o n e r s .  

For these  reasons,  one of the  i ssues  addressed dur ing t he  
summer s tudy "Real-time Forecast  versus Real-time Management 
of Hydrosystems" organized by the  Resources and Environment 
Area of I I A S A  i n  1981, was t he  p o s s i b i l i t y  of developing simple 
and h e u r i s t i c  methods f o r  r ese rvo i r  managenent t h a t  could d i -  
r e c t l y  take  i n t o  account t he  exper ience and t he  preferences of 
t he  manager. The research  was mainly conducted wi th re fe rence  
t o  t he  case of Lake Como, f o r  which s u b s t a n t i a l  da ta  were ava i l -  
ab le .  This paper i s  one of a s h o r t  s e r i e s  of I I A S A  pub l ica t ions  
based upon t he  r e s u l t s  obtained dur ing t he  study.  I t  descr ibes  
t he  philosophy of the  approach, t he  most important  r e s u l t s ,  and 
t he  p r a c t i c a l  impact they recen t l y  had. 

Janusz Kindler 
Chairman 
Resources and Environment Area 
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ABSTRACT 

This paper presents a new and heuristic approach for 
improving the performance of multipurpose reservoirs already in 
operation. The main characteristic of the method is that the 
analyst must first learn from the past experience of the manager 
and synthesize it into a very simple operating rule. Then, the 
analyst must point out with the help of the manager what the 
acceptable modifications of such a rule are. Only after these 
phases have been carried out can possible improvements in the 
management be obtained by using standard optimization techniques. 

The method has been applied to the case of Lake Como, 
(Northern Italy), and the results are quite satisfactory since 
the major objectives of the management can be substantially 
improved. The average duration of the floods on the lake shores 
and the mean volume of the water deficits in the downstream 
agricultural areas are about halved, without lowering the mean 
yearly electricity production of the downstream run-of-river 
plants. Moreover, the advantages of a revision of the active 
storage and of a possible protection of the shores of the town 
of Como are also investigated. 

All the results of this study had a direct impact on the 
management of the lake. In fact, the proposed operating rule 
has been programmed on a microcomputer, which is now used every 
day by the manager as an essential support for his final 
decision; the active storage was lowered in June 1982 by the 
Ministry of Public Works, and the sunken part of Como town will 
be soon repaved and elevated by the Municipality. 
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THE MANAGEMENT OF LAKE COMO 

1 .  INTRODUCTION 

The Adda r i v e r ,  f lowing o u t  of Lake Como i n  Northern I t a l y  

(see F igu re  I ) ,  has been used t o  i r r i g a t e  t h e  Padana p l a i n  s i n c e  

Roman t i m e s .  A t  t h e  end o f  t h e  n i n e t e e n t h  cen tu ry ,  hydro- 

electr ic  power s t a t i o n s  w e r e  developed a long  t h e  cou rse  of t h e  

r i v e r  t o  supp ly  t h e  growing needs of t h e  c i t y  of Milan. During 

World War 11, t h e  l a k e  was t ransformed i n t o  a  r e s e r v o i r  by con- 

s t r u c t i n g  a  r e g u l a t i o n  dam a t  O lg ina te .  C o n s t r a i n t s  on i t s  

o p e r a t i o n  were imposed by a  formal  a c t  of t h e  M in i s t r y  of  P u b l i c  

Works, which ass igned  t h e  r e g u l a t i o n  l i c e n s e  and d e f i n e d  t h e  

a c t i v e  s t o r a g e  of t h e  l a k e .  S ince  t hen ,  most of t h e  uses  of 

t h e  Adda water  have remained unchanged, b u t  t hey  s t i l l  c o n t r i -  

b u t e  t o  a  s i g n i f i c a n t  p o r t i o n  of t h e  I t a l i a n  GNP.  

I n  r e c e n t  y e a r s ,  t h e  problem of t h e  o p e r a t i o n  of t h e  dam 

h a s  become i n c r e a s i n g l y  c r i t i c a l  f o r  t h e  g r e a t e r  damages gener-  

a t e d  by t h e  f l o o d s  on t h e  l a k e  s h o r e s ,  p a r t i c u l a r l y  i n  t h e  town 

o f  Como. I n  f a c t ,  t h e  main square  of Como and t h e  sur round ing 

a r e a  (probab ly  because of overpumping from t h e  underground 

a q u i f e r )  have been p r o g r e s s i v e l y  s i n k i n g  s i n c e  t h e  beg inn ing of 

t h e  s i x t i e s ,  t h u s  s u b s t a n t i a l l y  i n c r e a s i n g  t h e  r i s k  of f l o o d  

dur ing  pe r i ods  of h i gh  in f lows .  S ince  t h e  road a long t h e  l a k e  



Figure 1 .  Lake Como basin and i r r i g a t i o n  d i s t r i c t s .  



l i n k s  t h e  e a s t e r n  and western p a r t  of Como and t h e  square i s  t h e  

h e a r t  of t h e  commercial l i f e  of t h e  town, i t s  e f f e c t i v e  protec-  

t i o n  from f l oods  has been t h e  s u b j e c t  of an i n t e n s e  debate  

between t h e  agency respons ib le  f o r  t h e  l ake  management (Con- 

s o r z i o  de l l lAdda)  and t h e  mun ic ipa l i t y  of Como. 

This paper reviews t h e  e f f e c t i v e n e s s  of some proposed so lu-  

t i o n s :  t h e  f i r s t  i s  merely a  mod i f i ca t ion  of t h e  a c t u a l  opera- 

t i n g  r u l e ,  t h e  second i s  a r e v i s i o n  of t h e  a c t i v e  s t o r a g e ,  and 

t h e  t h i r d  i s  t h e  repaving and e l e v a t i o n  of t h e  sunken p a r t  of 

t h e  town. More p r e c i s e l y ,  t h e  nex t  s e c t i o n  analyzes t h e  physi-  

c a l  endowment of t h e  l a k e  and r e l a t i v e  catchment, t oge the r  wi th 

t h e  main o b j e c t i v e s  of t h e  management. I n  Sec t ion  3 ,  t h e  

c h a r a c t e r i s t i c s  of t h e  ope ra t i ng  r u l e  i m p l i c i t l y  used by t h e  

l ake  manager dur ing  t h e  per iod from 1946-1980 a r e  e x t r a c t e d  from 

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

ob jec t i ves .  I n  Sec t ion  4 ,  t h e  management problem i s  formulated 

and so lved a s  a  mu l t i -ob jec t i ve  mathematical programming prob- 

l e m ,  t ak ing  e x p l i c i t l y  i n t o  account t h e  p a s t  exper ience of , the 

manager. I n  t h e  fo l lowing s e c t i o n ,  a  p a r t i c u l a r  ope ra t i ng  

r u l e  is s e l e c t e d  w i th in  t h e  set of e f f i c i e n t  ope ra t i ng  r u l e s  

and analyzed i n  d e t a i l  i n  o rde r  t o  b e t t e r  es t ima te  t h e  improve- 

ments generated by t h i s  r u l e  i f  it were t o  be app l ied  

i n  t h e  fu tu re .  I n  Sec t i on  6, t h e  impact of a  p o s s i b l e  reduc t ion  

of  t h e  a c t i v e  s t o r a g e  on f loods  and a g r i c u l t u r a l  product ion i s  

d iscussed,  and a  s i m i i a r  a n a l y s i s  i s  performed i n  Sec t ion  7 t o  

eva lua te  t h e  oppor tun i ty  of p r o t e c t i n g  t h e  sunken p a r t  of t h e  

town (Como square)  from f loods .  F i n a l l y ,  t h e  l a s t  s e c t i o n  sum- 

marizes t h e  r e s u l t s  and t h e i r  p r a c t i c a l  imp l i ca t i ons ,  and then 

d i scusses  t h e  advantages of t h e  methodology used i n  t h e  paper ,  

which should be of g e n e r a l  i n t e r e s t  t o  o t h e r  lake  managers. 

