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ABSTRACT 

Denoeux,  T., Einfal t ,  T. and  Jacque t ,  G., 1991. D e t e r m i n a t i o n  in real  t ime of the  re l iabi l i ty  of  r ada r  
ra infa l l  forecasts .  J. Hydrol. ,  122:353 371. 

Q u a n t i t a t i v e  ra infa l l  forecas ts  ob ta ined  from in t e rp re t a t i on  of r ada r  da ta  can  be of g rea t  
i n t e res t  in u rban  hydrology,  provided the i r  re l iabi l i ty  is known  in real  t ime. The  a im of th is  s tudy  
was to examine  the  feasibi l i ty  of  an  a priori  e s t i ma t i on  of forecas t  re l iabi l i ty  f rom cha rac t e r i s t i c s  
of  ra infa l l  a r eas  and  a t mosphe r i c  ver t ica l  s t ruc tu re .  The  first s tep ha s  been to des ign  a me thod  to 
check  the  re levance  of a c r i te r ion  of fo recas t ing  qua l i ty  to a pa r t i cu l a r  app l ica t ion  of the  forecasts .  
This  me thod  was applied to the  case  of real - t ime cont ro l  of  a d r a inage  ne twork  in a s u b u r b a n  a rea  
of Paris ,  and  led to the  defini t ion of a new qua l i ty  cr i ter ion,  cons i s t en t  wi th  the  use r ' s  u t i l i ty  
funct ion .  Po ten t i a l  predic tors  of  fo recas t ing  qua l i ty  were t h e n  defined, to be ca l cu la t ed  in real t ime 
from rada r  and  r awinsonde  data .  In the  final step, s t a t i s t i ca l  and  heur i s t i c  t echn iques ,  applied to 
a l ea rn ing  set  of  examples  t a k e n  from 46 ra infa l l  events ,  provided dec is ion  ru les  wh ich  can  be used 
in real  t ime to e s t ima te  the  qua l i ty  of  r a d a r  forecasts .  A l t h o u g h  these  ru les  a re  val id  only  in a 
specific opera t iona l  context ,  t he  me thodo logy  is general ,  and  can  be t rans fe r red  to o the r  forecast-  
ing  problems in hydrology,  as well as in o ther  domains .  

I N T R O D U C T I O N  

Since the 1950s, weather radar has increased in importance as a tool for 
precipitation nowcasting (i.e. forecasting with a lead time of up to 6 h). At the 
end of the l~60s the development in electronics and computers led to the 
operational availability of fast digital processing systems, which provided the 
possibility for the development of automatic rainfall forecasting systems, based 
on radar echo advection (see Collier (1978), Austin (1985) and Einfalt (1988) for 
reviews on these methods). 

Users' needs in urban and rural areas have encouraged further development 
of these systems for hydrological use. In the U.K., for instance, river flooding 
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problems were a source of collaboration between hydrologists and meteorolo- 
gists (Dee Project Final Report, 1977; Collier et al., 1980). Elsewhere, 
increasing urbanization caused problems for sewer system managers, leading 
to considerably higher flow volumes for heavy rains. One possible solution to 
this problem is an optimized control of the sewer system, depending on the time 
and space distribution of rainfall (Schilling, 1989). The usefulness of a very 
short-term rainfall forecast in this context has already been demonstrated (e.g. 
Austin and Austin, 1974; Fr~rot, 1987; Schilling and Petersen, 1987; Fr~rot and 
Jacquet, 1989). 

The importance of these needs and the availability of these solutions should 
have led to the operational use of the optimal forecasting methods in urban 
hydrology. However, in spite of very encouraging pilot projects (Huff et al., 
1980; Damant et al., 1983), the number of operationally working systems in 
sewer management is extremely limited. In addition to the institutional 
problems caused by moving away from a 'static' management of sewer systems 
(Denoeux et al., 1987), a number of unsolved technical problems remain. 
Important points are, in particular, the lack of knowledge of forecast reliability 
and of the sensitivity of the hydrological system. Perfect forecasts are not an 
operational necessity, as long as the hydrological users know which types of 
errors may occur, and the possible consequences on their decisions (Einfalt and 
Denoeux, 1989). This holds for any application of weather radar, as the 
accuracy of a radar-based forecast is dependent on the features of the precipita- 
tion systems (Wilson, 1966; Austin and Bellon, 1974; Ciccione and Pircher, 
1984). Frontal systems yield a higher reliability, as they are stable for a long 
time, whereas systems of a convective type may result in hardly any predic- 
tability, because of the very short life-time of the rainfall structures. For this 
reason, rainfall volumes provided by an automatic forecasting system should 
be used only if their accuracy is well known. 

This paper presents a method to design rules for the estimation of the 
reliability of rainfall forecasts in real time. Each set of rules will be valid in 
given climatological conditions, and for a precisely defined application of the 
forecasts. The method itself consists of three steps, which will be described in 
detail. These steps are: 

(1) the definition of an application-dependent criterion of forecast quality, 
(2) the selection of meteorological parameters as reliability predictors, 
(3) the generation of decision rules relating the predictors to the expected 

quality of the forecasts. 