2 .  M A I N  OBJECTIVES OF LAKE COllO MANAGEMENT 

2 
Lake Como rece i ves  water  from a  catchment of 4 508 km , a t  

a  mean e l e v a t i o n  of 1 500 m i n  t h e  c e n t r a l  p a r t  of t h e  Alps, 

(see Figure 1 ) .  The out f low r a t e  of t h e  l ake  can be va r ied  from 

day t o  day by a  "manager" ( a c t u a l l y  a  committee) who has t h e  

r e s p o n s i b i l i t y  of ope ra t i ng  t h e  dam a t  O lg ina te .  The inf low 



3 r a t e  averages 160 m /sec and has t h e  t y p i c a l  annual  p a t t e r n  of 

a l p i n e  r i v e r s  wi th  two peak flow per iods ,  one i n  e a r l y  summer 

due t o  t h e  snow m e l t ,  and another  i n  autumn due t o  r a i n f a l l .  

This n a t u r a l  p a t t e r n  of in f lows has been a l t e r e d  somewhat by 

upstream hyd ro -e lec t r i c  r e s e r v o i r s  mostly b u i l t  dur ing t h e  

per iod from 1957-1964. This inc reased t h e  s t o r a g e  capac i t y  

upstream of t h e  l ake  from 208 m i l l i o n  cub ic  meters i n  1957 t o  

more than  500 m i l l i o n  cub ic  meters i n  1964, and induced a 

marked s h i f t  i n  t h e  monthly means of t h e  in f lows,  s i n c e  

hyd ro -e lec t r i c  r e s e r v o i r s  r e t a i n  a p o r t i o n  of t h e  summer 

runof f  i n  o rde r  t o  supply peak power t o  t h e  n a t i o n a l  ne t -  

work dur ing w in te r .  For example, t h e  average in f low i n  
3 December has inc reased by 17% ( 1 6  m / s e c ) .  Thus, on ly  t h e  

per iods  1946-1956 and 1965-1981 can be assumed t o  have 

s t a t i o n a r y  c h a r a c t e r i s t i c s  of in f lows.  A second s i g n i f i c a n t  

change i n  l a k e  management has been caused by t h e  s ink ing  of 

Como square by some 6 0  cm, mostly dur ing  t h e  per iod from 

1966-1973. Both t h e s e  f a c t s  have obviously i n f l u e n c e d ' t h e  

l a k e  manager, so  t h a t  on ly  i n  t h e  per iods  from 1946-1956 

and from 1977-1980 can t h e  ope ra t i on  of t h e  dam be cons idered 

a s  s t a t i o n a r y .  

Water from Lake Como s u p p l i e s  a group of downstream use rs  

be fo re  reaching t h e  Po r i v e r ,  some 140 km south  of  t h e  lake .  

More p r e c i s e l y ,  6 a g r i c u l t u r a l  d i s t r i c t s  and 7 run-of - r iver  

hyd ro -e lec t r i c  power p l a n t s  a r e  l oca ted  a long t h e  course of t h e  

Adda r i v e r  and a r e  served  by t h e  network of cana ls  sketched i n  

F igure 2 .  The main crops a r e  corn,  wheat, and fo rage,  and t h e  

i r r i g a t e d  s u r f a c e  t o t a l s  about 1 4 4  000 hec ta res .  The i n s t a l l e d  

capac i ty  of t h e  power s t a t i o n s  i s  about 92 MW f o r  an annual  

mean product ion of 473 GWh, which i s  about 58% of t h e  maximum 

produc ib le  energy.  The product ion func t i ons  of a l l  t h e s e  use rs  

a r e  no t  well-known and economic d a t a  on a g r i c u l t u r e  a r e  sca rce  

and q u i t e  u n r e l i a b l e .  I t  w a s  t h e r e f o r e  n a t u r a l  t o  c h a r a c t e r i z e  

t h e  performance of t h e  l ake  opera t ion  by means of s imple phys i ca l  

i n d i c a t o r s  a f f e c t i n g  t h e  c o s t s  and b e n e f i t s  of a l l  p a r t i e s  in-  

volved. I n  p a r t i c u l a r ,  f o r  i r r i g a t e d  d i s t r i c t s ,  a good i n d i c a t o r  
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Figure 2 .  Downstream d i s t r i b u t i o n  network (Ai = a g r i c u l t u r a l  
d i s t r i c t ;  Ei = hydropower s t a t i o n ) .  



was considered t o  be t h e  volume of water  d e f i c i t  eva lua ted  wi th  

r e s p e c t  t o  t h e  nominal requirements,  aga in  f i x e d  by a  document 

of t h e  Min is t ry  of  Pub l i c  Works. For hyd ro -e lec t r i c  power 

s t a t i o n s ,  t h e  d i f f e r e n c e  between t h e  maximum usab le  f low and 

t h e  flow a c t u a l l y  a v a i l a b l e  t o  t h e  power p l a n t s  has  been used. 
i Thus, f o r  each day t t h e  water  d e f i c i t  dt of each u s e r  i, 

( i = 1 , . . . , 6  f o r  a g r i c u l t u r a l  d i s t r i c t s ,  and i = 7 ,  ..., 13 f o r  hydro- 

e l e c t r i c  power s t a t i o n s )  is def ined a s  

i where q + . i s  t h e  f low r a t e  a c t u a l l y  de l i ve red  t o  use r  i i n  day 
'1 

t ,  and wt i s  t h e  corresponding nominal a g r i c u l t u r a l  requirement 

o r  t h e  maximum usab le  f low i n  each power s t a t i o n  ( f o r  t h e s e  

u s e r s ,  t h e  l o s s  of energy can be e a s i l y  computed because t h e  

hyd rau l i c  head hi,  i = 5 , .  . . , I 3  of t h e  t u r b i n e s  i s  known) . F i n a l l y ,  

t h e  o b j e c t i v e s  of t h e  downstream u s e r s  were assumed t o  be t h e  

minimizat ion of t h e  expected va lue  A of t h e  t o t a l  annual 5 . e f i c i t  
P 

i n  t h e  a g r i c u l t u r a l  s e c t o r  expressed i n  lobm , and t h e  minimiza- 

t i o n  of t he  expected va lue  E of t he  annual  hyd ro -e lec t r i c  power 

l o s s  i n  GWh, i . e . ,  

where E[.] r e p r e s e n t s  t h e  expected va lue  and k  i s  a s u i t a b l e  

u n i t  conversion f a c t o r .  

A s  f o r  Como town, t he  damage s u f f e r e d  from f loods  can be 

cha rac te r i zed  i n  s e v e r a l  ways. Two of t h e  most common ind ica-  

t o r s  a r e  t h e  peak l e v e l  of t h e  f l ood  and the  du ra t i on  of t h e  

f lood .  The former seems t o  be more r e p r e s e n t a t i v e  of t he  d i r e c t  

damages, whi le  t h e  l a t t e r  can more p r e c i s e l y  c h a r a c t e r i z e  t h e  

damages due t o  i n t e r r u p t i o n  of product ive a c t i v i t i e s .  To ta l  



damages should t h e r e f o r e  be eva lua ted  by a  s u i t a b l e  weighted 

mean of t hese  two f a c t o r s .  A simple s t a t i s t i c a l  a n a l y s i s  of 

t he  du ra t i on  and peak of a i l  t h e  f loods  t h a t  occurred dur ing 

t h e  per iod from 1946-1980 has  shown, however, t h a t  t hese  two 

i n d i c a t o r s  a r e  h igh l y  c o r r e l a t e d  (p=0.97) , s o  t h a t  t h e  t o t a l  

damages can be  reasonably cha rac te r i zed  by on ly  one of t h e s e  

f a c t o r s .  The choice has been t o  cons ider  t h e  minimizat ion of  

t h e  expected number F of days of f lood  p e r  y e a r ,  (which has  

been about 8.5 i n  the  l a s t  20 y e a r s ) ,  a s  t h e  o b j e c t i v e  of Como 

town. 

Other o b j e c t i v e s  were cons idered t o  be of minor importance 

and a l ready  s a t i s f i e d ,  a t  l e a s t  t o  a  c e r t a i n  e x t e n t ,  by t h e  con- 

s t r a i n t s  imposed on t h e  opera t ion  of t h e  dam: f o r  example, 

nav iga t ion  on t h e  lake  i s  guaranteed by dead s t o r a g e ,  whi le 

sudden propagat ion of f lood  waves downstream is prevented by a  

l i m i t  imposed on t h e  r a t e  of v a r i a t i o n  of  t h e  r e l e a s e  from t h e  

dam. 

3 .  ANALYSIS OF THE PAST f4ANAGEMENT 

The l i c e n s e  a c t ,  which g ives  t h e  Consorzio de l l lAdda t h e  

r i g h t  t o  ope ra te  t h e  dam a t  O lg ina te ,  s p e c i f i e s  t h a t  t h e  manager 

can f r e e l y  dec ide t h e  r e l e a s e  rt of each day t ,  whenever t h e  

l ake  l e v e l  xt a t  t h e  beginning of t h e  day f a l l s  a t  a  s p e c i f i e d  
- 

i n t e r v a l  (5 ,  x ) ,  cons tan t  a l l  over t h e  y e a r ,  and from now on 

c a l l e d  c o n t r o l  range. This c o n t r o l  range measured r e l a t i v e  

t o  t h e  e l e v a t i o n  of t h e  Malgrate hydrometer, is -0.50 m, 1.30 m ,  

which corresponds t o  an a c t i v e  s t o r a g e  of about 250 m i l l i o n  

cub ic  meters.  When t h e  l e v e l  xt of t h e  l ake  equa ls  t h e  lower 

l i m i t  x, t h e  manager must r e l e a s e  a flow r a t e  equa l  t o  o r  lower - 
than t h e  in f low,  s o  t h a t  t h e  l e v e l  cannot drop below - x. On t h e  

o t h e r  hand, when t h e  l e v e l  reaches o r  exceeds t h e  upper l i m i t  x 
of t'ne c o n t r o l  range, t h e  manager must p rogress ive ly  open a l l  

t h e  g a t e s  of t h e  dam i n  o rde r  t o  d ischarge  a s  much a s  p o s s i b l e ,  

t hus  avo id ing t o o  much f lood ing  on t h e  lake  shores .  I n  o t h e r  

words, when x  > x, t h e r e  is no freedom f o r  the  manager i n  t 
making t h e  dec i s ion  and r = L ( x t ) ,  where L r e p r e s e n t s  t h e  so- t 
c a l l e d  s tage-d ischarge func t ion  of t h e  l ake  ( s e e  F igure 3 ) .  



LAKE LEVEL 

Figure 3 .  The .operating rule of Lake Como. 



This func t ion  g i ves ,  f o r  any va lue of t h e  l e v e l  x t ,  t h e  maximum 

amount of water  which can be re leased  i n  one day by keeping a l l  

t h e  g a t e s  of t h e  dam permanently open. 

The manager's r e l e a s e  i n  t h e  c o n t r o l  range was no t  spe- 

c i f i e d  i n  t h e  l i c e n s e  a c t  and i s  thus mostly based on p a s t  

exper ience.  I n  p r a c t i c e ,  it can be reasonably assumed t h a t  

t h e  r e l e a s e  rt  of each day t of t he  year  mainly depends upon 

t h e  amount of a v a i l a b l e  resource ,  i .e . ,  

Of course,  such an ope ra t i ng  r u l e  must be p e r i o d i c  wi th  respec t  

t o  t because of  t h e  y e a r l y  p e r i o d i c i t y  of in f lows and water  re-  

quirements. Idoreover, i n  s tandard  hydro log ica l  cond i t i ons ,  t h e  * 
manager fo l lows a p r e c i s e  schedule of r e l e a s e s  r+ from which 

C 

he d e v i a t e s  whenever t h e  l e v e l  d i f f e r s  from a re fe rence  va lue 
* x ( r u l e  c u r v e ) .  Th is  dev ia t i on  A r  can be cons idered propor- t t 

t i o n a l ,  through two c o e f f i c i e n t s  a t  and B t ,  t o  t h e  lack  o r  

excess of resource ,  t h a t  i s  (see Figure 3) 

where zt is i .mpl ic i t ly  de f ined  a s  the  l e v e l  xt a t  which the  * * 
r e l e a s e  rt = r - a t  (x - xt) equa ls  the  t o t a l  a g r i c u l t u r a l  

6 
I requirement w of day t (wt = L . w t )  . Furthermore, when 

t 11 

x < ", t h e  r e l e a s e  is set equal  t o  wt o r  t o  t h e  maximum t 
f e a s i b l e  r e l e a s e  L ( x t ) .  I n  conc lus ion,  t h e  manager can be 

cons idered t o  behave i n  any day t of t he  yea r  according t o  t h e  

ope ra t i ng  r u l e  dep ic ted  i n  Figure 3. Thus, t he  c o n t r o l  range 

is subdiv ided i n t o  t h r e e  zones. I n  the  lowest  one (namely 

f o r  - x < xt < It) t h e  t a r g e t  of t he  manager is  simply t o  s a t i s f y  
-, z 

a g r i c u l t u r a l  requirement. I n  t h e  second zone (x t  < xt < xt) 

demand f o r  e l e c t r i c i t y  product ion is a l s o  cons idered,  whi le  i n  * - 
t h e  l a s t  zone (x t  < x < x f lood  p r o t e c t i o n  becomes t h e  t 
dominant ob jec t i ve .  



The va lues  of t h e  parameters a t  and B t ,  i n  t h e  fo l lowing * * 
c a l l e d  a t  and B t ,  have been es t imated  by minimizing t h e  sum of 

squares of t h e  d i f f e r e n c e s  between h i s t o r i c a l  va lues of t h e  

r e l e a s e s  and t h e  va lues  which would have been genera ted  by a  

sys temat i c  a p p l i c a t i o n  of t h e  ope ra t i ng  r u l e  shown i n  F igure 3. 

Th is  i d e n t i f i c a t i o n  of  t h e  ope ra t i ng  r u l e  was performed sepa- 

r a t e l y  f o r  t h e  two per iods  dur ing which t h e  b a s i n  c h a r a c t e r i s -  

t i c s  were s t a t i o n a r y .  Sample r e s u l t s  of  t h i s  i d e n t i f i c a t i o n  

a r e  shown i n  Figure 4 .  The upper l i n e  r e p r e s e n t s  t h e  va lues of 

B t  i d e n t i f i e d  f o r  t h e  per iod  from 1977-1980, whi le  t h e  lower 

l i n e  r e f e r s  t o  t h e  pe r iod  from 1946-1956. S ince t h e  parameter 

Bt  rep resen ts  i n  a  way t h e  s e n s i t i v i t y  of t h e  manager t o  t h e  

r i s k  of f l ood ,  it is no t  s u r p r i s i n g  t h a t  t h e  p a t t e r n  of t h e  two 

curves i s  s i m i l a r  and s t r o n g l y  c o r r e l a t e d  t o  t h e  p a t t e r n  of in-  

f lows (see Rina ld i  1982) wi th peaks dur ing per iods  of h igh in-  

f lows.  The s ink ing  of Como square h a s ,  however, l e d  t h e  manager 

t o  s u b s t a n t i a l l y  i n c r e a s e  h i s  s e n s i t i v i t y  t o  f l oods ,  ( i . e . ,  
* 

t h e  va lues of  B,) p a r t i c u l a r l y  dur ing t h e  snow mel t ing season. 