DEFINITION OF AN APPLICATION-DEPENDENT CRITERION OF FORECAST QUALITY 

A criterion of forecast quality must be defined to compare different forecast- 
ing techniques (Elvander, 1976; Carpenter and Owens, 1981; Tsonis and Austin, 
1981; Ciccione and Pircher, 1984; Einfalt et al., 1989), or the performance of one 
particular technique applied to different rainfall events (Austin and Bellon, 
1974); the latter is the specific concern in this paper. The principal criteria used 
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to assess the qua l i ty  of  r a d a r  forecas ts  (Denoeux,  1989; Denoeux  et al., 1989) are  
based on 

(1) the  m o v e m e n t  of  ra infa l l  areas ,  e.g. the abso lu te  and  re la t ive  difference 
be tween  observed  and  fo recas t  m o v e m e n t  (Aust in  and Bellon, 1974); 

(2) the  ra infa l l  field, e.g. the cr i t ica l  success  index (Bellon and  Austin,  1978); 
(3) the  hye tog raphs ,  such  as the mean  abso lu te  e r ro r  (AH) and the  mean  

re la t ive  e r ro r  (AH/H), t a k e n  by compar ing  the measu red  and the  forecas t  
ra infa l l  depths  over  pa r t i cu l a r  c a t c h m e n t s  (Huff  et al., 1980; D a m a n t  et al., 
1983; Bel lon and Aust in ,  1984). 

The choice  of  any  one of these  c r i te r ia  is based on hypo theses  which  are  
r a re ly  specified. For  example ,  the  use of the  AH and AH/H cr i ter ia ,  of ten 
prefer red  by hydrologis ts ,  rel ies  on the  th ree  fol lowing condi t ions:  

(1) the  t empora l  ra infa l l  d i s t r ibu t ion  has  not  to be fo recas t  prec ise ly  (thus, 
one can consider  only  ra infa l l  depths,  ins tead  of comple te  hye tographs) ;  

(2) the ove re s t im a t i on  of a ra infa l l  vo lume  has  the  same impac t  as its un- 
de res t ima t ion  (a l lowing for an  e r ro r  ca lcu la t ion  regard less  of sign); 

(3) the ave r age  adequa te ly  represen ts ,  f rom the user ' s  v iewpoint ,  the e r ro r  
d i s t r ibu t ion  for the  c a t c h m e n t  bas ins  cons idered  (i.e. an  e r ro r  of 50% on two 
bas ins  is equ iva len t  to an  e r ror  of  0% on the first one and an e r ro r  of  100% on 
the second one). 

I f  these  condi t ions  are  not  satisfied, it is no t  possible  to s ta te  t ha t  c r i t e r ia  AH 
and AH/H are  cons i s ten t  wi th  the user ' s  concep t ion  of fo recas t  qual i ty ,  i.e. t ha t  
a fo recas t  fl which  is super io r  to a forecas t  f2 in t e rms  of AH or AH/H would 
ac tua l ly  be prefer red  by the  user.  This  lack  of exac tness  is dangerous ,  because  
it has  been  shown (Denoeux,  1989; Denoeux  et al., 1989) t ha t  d i f ferent  qua l i ty  
c r i t e r i a  usua l ly  are  not  equivalent :  a fo recas t  f~ t ha t  is be t t e r  t h a n  a fo recas t  
f2 accord ing  to some cr i te r ion  C~, may,  wi th  a high probabi l i ty ,  be worse  
accord ing  to some o ther  c r i te r ion  C2. 

These  cons ide ra t ions  show the need for a method  to ver ify the r e l evance  of 
a qua l i ty  c r i te r ion  to a given appl ica t ion .  

General approach 

I f  a fo recas t  is used for decis ion-making,  an ini t ia l  hypothes i s  has  to be 
verified: 

Hypothesis 1. There  exists  a decis ion func t ion  fd defining an ac t ion  ~, on the 
basis  of  a fo recas t  p and n o the r  decis ion c r i t e r i a  (x,)i l. n : 

fd: (P, Xj ..... X~) --~ 

Such a func t ion  can  be defined independen t ly  f rom the source  of the  
decision, be it  a h u m a n  being, an op t imiza t ion  procedure ,  or  an exper t  system. 

Each  ac t ion  ~ implies,  on the  o the r  hand,  some consequences  also dependen t  
on the  ac tua l  va lue  r to be fo recas t  and on m o ther  inf luencing fac tors  (y~)~ 1. m 
The q consequences  of  an ac t ion  a, no ted  ( k i )  i 1.q, are  re la ted  to a, r and  (yz)~ 1.m 
by a func t ion  fc: 
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f~: (:~,r,y~ ..... Ym) --* (kl ..... k~) 

This  leads us to the  second hypothes is .  

H y p o t h e s i s  2. There  is a user  who is capab le  of deciding which  of any  two 
series of consequences  (ki)i ~. q and (k~)i :: 1. q is preferable .  