A s  f o r  t h e  
L 

parameters they do no t  e x h i b i t  s i g n i f i c a n t  

seasona l  f l u c t u a t i o n s  n e i t h e r  do they seem t o  be a f f e c t e d  by * * 
t h e  s ink ing  of Como. Furthermore, it turned o u t  t h a t  B, > a, > 0 

L L 

f o r  a l l  t ,  which e x p l i c i t l y  q u a n t i f i e s  t h e  i n t u i t i o n  t h a t  t h e  

opera t ing  r u l e  i s  i n c r e a s i n g  and convex w i th  r e s p e c t  t o  s to rage .  

The c o r r e l a t i o n  between a c t u a l  and s imulated r e l e a s e s  i s  

0.96 f o r  t h e  pe r iod  from 1946-1956, and 0.98 f o r  t h e  per iod from 

1977-1980; t h e  s tandard  d e v i a t i o n  of t he  d i f f e r e n c e  between 

a c t u a l  and s imu la ted  r e l e a s e s  i s  only 19% of t h e  mean r e l e a s e  

i n  1946-1956 and' 15% i n  t h e  l a s t  per iod .  F i n a l l y ,  t h e  l e v e l s  

t h a t  would have been genera ted  by us ing t h e  i d e n t i f i e d  opera t ing  

r u l e  a r e  a l s o  h igh l y  c o r r e l a t e d  t o  t h e  h i s t o r i c a l  ones. Thus, 

i t i s  poss ib le  t o  conclude t h a t  t h e  i d e n t i f i e d  ope ra t i ng  r u l e  

i n t e r p r e t s  t h e  p a s t  d a t a  f a i r l y  w e l l  and cap tu res  most of t h e  

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

4 .  EFFICIENT OPERATING RULES 

Following an approach o u t l i n e d  by Z i e l i n s k i  e t  a l . ,  (1981) ,  

p o s s i b l e  improvements of  Lake Como management were cons idered 



TIME 

* 
Figure 4. Values of Bt in two different periods. 



which on ly  imply accep tab le  p e r t u r b a t i o n s  of t h e  p a s t  o p e r a t i n g  

r u l e .  According t o  t h e  manager 's recommendations, t h e  va lues  

of the parameters  a t  and a t  w e r e  cons idered  t o  be  mod i f iab le ,  

prov ided t h a t  t h e i r  seasona l  v a r i a t i o n s  were p reserved .  Con- 

s i s t e n t l y ,  t h e  o p e r a t i n g  r u l e s  from which t h e  optimum was 

searched  a r e  s t i l l  of t h e  t ype  shown i n  F igu re  3, b u t  w i t h  

where a  and b  a r e  two unknown c o n s t a n t  parameters  t o  be determined * * 
through o p t i m i z a t i o n ,  and a, and 6, a r e  t h e  va lues  es t ima ted  

L L 

f o r  t h e  pe r i od  1977-1980. 

Thus, t h e  s t o c h a s t i c  m u l t i o b j e c t i v e  programme t h a t  a l lows  t h e  

de te rm ina t i on  of t h e  e f f i c i e n t  o p e r a t i n g  r u l e s  (see, f o r  example, 

Cohon and Marks 1975 ) ,  can be  formula ted i n  t h e  fo l low ing  way 

(see Sec t i on  2 f o r  t h e  d e f i n i t i o n  of A ,  E ,  and F), s u b j e c t  t o  

a  set of mass ba lance  equa t i ons  r e p r e s e n t i n g  t h e  network of 

c a n a l s  downstream of t h e  l a k e  and t h e  a c t u a l  r u l e s  o f  d i s t r i -  

b u t i o n  among t h e  u s e r s ,  and t o  t h e  c o n t i n u i t y  equa t i on  

where t h e  i n f l ow  a  is  a  one-year c y c l o s t a t i o n a r y  s t o c h a s t i c  t 
process  and r (x t ,  t ,  a ,  b )  i s  t h e  fami ly  of  o p e r a t i n g  r u l e s  con- 

s i d e r e d  a s  cand ida tes  f o r  o p t i m a l i t y .  A s  is  well-known, t h e  

s o l u t i o n  of t h e  above problem i s  n o t  unique,  b u t  i s  r ep resen ted  

by a  set of e f f i c i e n t  o p e r a t i n g  r u l e s .  Each one o f  them i s  

i d e n t i f i e d  by a  p a r t i c u l a r  p a i r  (a0,  bO) o f  parameters  and has  

t h e  p rope r t y  t h a t  any v a r i a t i o n  of such parameters  weaken a t  

l e a s t  one o f  t h e  t h r e e  o b j e c t i v e s  o f  t h e  problem. 

Th is  set of  e f f i c i e n t  o p e r a t i n g  r u l e s  ( i .e . ,  t h e  set of  
0 

p a i r s  ( a  , b O ) )  has  been determined by s imu la t i ng  t h e  d a i l y  

behav io r  of  t h e  system i n  a  series of y e a r s  '(1965-1 979) f o r  

va r i ous  p a i r s  ( a ,  b )  of t h e  paramete rs ,  t hus  e s t i m a t i n g  t h e  



corresponding va lues of t h e  o b j e c t i v e s  ( i n  such s imu la t ions  t h e  

l e v e l  of Como square  was f i xed  a t  i t s  p r e s e n t  v a l u e ) .  The e f f i -  

c i e n t  s o l u t i o n  can be represented  by a  l i n e  i n  t h e  two-dimensional 

space of t h e  parameters ( a ,  b )  o r  by a  su r face  i n  t h e  th ree-  

dimensional space ( A ,  E ,  F) of t h e  ob jec t i ves .  I n  F igure 5 ,  

such a  s u r f a c e  is represented  by t h e  contour  l i n e s  wi th  E = 

cons tan t .  I n  t h e  same f i g u r e ,  po in t  H r e p r e s e n t s  t h e  " h i s t o r i c a l  

va lues"  of t h e  o b j e c t i v e s ,  namely t h e  va lues  t h a t  would have 

been obta ined under nominal cond i t i ons  by sys temat i ca l l y  apply ing 

t h e  opera t ing  r u l e  wi th  a  = b  = 1 ( i .e . ,  t h e  ope ra t i ng  r u l e  

i d e n t i f i e d  i n  t h e  preceding s e c t i o n ) ;  whi le  t h e  u top ia  p o i n t  

U rep resen ts  t h e  ( independent,  and hence i n f e a s i b l e )  abso lu te  

minima of A and F. 

The a n a l y s i s  of F igure 5 al lows s e v e r a l  i n t e r e s t i n g  con- 

s i d e r a t i o n s .  F i r s t ,  hydro-e lec t r i c  power product ion i s  much 
0 

l e s s  s e n s i t i v e  t o  t h e  parameters ( a  , bO) than  t h e  o t h e r  two 

o b j e c t i v e s .  The range of v a r i a t i o n  of E among a l l  e f f i c i e n t  

s o l u t i o n s  i s  indeed only 22% of  t h e  a b s o l u t e  minimum, whi le A 

o r  F  can vary 6 and 50 t i m e s ,  r e s p e c t i v e l y .  F igure 5 shows 

a l s o  t h a t  marginal reduc t ions  of hydropower d e f i c i t  below 

t h e  h i s t o r i c a l  va lue  (equa l  t o  195 GWhj e n t a i l  a  seve re  s a c r i f i c e  

i n  terms of a g r i c u l t u r e  and f lood  p r o t e c t i o n .  Moreover, f o r  

r e l a t i v e l y  h igh va lues  of E ( f o r  example, E = 200 GWh) , t h e  

number of days of  f l ood  i s  q u i t e  i n s e n s i t i v e  t o  t h e  a g r i c u l t u r a l  

d e f i c i t ,  provided t h e  l a s t  is g r e a t e r  than  80 m i l l i o n  cub ic  

meters ,  whi le a  s l i g h t  decrease of A below t h i s  va lue  l eads  t o  

a  sudden and very sha rp  i nc rease  i n  t h e  number of days of f lood .  