This  second hypo thes i s  ac tua l ly  descr ibes  the fact  t ha t  the re  is a user  able 
to decide a pos ter ior i  which  of two decis ions appl ied to the  same s i tua t ion  is 
p re fe rab le  in te rms  of the i r  consequences .  This  cor responds  to wha t  Von 
N e u m a n n  and M o r g e n s t e r n  (1953) descr ibed as ~*the p ic ture  of an individual  
whose sys tem of prefe rences  is a l l -embrac ing  and complete ,  i.e. who, for any  
two objects  ... possesses  a c lear  in tu i t ion  of p re fe rence" .  This  hypothes i s  im- 
media te ly  implies  the exis tence  (Montgolf ier  and Ber t ier ,  1978) of an ordinal  
u t i l i ty  func t ion  f , ,  a s soc ia t ing  a posi t ive  real  n u m b e r  u (called a ut i l i ty  index) 
with any  object ,  i.e. in the  presen t  case wi th  any  set  of consequences  (k~ ..... k~): 

f,, : (hi ..... k~ ) - - ,  u E ~ .  

and such that ,  for any  two sets of consequences  (ki)i 1.q and (k;)i: ~.q: 

(k~ .. . . .  kq) is p refer red  to (k~ .... .  k~) ¢* f.(k~ .. . . .  kq) > f~(k~ .. . . .  k;)  

and 

(kl . . . . .  kq) is equ iva len t  to (k~ . . . . .  k ' q )  ¢*" f u ( k ]  . . . . .  k q )  - f u ( k ' l  . . . . .  k'q)  

I t  should  be noted  that :  
(1) f, is defined up to a mono ton ic  t r ans fo rma t ion :  consequent ly ,  the re  are  an 

inf ini ty of ord ina l  u t i l i ty  func t ions  co r respond ing  to the  same sys tem of 
preferences;  

(2) the defini t ion of a func t ion  f~, does not  give any  mean ing  to differences  in 
u t i l i ty  numbers :  in o ther  terms,  hypothes i s  2 a lone  is not  sufficient to g u a r a n t e e  
the exis tence  of a measurab le ,  or card ina l  u t i l i ty  funct ion.  The  problem of the 
m e a s u r e m e n t  of  ut i l i ty ,  which has  been a ma jo r  r e sea rch  a rea  in economics  
(e.g. El lsburg,  1954), will not  be addressed  here;  it is assumed only t ha t  some 
ordinal  u t i l i ty  func t ion  f,, can  be approx imated ,  provid ing  a sufficient un- 
de r s t and ing  of the user ' s  p reference  s t ruc ture .  

J 
',( I I1 ) \  

I~1 \1 \ \ [  ~'1 
i t)  

] \E I [ E N( I \ ( ;  

( ) N S  ()1 N ! f S  
, k l  k q ,  

L IlL I1~ 

Fig. 1. Nota t ions  introduced in this section. 
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The def ini t ions  of  func t ions  re, fc and f,~ are  summar ized  in Fig. 1. F rom these  
funct ions ,  it is possible  to build a func t ion  g p ro jec t ing  a fo recas t  p, a measu red  
va lue  r, the n decis ion c r i t e r i a  (xi)i 1.n and the m inf luencing fac tors  (yi), 1.,,, 
onto  a real  va lue  u: 

g: (P,Xl . . . . .  x , , r , y l  . . . . .  y,,) --* f,,[f, ( f , ( p , x ,  . . . . .  x ,) ,r ,y~ . . . . .  y,,)] - u 

I f  (x~)~ 1.,, and (yi); 1.m are  supposed to r ema in  cons tan t ,  it is the re fo re  
possible  to use g to r a n k  any  pa i r  of forecas ts  ( p , p ' )  cor respond ing  to the same 
real  va lue  r: 

p > p '  ~ g ( p , x l  . . . . .  x , ,  r ,yl  . . . .  ,y , , )  > g ( p ' , x l  . . . . .  xn, r,yl  . . . . .  Ym) 

Thus.  the suppos i t ion  t ha t  the  func t ions  f , ,  f ,  and f,, exist, leads to a 
' sub jec t ive '  qua l i ty  c r i te r ion  based on the  user ' s  concerns ,  which  can  be 
compared  wi th  any  'ob jec t ive '  cr i ter ion.  A method  which  al lows compar i son  of 
different  c r i t e r i a  is the r andom  gene ra t ion  of a large n u m b e r  of' fo recas ts  for a 
n u m b e r  of known  va lues  of (x~), 1.,, and (Y~)i L,,. For  each  s i tua t ion ,  the  
co r re l a t ion  be tween  any  cr i te r ion  and the  func t ion  g can be eva lua ted ;  this  
leads to the choice  of  the  mos t  app l ica t ion-or ien ted  cr i ter ion.  