On t h e  o t h e r  hand, f o r  lower va lues  of E (say 192 GWh) t h e  

r e l a t i o n s h i p  between a g r i c u l t u r a l  d e f i c i t s  and f lood  p r o t e c t i o n  

i s  much more "smooth". F i n a l l y ,  it i s  worthwhile n o t i c i n g  t h a t  

t h e  p a s t  management of t h e  system can be improved by adopt ing 

any opera t ing  r u l e  corresponding t o  p o i n t s  w i th in  t h e  curv i -  

l i n e a r  t r i a n g l e  BHD. S e l e c t i n g ,  f o r  example, a  p o i n t  l i k e  P 

i n  F igure 5,  mainta ins t h e  hydropower d e f i c i t  a t  i t s  h i s t o r i c a l  

va lue  and decreases t h e  mean number of  days of f lood  from 10.2 

t o  6 . 3  and t h e  average a g r i c u l t u r a l  d e f i c i t  from 201 t o  about 

98 m i l l i o n  cub ic  meters ( s e e  nex t  s e c t i o n  f o r  more d e t a i l s ) .  
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MEAN VOLUME OF WATER DEFICITS IN AGRICULTURE 

Figure 5.  Efficient solutions in the space of the objectives. 



The f i r s t  reduc t ion  is  mainly due t o  an i nc rease  i n  t h e  sens i -  

t i v i t y  t o  f l oods  (bO = 2 . 1  ) , which, dur ing t h e  per iod  of h igh 

in f lows,  would fo rce  t h e  manager t o  completely open t h e  dam even 

i f  t he  l e v e l  of t h e  lake  i s  30 o r  40 cm below t h e  upper l i m i t  
- 
x of t h e  c o n t r o l  range. On t h e  con t ra ry ,  t h e  reduc t ion  of t h e  a g r i -  

c u l t u r a l  d e f i c i t  i s  c e r t a i n l y  due t o  a  more i n t e n s i v e  use of 

t h e  lower p a r t  of t h e  a c t i v e  s to rage ,  thus  i n d i c a t i n g  t h a t  i n  

t h e  p a s t ,  t h e  manager's a t t i t u d e  wi th  regard  t o  droughts  has 

c e r t a i n l y  been more r isk-adverse than what i s  suggested by the  

p r e s e n t  s t o c h a s t i c  approach ( f o r  a  d e t a i l e d  i n v e s t i g a t i o n  of 

t h i s  p o i n t ,  see  Guariso e t  a l . ,  1982) . 

5. ANALYSIS OF A PARTICULAR OPERATING RULE 

Before implementing any p a r t i c u l a r  e f f i c i e n t  opera t ing  r u l e ,  

one must perform a  d e t a i l e d  and c a r e f u l  a n a l y s i s  i n  o rde r  t o  

t e s t  i t s  r e l i a b i l i t y .  I n  p a r t i c u l a r ,  any proposal  of modif i- 

c a t i o n  of t h e  a c t u a l  ope ra t i ng  r u l e ,  bes ides  g iv ing  advantages 

i n  terms of t h e  y e a r l y  averages of t h e  o b j e c t i v e s ,  should a l s o  

be proved t o  be s u p e r i o r  dur ing the  most s i g n i f i c a n t  and c r i t i c a l  

epi.sodes. Yoreover, t h e  advantages wi th  r e s p e c t  t o  t h e  p a s t  

must be c l e a r l y  d e t e c t a b l e  f o r  any reasonable sequence of  in f lows 

and not  only f o r  t h e  d a t a  s e t  used f o r  op t im iza t ion  ( see  pre- 

ced ing s e c t i o n ) .  F i n a l l y ,  it is worthwhi le checking whether 

some minor o b j e c t i v e s  t h a t  were neglected i n  t h e  op t im iza t ion  

phase a r e  s a t i s f i e d ,  a t  l e a s t  a s  much a s  i n  t h e  p a s t .  

I n  our  case ,  t h e  s e r i e s  of d a i l y  r e l e a s e s  and s to rages  

ob ta ined  by us ing  t h e  e f f i c i e n t  ope ra t i ng  r u l e  corresponding 

t o  p o i n t  P  of  F igure 5  f o r  t h e  whole per iod  from 1946-1981 was 

presented t o  t h e  manager and thoroughly d iscussed w i th  him. 

The s e l e c t i o n  of t h i s  e f f i c i e n t  opera t ing  r u l e  is obviously 

due t o  t h e  "shape" of t h e  e f f i c i e n t  s e t :  i n  p a r t i c u l a r ,  p o i n t  

P i n  F igure 5 is on t h e  i n t e r s e c t i o n  of  t h e  contour  l i n e  charac- 

t e r i z e d  by h i s t o r i c a l  hyd ro -e lec t r i c  power d e f i c i t  (E = 195 GWh) 

w i th  t h e  segment HU,  s o  t h a t  t he  su rp lus  of b e n e f i t  i s  div ided 

between a g r i c u l t u r e  and f lood  p r o t e c t i o n  i n  p ropor t ion  t o  t h e i r  

maximum ob ta inab le  su rp lus  of b e n e f i t s .  The main ob jec t i on  

r a i s e d  by t h e  manager t o  t h i s  proposed s o l u t i o n  was t h a t  t he  



s to rage  was t o o  f requen t l y  a t  i t s  minimum a l lowable va lue  dur ing 

t h e  dry season. Indeed, when xt = x ,  - t h e  r e l e a s e  r must be t 
equa l  t o  ( o r  smal le r  than)  t h e  inf low a  and t h e r e f o r e ,  i n  such t '  
cond i t i ons ,  t h e  r e l e a s e  can f l u c t u a t e  q u i t e  s u b s t a n t i a l l y  from 

day t o  day, t hus  genera t ing  a  c e r t a i n  number of inconveniences 

t o  downstream use rs .  I n  o rder  t o  avoid such a  problem, t h e  

ope ra t i ng  r u l e  was s l i g h t l y  modif ied by p rog ress i ve l y  reducing 

t h e  r e l e a s e  i n  t h e  lowest  p a r t  of t h e  c o n t r o l  range. This 

marginal ly  inc reased t h e  va lues of  A and E ,  b u t  provided a  much 

more s a t i s f a c t o r y  p a t t e r n  of r e l e a s e s .  

F i n a l l y ,  a  d e t a i l e d  a n a l y s i s  was performed i n  o rde r  t o  

compare t h e  proposed ope ra t i ng  r u l e  w i th  t h e  a c t u a l  one f o r  t h e  

whole per iod of ope ra t i on  (1946-1981). I n  p a r t i c u l a r ,  h i s t o r i c a l  

droughts and f loods  were d i r e c t l y  compared wi th  those  produced 

by t h e  proposed ope ra t i ng  r u l e ,  and t h e  comparison was c a r r i e d  

o u t  i n  terms of  "peak", "dura t ion" ,  and "volume" f o r  t h e  d e f i c i t s ,  

and i n  terms of "peak" and "dura t ion"  f o r  t h e  f loods .  Two 

problems had t o  be so lved i n  o rde r  t o  prov ide a  r e a l i s t i c  

comparison. The s i n k i n g  of Como was simply accounted f o r  by * 
using t h e  es t imated  va lues  of B t  dur ing t h e  per iods  from 1946- 

1956 and from 1977-1980 ( s e e  F igure 4 )  and a  l i n e a r  i n te rpo la -  

t i o n  between t h e s e  va lues  dur ing t h e  per iod from 1957-1976 ( t h i s  

means t h a t  t h e  c o e f f i c i e n t s  B t  of t h e  proposed ope ra t i ng  r u l e  

were forced t o  be always about t h e  same propor t ion  of t h e  

h i s t o r i c a l  c o e f f i c i e n t s ) .  The second problem was much more 

complex s i n c e  d a t a  on t h e  a c t u a l  a g r i c u l t u r a l  water  demand were 

not  r e g i s t e r e d  i n  t h e  p a s t .  The a n a l y s i s  was thus  again  based 

on t h e  nominal requirement w but  comparing only those  droughts t' 
t h a t  were c l a s s i f i e d  a s  seve re  o r  r e l a t i v e l y  seve re  by t h e  

manager. 

F igures 6 and 7  i l l u s t r a t e  t h e  r e s u l t s  of  t h i s  a n a l y s i s .  

The volume of a l l  d e f i c i t s  generated by t h e  proposed ope ra t i ng  

r u l e  i s  lower than  t h e  corresponding h i s t o r i c a l  va lue  ( s e e  

F igure 6 a ) .  The same i s  t r u e  f o r  t h e  du ra t i on  of t h e  

d e f i c i t  (which i s  no t  repor ted  i n  t h e  f i g u r e ) ,  whi le  i n  

a  few ep isodes t h e  peak d a i l y  d e f i c i t  generated by t h e  pro- 

posed ope ra t i ng  r u l e  would have been s l i g h t l y  g r e a t e r  than 







t h e  h i s t o r i c a l  one ( s e e  Figure 6 b ) .  This happens however, 

mainly i n  w in te r  and i n  t h e  per iod  from 1946-1956, namely 

be fo re  t h e  cons t ruc t i on  of  t he  a l p i n e  r e s e r v o i r s ,  when t h e  

seasona l  v a r i a t i o n s  of t h e  inf lows were q u i t e  d i f f e r e n t  from 

those of t h e  per iod  from 1965-1979 on which t h e  op t im iza t ion  

was performed. A s  f a r  a s  f loods  a r e  concerned, t h e  proposed 

ope ra t i ng  r u l e  would have generated lower peaks (F igure 7a) 

and s h o r t e r  f loods  (F igure 7b) i n  a l l  t h e  36 ep isodes  h i s t o r i -  

c a l l y  recorded. 

A simple s t a t i s t i c a l  a n a l y s i s  (based on Student  d i s t r i b u -  

t i o n )  shows t h a t  one can be p r a c t i c a l l y  s u r e  t h a t  t h e  proposed 

ope ra t i ng  r u l e  i s  b e t t e r  than t h e  a c t u a l  one. I n  f a c t ,  t h e  9 9 %  

conf idence i n t e r v a l s  of t h e  mean r a t i o  between proposed and h i s t o -  

r i c a l  i n d i c a t o r s  of droughts  and f loods  a r e  t h e  fo l lowing:  

d e f i c i t  volume : 0.32 + 0.17 - f l ood  du ra t i on  : 0.30 + 0.16 - 
d e f i c i t  du ra t i on  : 0.26 - + 0.15 f lood  peak : 0.87 - + 0.03 

d e f i c i t  peak : 0.69 - + 0.27 

Hydro-e lect r ic  power d e f i c i t s  cannot be s p l i t  i n t o  s e p a r a t e  

ep isodes ,  s i n c e  power s t a t i o n s  only r a r e l y  ope ra te  a t  maximum 

product ion.  These d e f i c i t s  were thus  d iv ided  i n t o  two seasons:  

summer (Apr i l -September) ,  and w in te r .  The mean va lue of t h e  

w in te r  product ion ob ta ined  by us ing t h e  proposed ope ra t i ng  r u l e  

was about  8 GWh l e s s  than t h e  h i s t o r i c a l  one, whi le  t h e  summer 

product ion was about 5  GWh h igher .  Th is  means t h a t  t h e  use of 

such a r u l e  would have impl ied a mean annual  l o s s  of p o t e n t i a l  

hyd ro -e lec t r i c  power of j u s t  0.3% with a  s h i f t  of about 0.6% 

from win te r  t o  summer ( a  f a c t  which i s  aga in  p a r t l y  due t o  t h e  

cons t ruc t i on  of t h e  upstream r e s e r v o i r s ) .  

The use of t h e  ope ra t i ng  r u l e  d iscussed i n  t h i s  s e c t i o n  

was formal ly  suggested t o  t h e  manager i n  Spr ing 1981, whi le  

l a t e r  i n  1982, t h e  r u l e  was programmed on a microcomputer, 

( IBEX 7100) which has s i n c e  been used by t h e  manager. Sometimes 

t h e  manager d e v i a t e s  from t h e  suggested r e l e a s e s ,  b u t  i n  t h e s e  

cases  t h e  reason of t h e  d e v i a t i o n  (heavy r a i n f a l l  upstream, 

f o r e c a s t  of snowmelt, r a i n f a l l  on t h e  downstream i r r i g a t e d  



d i s t r i c t s ,  e t c . )  i s  c a r e f u l l y  r e g i s t e r e d .  This method of  

ope ra t i ng  w i l l  c e r t a i n l y  enable  t h e  manager t o  e v a l u a t e  t h e  

r e a l  impact of t h e  proposed ope ra t i ng  r u l e  and t o  f i n d  system- 

a t i c  ways of  improving it. 

6 .  EFFECT OF THE REDUCTION OF THE ACTIVE STORAGE 

Besides improving t h e  ope ra t i ng  r u l e ,  one of  t h e  proposals  

r a i s e d  by t h e  mun ic ipa l i t y  of Como t o  a l l e v i a t e  i t s  f l ood  

problems was t h e  reduc t ion  o f  t h e  a c t i v e  s t o r a g e  o r ,  more pre- 

c i s e l y ,  t h e  reduc t i on  of  t h e  upper l i m i t  x of t h e  c o n t r o l  range 

def ined i n  t h e  l i c e n s e  a c t .  This proposal  i s  p a r t i c u l a r l y  

a t t r a c t i v e  because it can be simply r e a l i z e d  by a  formal re- 

v i s i o n  of t h a t  document. 

The e f f e c t  of reducing the  a c t i v e  s t o r a g e  may be q u i t e  

d i f f e r e n t  depending upon t h e  manager's behavior  a f t e r  t h e  re- 

v i s i o n  has been made. Two p o s s i b i l i t i e s  a r e  examined: 

( a )  The manager, cons ider ing  t h a t  t he  reduc t ion  of x has been 

imposed f o r  f l ood  a l l e v i a t i o n ,  ope ra tes  i n  favor  of  a a r i -  

c u l t u r e  ; 

( b )  The manager s t i l l  opera tes  the  r e s e r v o i r  by making a t rade-  

o f f  between t h e  d i f f e r e n t  o b j e c t i v e s .  

S ince hyd ro -e lec t r i c  power product ion i s  r e l a t i v e l y  i n s e n s i t i v e  

t o  r e s e r v o i r  ope ra t i on  ( see  Sec t ion  4 ) ,  t h e  a n a l y s i s  i n  t h i s  

s e c t i o n  w i l l  focus on ly  on t h e  problem of minimizing t h e  annual  

number of days of f l ood  and the  annual d e f i c i t  of t he  down- 

s t ream a g r i c u l t u r a l  use rs .  I n  p a r t i c u l a r ,  only t he  r e s u l t s  

r e l a t i v e  t o  an average yea r l y  hyd ro -e lec t r i c  power d e f i c i t  of 

200 GWh w i l l  be shown. 

I n  case  ( a ) ,  t h e  fo l lowing s i n g l e  o b j e c t i v e  s t o c h a s t i c  

problem must be so lved:  

min [A1 
{ a r b )  

sub jec t  t o  t h e  c o n t i n u i t y  equat ion ( 2 )  and t h e  s e t  of mass- 

balance equat ions  desc r ib ing  t h e  downstream d i s t r i b u t i o n  net-  

work ( see  Figure 2 )  . I n  t h i s  mathematical program, t h e  va lue  



- 
x of t h e  upper l i m i t  of t h e  c o n t r o l  range appears a s  a  parameter.  