A p p l i c a t i o n  to the  r ea l - t ime  c o n t r o l  o f  a n  u r b a n  d r a i n a g e  s y s t e m  

The above-defined genera l  app roach  can  be appl ied to the p rob lem of ra infa l l  
fo recas t ing  for the rea l - t ime control  (RTC) of an u r b a n  d r a inage  system. The  
problem is to fo recas t  a set  of h y e t o g r a p h s  (I~ . . . . .  I~,), Lk, where  Ii~ is the  
in tens i ty  a t  t ime j on c a t c h m e n t  i, p is the n u m b e r  of  t ime steps and k is the 
n u m b e r  of ca tchments .  The different  ac t ions  to t ake  are  se t t ings  of contro l  
devices  (valves,  pumps,  etc.) a t  ce r t a in  t ime steps. The decis ion depends on 
some cr i te r ia  in addi t ion  to the fo recas t  itself, namely:  

the  prev ious  ra infal l ,  
the  measured  flow at  dif ferent  points  of the  sewer  system, 
the  measu red  w a t e r  level in the  r e t en t ion  basins,  
the k n o w n  ava i l ab i l i ty  of the contro l  devices.  
The  resu l t  of  a cont ro l  s t r a t egy  can be measured ,  for ins tance ,  in overf low 

volume or qua l i ty  change  in the  rece iv ing  waters .  These  consequences  also 
depend on such inf luencing fac tors  as the ac tua l  ava i l ab i l i ty  and  re l iabi l i ty  of 
the cont ro l  and m e a s u r i n g  devices  dur ing  the  event .  

These  cons ide ra t ions  have  been appl ied to the  RTC of the Mor6e sewer  
system, s i tua ted  in the  no r t he rn  pa r t  of  Seine-Saint-Denis ,  a s u r b u r b a n  a rea  of 
Paris .  Two re ten t ion  bas ins  are  control led:  Blanc-Mesni l  and  Pont-Yblon,  wi th  
capac i t i e s  of  95 000 and 65 000 m :3, respect ively .  The Pont -Yblon  bas in  comprises  
two par ts ,  one of which  is cons idered  as a r ec rea t iona l  a rea  to be used in 
ex t reme  cases. Three  overf low points  are  s i tua ted  jus t  d o w n s t r e a m  of the  inlet  
points  of  the  Garonor ,  Bourge t  and Croul t  c a t c h m e n t s  (Fig. 21. 

A compu te r  p rog ram  for the op t imiza t ion  of the  cont ro l  ac t ions  has  been 
ope ra t iona l  s ince 1987 (Fr6rot  et al., 1986; Fr6rot ,  1987). This  p rogram,  based on 
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Crouh Bourget Garonor Mor6e 

. . l  . . l  . _ _ l  , ; 
Pont-Yblon Blanc-Mesnil 

LEGEND: 

0 retention basin 

• overflow point 

l catchment 

Fig. 2. Schemntic description of the part of the drainage system controlled in real time in the 
Seine-Saint-Denis project. 

forecas t  inflows ca lcula ted  by r a in fa l l - runof f  models (using the measured  and 
forecas t  hye tographs  on each catchment) ,  genera tes  cont ro l  s t ra tegies  for the 
next  6 h with a t ime step of 15 min. 

The cost funct ion  to be minimized expresses the following three  h ie ra rch ica l  
cont ro l  goals: 

(1) overflow reduct ion ,  
(2) p rese rva t ion  of wate r  qual i ty  in the r ec rea t iona l  par t  of the Pont-Yblon 

basin, 
(3) l imi ta t ion  of control  device operat ions.  
The cost C of a cont ro l  s t ra tegy  was defined as 

T i 3 P 
C = ~ ~, | d e b~  (t)dt 

i : 1  d 
0 

k N 

+ ~4 ~ [sup(Vpv.k 15000, 0)] 2 
k 1 

k N k N 

+ fi~ ~ (QBMFQ'~Mfi + f12~ (QPY.k q'rY) 2 
k 1 k 1 

where  debi(t) is the overflow at  t ime t (t e [0, T]) and at  overflow point  i (i = 1,3); 
Vpy.k is the wate r  volume in the Pont-Yblon basin, at  t ime step k; QBM.k and QPv.k 
are the outflows at  t ime step k from the Blanc-Mesni l  and Pont-Yblon basins, 
respect ively;  Q'BM and Q'Pv are the defaul t  maximum values  for the outflows 
from these two basins; N is the to ta l  number  of t ime steps considered by the 
decision procedure;  and (~i)i 1.4 and (fli), =t,2 are weights  ref lect ing the re la t ive  
impor tance  of the different  goals. 

The decision procedure  chooses the s t ra tegy  for which C, ca lcula ted  with the 
forecast  inflow, is minimum. Once the real  inflow is known,  the va lue  of C, 



DETERMINATION OF THE RELIABILITY OF RADAR RAINFALL FORECASTS 359 

____ J 

[ 

11, dr'.l~J~ica] 
rmJ(hl le 

t,,:, L:,~I \ 
i n  i~ , , ,  

~111 illl iZ~l [ il~rl ] 
r l l l ~ d l l h '  

h.,(Ir.hJ~h al l 
itlo(luh. 

J I 

Mill, 

~h11[llaliq~n 1 
t1141dllh, j 

Fig. 3. S e q u e n c e  of  computer programs used to compute the cost of  a forecast, in terms of the 
user-defined objective function. 

calculated with the observed inflow, can serve to evaluate the applied control 
strategy. 

As it is based on the sewer managers' concerns, the cost function (with 
changed sign) can be considered as an approximation of the user's utility 
function. It can therefore be used to compare rainfall forecasts, applied to that 
particular RTC scheme. 

Figure 3 shows the links between the different programs that were used, in 
this particular case, to compute the function g introduced in the previous 
section. The hydrological module calculates a forecast inflow for the decision 
time to, taking into account historical rainfall (before to) and forecast rainfall. 
On this basis, the optimization module determines an optimal control strategy 
for the following 6 h. A flow simulation module then calculates the cost of this 
strategy applied to the 'real' inflow, i.e. the simulated inflow corresponding to 
the measured hyetographs. The final result of these calculations is the cost of 
the chosen strategy, which, by definition, is high for bad forecasts, and low for 
good forecasts, in terms of the users' concerns. 

Consequently, the AH/H criterion (averaged over the four catchments) can 
be compared with the value of cost C. For this purpose, two historical events 
have been selected, which have caused flooding in the observed area. For each 
event, two forecast situations have been chosen: one at the beginning and the 
other in the middle of the event. Two hundred forecasts have been randomly 
and independently generated for each forecast situation. The results of 
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Fig. 4. Plot of AH/H vs. C for 200 r andomly  gene ra ted  ra infa l l  forecasts .  

280  

c 

o 

8 

7 

6 

5 

4 

3 

2 

I 3 (53) 

0 

+ o (4) 

[ ]  (51) + 
+ 

0(91) 

+ 
+ 

I i i i i i i 

1 2 3 

NMP 
[ ]  AVERAGE + + / -  5TANDARD.DEV. 

Fig. 5. Ave rage  of cost  C for each  N M P  value,  + 1SD (the n u m b e r s  of  cases  are  indica ted  in 
paren theses ) .  
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comparing AH/H and C for one set of 200 forecasts (Fig. 4) show no obvious 
relationship between the two criteria. Similar results have been observed for 
the other  three sets of 200 forecasts. 

A more thorough analysis of these results showed that  only overestimations 
of > 150% for the two upstream catchments (MorSe and Garonor), and underes- 
timations of > 50%, for the two downstream catchments (Bourget and Croult) 
result in 'bad' control strategies, i.e. produce costs which are > 20% higher 
than that  produced by a perfect forecast. Thus, two of the three hypotheses for 
the use of the AH/H criterion mentioned above are not verified in this case, 
namely the equivalence of over- and underestimations, and the representativ- 
ity of the mean error for several catchments. 

This finding has led to the definition of the application-specific cri terion 
NMP ('Nombre de Mauvaises Pr~visions' - -  number of bad forecasts), as the 
number of cases including either an overestimation of > 150% upstream, or an 
underestimation of > 50% downstream. As four catchments are considered in 
our example, the values of NMP range from zero to four for excellent and very 
bad forecasts, respectively. 

Figure 5 shows, for the same situation as in Fig. 4, the mean cost, ± 1 SD, 
corresponding to each NMP value. For that  situation as well as for the three 
others, the NMP appears to be far better correlated than AH/H with the costs 
of control strategies. Hence, it can reasonably be considered as a better 
criterion for this application of the forecasts. 

DEFINITION OF METEOROLOGICAL PARAMETERS 

From convective cells to large frontal rainbands, precipitation systems show 
a great variety of sizes, durations, and behaviours in development and motion 
(e.g. Harrold and Austin, 1974; Browning, 1985). These factors can be expected 
to determine the predictability of the rainfall systems, i.e. the possibility of 
forecasting the amount of precipitation for a specific area and a specific time 
interval. Many arguments support this assertion: 

(1) Point forecasts are more sensitive to errors arising from the determina- 
tion of advection, as rainfall areas are smaller (Newton and Frankhauser ,  
1964). 

(2) If T is the maximum life-time of the precipitation systems perceived by 
radar at time to, no forecast can be made beyond t o + T. Moreover, the deforma- 
tion of a rainfall area in time, which can be expected to be related to its 
duration, has been recognized as a major source of forecast error (Bellon and 
Austin, 1984; Denoeux et al., 1989). 

(3) All radar rainfall forecasting techniques are based on the estimation of 
the motion of rainfall areas. This motion may be too slow to be measured 
accurately; it may also differ greatly from the tradit ional l inearity assumption, 
or contain a more complex propagation term which may not easily be modelled 
(Boucher and Wexler, 1961). 

(4) The dynamics of the formation of precipitation systems determine not 
only all their  characteristics,  but also the speed at which they grow and decay. 
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F o r  e x a m p l e ,  t h e  p r e s e n c e  o f  w i n d  s h e a r  h a s  b e e n  s h o w n  to  p l a y  a n  i m p o r t a n t  
r o l e  in  t h e  e v o l u t i o n  of  a c o n v e c t i v e  ce l l  i n t o  t h e  fo rm of  a n  o r d i n a r y  cel l ,  o r  
a s u p e r c e l l  ( C h a l o n ,  1978). 