S ince w e  have only one o b j e c t i v e ,  t h e  s o l u t i o n  is  unique f o r  each 

va lue of 2, and is represented  by a  s i n g l e  p o i n t  i n  t h e  plane 

( A ,  F) . Again, t h e  s o l u t i o n  of t h i s  mathematical programming 

problem has been ob ta ined  by s imu la t ing  t h e  d a i l y  behavior  of 

t h e  r e s e r v o i r  i n  t h e  per iod from 1965-1979 f o r  d i f f e r e n t  p a i r s  

( a ,  b ) ,  t hus  s e l e c t i n g  t h e  opt imal  va lues  (a0 ,  b O ) .  The set 

of s o l u t i o n s  (one f o r  each x) i n  t he  plane ( A ,  F) i s  represented  

by curve ( a )  i n  F igure  8, ( i n  p a r t i c u l a r  f o r  x = 0.80, 0  . g o , .  . . , 
1.30 m ) .  

In  c a s e  ( b ) ,  t h e  two o b j e c t i v e  problem 

min [ A  Fl 
{ a r b ;  

must be so lved f o r  each va lue of x. Thus, a  s e t  of e f f i c i e n t  

s o l u t i o n s  is  generated f o r  each va lue of x. I n  F igure  8 ,  t h e  

curves b 
1 .3Ot 1 0 '  and b0.90 rep resen t  such e f f i c i e n t  solu-  

t i o n s  f o r  x = 1.30, 1.10, and 0.90, r e s p e c t i v e l y  (obv ious ly ,  

t h e  curve b 30 co inc ides  wi th t h e  contour  l i n e  E = 200 GWh 

of F igure  5 j .  These curves almost  i n t e r s e c t  each o t h e r  a t  

p o i n t  Q ,  showing t h a t  t h e  s e n s i t i v i t y  of F  and A t o  2 i s  

r e l a t i v e l y  l i m i t e d ,  a t  l e a s t  -wi th in  t h e  range of i n t e r e s t .  

Curve ( a ) ,  on t h e  o t h e r  hand, shows t h a t  t h e r e  i s  a d e f i n i t e  

i n t e r e s t  i n  reducing x, a t  l e a s t  of 20 cm, because t h i s  would 

reduce t h e  f loods  i n  Como even i f  t h e  manager were b iased  i n  favor  

of a g r i c u l t u r e .  Furthermore, t h e  reduc t ion  of  t h e  a c t i v e  s t o r a g e  

i s  very e f f e c t i v e  a t  h igh va lues of x,  (decreas ing  x from 1.30 

t o  1.20 m imp l ies  a  reduc t ion  of F  from 173 t o  about 1 1  days of  

f lood  per  year  wi th  a  n e g l i g i b l e  i nc rease  i n  a g r i c u l t u r a l  d e f i c i t  

( 3  m i l l i o n  cubic  m e t e r s ) ) ,  whi le  it i s  much l e s s  powerful a t  lower 

l e v e l s  ( a  reduc t ion  of  x from 0.90 t o  0.80 m ,  reduces F by on ly  

0.6 days w i th  a  10% i n c r e a s e  i n  a g r i c u l t u r a l  d e f i c i t ) .  From t h i s  

a n a l y s i s ,  it appears t h a t  a  moderate reduc t ion  of t h e  a c t i v e  

s t o r a g e  i s  a convenient  dec i s ion  which, bes ides  being c o s t l e s s ,  

does guarantee under a l l  c i rcumstances,  a c e r t a i n  f lood  reduc t ion ,  

wi thout  remarkably i nc reas ing  a g r i c u l t u r a l  water  d e f i c i t .  

Obviously, i n  terms of f l oods ,  b e t t e r  r e s u l t s  can be achieved (see 

po in t  Q i n  Figure 8) i f  t h e  manager i s  no t  b iased.  



MEAN VOLUME OF WATER DEFICITS IN AGRICULTURE 

Figure 3 .  Ef fec ts  of a  va r ia t ion  of the ac t i ve  s torage.  



From a  concep tua l  p o i n t  of view, t h e  c o n s t a n t  ( a l l  over  t h e  

yea r )  r e d u c t i o n  o f  x which nas been ana lyzed h e r e  is c e r t a i n l y  

n o t  t h e  b e s t  s o l u t i o n .  A more r a t i o n a l  p roposa l  would be t o  

impose a  s e a s o n a l l y  vary ing upper l i m i t  of  t h e  c o n t r o l  range:  

t h e  de te rm ina t i on  o f  such a  p e r i o d i c  v a r i a t i o n  cou ld  e a s i l y  

be  done by c a r e f u l l y  i n s p e c t i n g  t h e  r e s u l t s  of  t h e  o p t i m i z a t i o n  

c a r r i e d  o u t  I n  S e c t i o n s  4 and 5 ,  s i n c e  t h e  e f f i c i e n t  o p e r a t i n g  

r u l e  proposed i n  S e c t i o n  5  is indeed e q u i v a l e n t  t o  a  r e d u c t i o n  

o f  x dur ing  t h e  seasons  o f  h igh  in f lows .  Moreover, one would 

do even b e t t e r  i f  t h e  upper l i m i t  x cou ld  be adap ted  t o  t h e  cur -  

r e n t  a v a i l a b i l i t y  of  r esou rce ,  measured f o r  example, i n  terms 

of  snow cover  on t h e  Alps,  o r  dep th  of t h e  underground a q u i f e r  

i n  t h e  l a k e  catchment.  Never the less ,  it must be  recogn ized 

t h a t  it would have been r e l a t i v e l y  d i f f i c u l t  t o  s tate a l l  t h e s e  

r u l e s  i n  t h e  new l i c e n s e  a c t .  Indeed,  a l though  w e  sugges ted  i n  

November 198 1 (see R i n a l d i  ( e d i t o r )  , 198 1  ) t o  lower t h e  upper 

l i m i t  x of t h e  c o n t r o l  range of 30 c m  on l y  du r i ng  t h e  p e r i o d s  

o f  h igh in f lows  ( A p r i l  15 - May 30 and J u l y  15 - November l o ) ,  

t h e  X i n i s t r y  of P u b l i c  Works f i n a l l y  imposed (June 1952) a  30 cm 

r e d u c t i o n  of x dur ing  t h e  whole yea r  ( a t  t h e  same t i m e ,  t h e  lower 

l i m i t  x  - of t h e  c o n t r o l  range was a l s o  reduced i n  o r d e r  t o  par-  

t i a l l y  compensate t h e  downstream u s e r s ) .  

7 .  PROTECTING COMO SHORES 

One of t h e  p o s s i b i l i t i e s  of a l l e v i a t i n g  f l o o d  damages i n  

Como i s  obv ious ly  t o  p a r t i a l l y  o r  t o t a l l y  r e s t o r e  1946 c o n d i t i o n s ,  

when t h e  border  of t h e  squa re  was a t  1.86 m i n s t e a d  o f  t h e  pre-  

s e n t  1.24 m. Th is  i s ,  however, a  r a t h e r  c o s t l y  e n t e r p r i s e ,  s o  

t h a t  a  c a r e f u l  a n a l y s i s  i s  r e q u i r e d  t o  o ~ t i m a l l y  choose t h e  

degree  o f  p r o t e c t i o n  requ i red .  

To examine t h i s  problem it i s  h e l p f u l  t o  s o l v e  a g a i n  t h e  

m u l t i o b j e c t i v e  programming problem presen ted  i n  S e c t i o n  4 by 

paramete r i z ing  t h e  v a l u e  xc of t h e  l a k e  l e v e l  a t  which Como 

squa re  i s  f looded.  Th is  means t h a t  a  set  of e f f i c i e n t  o p e r a t i n g  

r u l e s  and t h e  cor responding va lues  of t h e  o b j e c t i v e s  a r e  computed 

f o r  each v a l u e  of xc. 