T h e s e  r e m a r k s  g u i d e d  us  in  t h e  s e a r c h ,  a m o n g  t h e  m a n y  p o s s i b l e  c a n d i d a t e s ,  
for  p o t e n t i a l  p r e d i c t o r s  of  t h e  q u a l i t y  of  r a d a r  r a i n f a l l  f o r e c a s t s .  T h i r t y - t h r e e  
p a r a m e t e r s  w e r e  de f ined  to  be c a l c u l a t e d  f rom e i t h e r  r a d a r  d a t a  o r  r a w i n s o n d e  
d a t a .  

Definition of parameters from radar data 

P r e c i p i t a t i o n  s y s t e m s  a p p e a r  on  a P P I  r a d a r  i m a g e  as  g r o u p s  of  p r e c i p i t a t i o n  
a r e a s .  T h e s e  a r e a s  c a n  be  d e s c r i b e d  m a t h e m a t i c a l l y  as  ' e c h o e s ' ,  i.e. se t s  o f  
c o n n e c t e d  p i x e l s  w i t h  a r e f l e c t i v i t y  a b o v e  some  t h r e s h o l d  t ( E i n f a l t  e t  al . ,  1989). 
Two  c a t e g o r i e s  of  e c h o e s  h a v e  b e e n  def ined :  

(1) l o w e r  e choes ,  c o m p o s e d  of  p i x e l s  w i t h  a r e f l e c t i v i t y  > 13dBZ;  dBZ is t h e  
u n i t  o f  t h e  r a d a r  r e f l e c t i v i t y  Z, de f ined  as  t h e  s u m m a t i o n  p e r  u n i t  v o l u m e  of  t h e  
s i x t h  p o w e r  of  t h e  d i a m e t e r  o f  s p h e r i c a l  w a t e r  d r o p s  

( Z m m  6 m 3) 
dBZ = 10 log,0 \~-~Tm~ ~ :r 

(2) u p p e r  echoes ,  for  w h i c h  t h e  t h r e s h o l d  t h a s  b e e n  se t  so t h a t  t h e r e  r e m a i n  
a t  l e a s t  1500 p i x e l s  o f  r e f l e c t i v i t y  ~> t. 

T h e s e  d e f i n i t i o n s  h a d  b e e n  i n t r o d u c e d  p r e v i o u s l y  in  t h e  S C O U T  f o r e c a s t i n g  
m e t h o d  ( E i n f a l t ,  1988; E i n f a l t  e t  al . ,  1989). 

TABLE ] 

Parameters defined from radar data 

Names Units Definitions 

N (or N') 
S (or S') km 2 
I (or I') mm h 
a (or a') mm h 

ST km 2 
E 

AN (or AN') 
AST (or AST') km z 
AI (or AI') mm h 1 
ANR (or AN~') % 
AST~ (resp. 

AST,') % 
AI~ (resp. AI~/) % 
(7 

VA kmh i 

Number of lower (or upper) echoes 
Average area of lower (or upper) echoes 
Average intensity of lower (or upper) echoes 
Standard deviation of intensities, for lower (or 
upper) echoes 
Total area covered by lower (or upper) echoes 
Surface-weighted mean of elongations (quo- 
tients of the principal moments of inertia), for 
lower (or upper) echoes 
Absolute variation of N (or N/) 
Absolute variation of ST (or ST') 
Absolute variation of I (or I') 
Relative variation of N (or N/) 

Relative variation of ST (or ST') 
Relative variation of I (or I') 
Maximum cross-correlation coefficient between 
the two images used in the forecasting process 
Advection speed of lower echoes, estimated by 
the cross-correlation method 
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The echo concept  served as a basis for the definition of 26 parameters  (see 
Table 1), which can be classified in two categories.  

(1) geometr ical  parameters  (N, S , / ,  ~, ST, E, and their  equivalents  for upper 
echoes), which describe echo s t ructure ,  both in space and reflectivity; 

(2) evolut ion parameters  (AN, A ST, A I, A NR, A STR, AIR and their  
equivalents  for upper echoes, plus C and VA), which are related to the 
t rans format ion  of the rainfall  field. 

Definition of parameters from rawinsonde data 

The influence of temperature ,  humidi ty  and wind profiles in the t roposphere  
on the format ion  of precipi ta t ion systems has been studied by meteorologis ts  
for a long time (see e.g. Triplet  and Roche, 1977; Wallace and Hobbs, 1977). 
These profiles can be obtained from the upper-air  measurements  regular ly  
performed by meteorological  services. In te rpre ta t ion  of the full profiles is often 
necessary  to make accura te  wea ther  forecasts,  but  o ther  parameters  can also 
be ca lcula ted  and provide some valuable  information.  Table 2 shows the 
definition of seven of these parameters ,  which have been chosen as features to 
predict  forecast  reliability. Wind speed (V) in the 3500-5000-m layer  is well 
correla ted with the advect ion speed of convect ive  cells (Battan,  1973). The 
Showal te r  index (S/) is used by meteorologis ts  to evaluate  the probabi l i ty  of 
storm occur rence  (Jarmuzynski ,  1978), and the Convect ive  Avai lable  Potent ia l  
Energy  (CAPE), the Convect ive Inhibi t ion  (CIN) and the Energy  Index (E/) 
can be used to measure  the degree of instabili ty,  as well as to discr iminate  
between different types of convect ive  systems (Bluestein and Jain,  1985). 
Lastly, the vert ical  wind shear  (WS) and the bulk Richardson  number  (Ri) have 