Figure 9 shows some of t hese  sets ( t h e  lowest  one cor re -  

sponds t o  t h e  s i t u a t i o n  i n  1 9 4 6  when x was equal  t o  1.86 m ,  
C 

whi le  t h e  t h i r d  one (xc = 1 . 2 4  m )  i s  aga in  t h e  curve E = 200 

GWh of F igure 5)  . The lowest  curve of F igure 9 shows t h a t ,  

i f  t h e  cond i t ions  of 1946 were re -es tab l i shed ,  t h e  mean number 

of days of f lood  pe r  year  would be smal le r  than 1 f o r  a very  

wide range of a g r i c u l t u r a l  d e f i c i t s .  But even an i n c r e a s e  of 

on ly  20 cm of t h e  square  (from 1 . 2 4  t o  1 . 4 4  m )  would e n t a i l  

c o n s i s t e n t  b e n e f i t s ,  reducing t o  l e s s  than h a l f  t h e  number of 

days of f lood  f o r  a l l  a g r i c u l t u r a l  d e f i c i t s  h igher  than 80 

m i l l i o n  cub ic  meters p e r  year .  On t h e  o t h e r  hand, i f  t h e  square 

should cont inue t o  s i n k ,  t h e  number of days of f lood  may in -  

c r e a s e  dramat ica l l y :  f o r  example, 20 days of f lood  per  year  

would be unavoidable a t  xc = 1.04 m ,  whi le  a s ink ing  of 40 

cen t imeters  would imply f loods  on t h e  square f o r  about 50  days 

per  year  on t h e  average. 

P ro tec t i ng  t h e  square i s  thus  almost  mandatory i f  s ink ing  

should go on,  bu t  i s  d e f i n i t e l y  appeal ing even under t h e  pre-  

s e n t  cond i t ions .  Indeed, a f t e r  p resen ta t i on  of t h e s e  r e s u l t s  

t o  t h e  mun ic ipa l i t y  of Como, t h e  repaving and e l e v a t i o n  of 

t h e  road along t h e  l a k e  and of p a r t  of t h e  square was immedi- 

a t e l y  considered and should be completed very  soon. 

8. CONCLUDING REMARKS 

This paper has been devoted t o  t h e  a n a l y s i s  of t h r e e  d i f -  

f e r e n t  and independent p roposa ls  f o r  a l l e v i a t i n g  f lood  problems 

i n  Como: t h e  mod i f i ca t ion  of t h e  ope ra t i ng  r u l e  used up t o  now 

by t h e  manager (Sec t ions  3 -5) ,  t h e  reduc t ion  of t h e  a c t i v e  

s t o r a g e  (Sect ion 61, and t h e  p r o t e c t i o n  of t h e  Como square 

(Sect ion 7 ) .  A l l  t h r e e  proposals  have proved t o  be r a t h e r  e f f e c -  

t i v e .  The new' ope ra t i ng  r u l e  has been programmed on a micro- 

computer, which i s  now used every day by t h e  manager a s  an 

e s s e n t i a l  suppor t  f o r  t h e  f i n a l  dec i s ion ;  t h e  upper l i m i t  of 

t h e  c o n t r o l  range has  been lowered i n  June 1982 by t h e  Min is t ry  

of Pub l i c  Works, and t h e  sunken p a r t  of t h e  town w i l l  soon be 

repaved and e leva ted .  
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Figure 3 .  Effects of a variation of t l e  l e v e l  of Como square 
(xc) * 



The r e s u l t s  of t h e  op t im i za t i on  o f  t h e  o p e r a t i n g  r u l e  a r e  

p a r t i c u l a r l y  a t t r a c t i v e  because they  show t h a t  t h e  improvements 

a r e  n o t  a t  a l l  n e g l i g i b l e  a s  one cou ld  perhaps imagine. F igure  

1 0  shows f o u r  impor tan t  p o i n t s  i n  t h e  space  ( A ,  F)  of t h e  ob jec-  

t i v e s :  p o i n t  N r e p r e s e n t s  t h e  per formances of t h e  system i n  

n a t u r a l  c o n d i t i o n s  ( b e f o r e  b u i l d i n g  t h e  dam); p o i n t  H shows t h e  

h i s t o r i c a l  va lues  o f  t h e  o b j e c t i v e s ;  p o i n t  P cor responds t o  t h e  

proposed o p e r a t i n g  r u l e ;  and p o i n t  U i s  t h e  "u top ia " .  A t  t h i s  

s t a g e ,  it seems t h a t  most o f  t h e  way l e a d i n g  t o  t h e  u t o p i a  

p o i n t ,  (cor responding t o  t h e  a b s o l u t e  independent  minima of t h e  

two o b j e c t i v e s ) ,  has  been completed. However, a t  l e a s t  i n  

p r i n c i p l e ,  f u r t h e r  improvements shou ld  be p o s s i b l e ,  prov ided 

t h a t  t h e  d a i l y  d e c i s i o n  is  based on a  more complete knowledge 

o f  t h e  s t a t e  of t h e  whole system. I n  t h i s  r e s p e c t ,  i n fo rma t i on  

on t h e  c u r r e n t  v a l u e s  o f  snow cover ,  amount o f  p r e c i p i t a t i o n  i n  

t h e  l a s t  days,  dep th  of t h e  wa te r  t a b l e  i n  t h e  l a k e  catchment,  

and s o  on,  may c e r t a i n l y  be of he lp .  Indeed,  a l l  t h i s  i n f o r -  

mat ion a l r e a d y  c o n t r i b u t e s  t o  t h e  a c t u a l  d e c i s i o n s  of t h e  

manager, i n  p a r t i c u l a r  du r i ng  f l o o d s  and d rough ts .  A more 

sys tema t i c  use  o f  t h e s e  d a t a  may no doubt  c o n t r i b u t e  t o  t h e  

d e f i n i t i o n  o f  a  more complete and powerfu l  management p o l i c y  

f o r  Lake Como. 

The approach fo l lowed i n  t h i s  paper  is  comple te ly  e m p i r i c a l  

and i n  c o n t r a s t  t o  o t h e r  t r a d i t i o n a l  techn iques  such as l i n e a r  

programming, dynamic programming, and maximum p r i n c i p l e .  F i r s t  

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

used i n  t h e  p a s t  has  g iven  t h e  a n a l y s t  t h e  chance t o  l e a r n  from 

t h e  exper ience  of t h e  manager. The r e s u l t  o f  t h i s  p re l im ina ry  

a n a l y s i s  i s  then  l a r g e l y  taken  i n t o  account  i n  t h e  o p t i m i z a t i o n  

phase.  The o p e r a t i n g  r u l e s  from which t h e  e f f i c i e n t  ones a r e  

s e l e c t e d  have indeed t h e  same s t r u c t u r e  a s  t h e  i d e n t i f i e d  

o p e r a t i n g  r u l e ,  s o  t h a t  t h e  proposed mod i f i ca t i ons  a r e  immediately 

understood by t h e  manager and e a s i l y  accep ted .  Th is  f e a t u r e  i s  

ve ry  impor tan t  i n  p r a c t i c e  and d i s t i n g u i s h e s  t h e  p r e s e n t  method 

from o t h e r s ,  which have o f t e n  f a i l e d  t o  be  implemented j u s t  

because t h e i r  s o l u t i o n  was t o o  d i f f e r e n t  from t h e  one c u r r e n t l y  

be ing used. 
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Figure 1 0 .  The value of  the object ives  i n  d i f f e r e n t  condit ions 
(X = natural conditions; i4 = h i s t o r i c a l  ooerating 
rule;  P = proposed operating ru le ;  U = utopia p o i n t ) .  
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