TABLE 2 

Parameters defined from rawinsonde data 

Names Units Definitions 

V kmh 1 
WS kmh 1 
SI K 

CIN J kg 1 

CAPE J kg 

E1 Jkg 1 

Ri 

Pressure-weighted mean of wind in the 350(~5000-m layer 
Pressure-weighted vertical wind shear 
Difference between the temperature at 500hPa and the 
temperature of an air parcel originally at 850hPa and 
lifted at 500 hPa 
Net work per unit mass required to lift a negatively buo- 
yant air parcel from the surface to the level of free con- 
vection 
Energy per unit mass gained by an air parcel which 
rises from the level of free convection to the equilibrium 
level 
Change in kinetic energy per unit mass of an air parcel 
moving from the level of greatest wet bulb potential tem- 
perature in the lowest 150hPa of the sounding, to the 
400-hPa level 
Ratio of the total energy available because of buoyancy 
to the total energy available from vertical wind shear 
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been re la ted  to the number  and size of convec t ive  cells (Chalon,  1978; Blues te in  
and Jain,  1985). 

All of these predic tors  can  easily be ca lcu la ted  from sounding  data,  for 
example using the a lgor i thms described by Stackpole  (1967). 

GENERATION OF DECISION RULES 

Having defined a cr i te r ion  of forecast  qual i ty  and a list of predictors ,  the 
next  step was to assemble a da ta  set large enough for the use of s ta t is t ical  
(d iscr iminant  analysis)  or heur is t ic  (machine learning)  methods,  to genera te  
decision rules re la t ing  the values  of the predic tors  to forecas t  rel iabil i ty.  

Such a da ta  set has  been cons t i tu ted  from archive  da ta  of the C-band radar  
in Trappes  (near  Paris), opera ted  by the F rench  Nat iona l  W ea th e r  Service.  
Among the 46 avai lable  rainfal l  events,  619 30-min periods were selected, for 
which there  were at least  10 1.6 × 1.6 km 2 areas,  < 100 km away from the radar ,  
where  the rainfal l  depth, measured  by radar ,  was > lmm.  

At the beginning of each of these 30-min periods, a forecast  30 min ahead has 
been simulated,  using two different  forecas t ing  methods:  

(1) a cross-corre la t ion method (CROS), very  s imilar  to tha t  described by 
Aust in  and Bellon (1974), and 

(2) an echo- t racking  method (SCOUT), described by Einfa l t  (1988) and 
Einfal t  et al. (1989). 

Because  it  is only applicable to cases of heavy  rainfal l  over  the Seine-Saint- 
Denis ca tchments ,  the above-defined NMP cr i te r ion  could not  be applied to 
eva lua te  all of  these forecasts.  It  was therefore  general ized so as to take  into 
accoun t  the forecast  ra infal l  depths over  10 areas,  chosen at  r andom among the 
1.6 × 1 .6km 2 areas  where  the measured  rainfal l  depth was > l mm. The 
general ized NMP  cr i te r ion  (denoted NMP in this section) was defined as the 
number  of cases, out  of 10, including e i ther  an overes t imat ion  of > 150%, or an 
underes t ima t ion  of > 50%. This new index (the possible values  of which range  
from zero for very  good forecasts  to 10 for very  poor  forecasts)  keeps the main 
proper t ies  tha t  were found in the first par t  of the study, to be desirable,  i.e. 

(1) it concen t ra t e s  on the eva lua t ion  of forecasts  over  areas  where  rainfal l  
was hydro logica l ly  significant; 

(2) it does not  take  into accoun t  errors  below cer ta in  thresholds,  and 
(3) it d is t inguishes  between over- and underes t imat ions ,  by applying 

different  thresholds.  
Because  point  ra in-gauge measurements  canno t  be easily compared  with the 

areal  measurements  provided by radar  (e.g. Collier, 1986), and consider ing  the 
sparseness  of ra in-gauge data,  r ada r  measurements  were used as a re fe rence  to 
assess the qual i ty  of the forecasts.  The bias in t roduced  by this choice can 
reasonab ly  be expected to affect only the absolute  per formance  values,  and not  
the re la t ive  values  which are  needed in this study. 

For  each 30-min period, the above-defined paramete rs  have  been ca lcu la ted  
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from radar data, and from rawinsonde measurements performed in Trappes two 
to four times a day by the French National Weather Service. 

The final data set thus consisted of 619 'examples', each composed of the 
values of the 33 predictors, and of the NMP values of the forecasts performed 
by CROS (NMPCR) and SCOUT (NMPSC). This data set has been randomly 
divided into a learning set, and a test set of equivalent size. 

To make the learning process easier, only three levels of forecast quality 
have been considered, corresponding to 

(1) NMP = 0 
(2) 0 < NMP _< 2 
(3) NMP _> 3 
Two learning methods have been used: 
(1) a statistical method: Bayes discriminant analysis, with hypotheses of 

normality and of equality of the covariance matrices in the different classes 
(Anderson, 1958); 

(2) an heuristic method: the generation of production rules from decision 
trees (Quinlan, 1986, 1987), 

Let us suppose that  an observation is described by a vector of attributes 
X - (X1 ..... Xn), and that  it has to be classified in one of two classes C~ and C.~. 
The first method is based on the Bayes rule: 

d(X) = C~ ~ P ( I l X )  _> P(2IX)  

where d(X) is the predicted class, and P(i I X)  is the conditional probability that  
an observation belongs to class Ci, if its representation is X. 

If classes C1 and C2 are assumed to contain multivariate norma] populations 
with equal covariance matrices, the Bayes rule becomes 

d ( X )  = CI ~ - ( X -  # I ) ' ~  ' ( X - p l ) + ( X - # 2 ) ' ~  I ( X - ~ 2 ) - 2 1 n ( ~ - ~ )  

where y. is the matrix of variances and covariances of each population, Pi is the 
vector of means of the ith population (i = 1,2), and Pi is the prior probability of 
class Ci(i = 1,2). 

The second learning procedure that  was used in this study is a classical 
technique in Artificial Intelligence. Compared with the former method, it has 
the advantages of requiring no particular hypotheses, and of producing more 
intuitive results. The basic algorithm starts by partitioning the learning set 
with respect to the most discriminatory variable (or test). Following Quinlan 
(1986), a measure of entropy was used to assess the discriminatory power of 
each variable. Each subset can then be partitioned in a similar way, unless it 
is too small or contains only examples of one class. The process repeats itera- 
tively until no subset can be divided. The result is a recursive structure called 
a decision tree, where each leaf denotes a class, and each interior node denotes 
a test. Such a tree can be transformed into a set of production rules (Quinlan, 
1987). 



T A B L E  3 

D e c i s i o n  r u l e s  f o r  t h e  r e c o g n i t i o n  o f  g o o d  f o r e c a s t s  ( N M P  = 0) a n d  b a d  f o r e c a s t s  ( N M P  > 2), g e n e r a t e d  b y  d i s c r i m i n a n t  a n a l y s i s  (DA) ,  a n d  b y  
i n d u c t i o n  o f  d e c i s i o n  t r e e s  ( IDT) 

R u l e  e e'  r M e t h o d  
(%) (%) (%) 

RI :  N M P C R  0 ¢ > 0 . 9 5 8 1 n ( S )  + 1.611 10 2 V A  - 6.779 _> 0 
R2: N M P C R  - 0 ~ ( I  _< 0.725) a n d  ( C  > 0.769)  
R3: N M P C R  > 2 ~ 4 . 6 0 8 C  + 0 . 7 9 4 I n ( S T )  + 2 .238 10 e V A  11.656 < 0 
R4: N M P C R  > 2 ~ (C  _< 0.599) o r  ( E l  <_ 516.995)  o r  ( S  _< 162.795)  
R5: N M P C R  > 2 ~ C >_ 0 .599 
R6: N M P S C  - 0 ~ 0 .728 l n ( S T )  7 .278 >_ 0 
R7: N M P S C  - 0 ~ ( C  > 0.771)  a n d  ( S I  > 2.67) 
R8: N M P S C  > 2 ~ 2.750 C + 0 .690 l n ( S T )  0 .625 l n ( S ' )  - 5.1 < 0 
R9: N M P S C  > 2 ¢~ ( S T  <_ 35445) a n d  [(VA <_ 40.729)  o r  ( V A  > 57.422)]  
R10:  N M P S C  > 2 ~ ( S T  <_ 35445) a n d  [(SI > 7.585) o r  (Ri  > 128.445)]  

32.3 44.5 27.4 D A  
32.3 44.5  27.4 I D T  
25.8 42.6  39.4 D A  
18.4 42.6  56.8 I D T  
23.9 42.6  43.9  I D T  
4O.7 4O.7 0 D A  
24.8  40.7 39.1 I D T  
37.7 48.4  22.1 A D  
31.6  48.4  34.7 I D T  
33.9  48.4 30.0 I D T  

e: e r r o r  r a t e ;  e': e r r o r  r a t e  o f  r a n d o m  c l a s s i f i c a t i o n ;  r: e r r o r  r a t e  r e d u c t i o n .  

x 

> 
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The rules ob ta ined  for the recogni t ion  of 'good' forecasts  (NMP = 0) and 
'bad' forecasts  (NMP _> 3) are presented in Table  3, toge the r  with the corres- 
ponding e r ro r  ra te  (e) and, for comparison,  the e r ror  ra te  (e') of  a random 
es t imat ion  of rel iabil i ty,  based only on the f requencies  of the different  classes 
in the learn ing  set. From these results,  it is apparen t  that:  

(1) except  in one case, the er ror  ra te  reduc t ion  owing to the appl ica t ion of 
the decision rules, compared with chance,  is s ignif icant  (22.1-56.8%); 

(2) the best rule  for the recogni t ion  of good forecasts  by SCOUT (R7) is more 
efficient than  the best rule  for the recogni t ion  of bad forecasts  by this same 
method (R9), whereas  the inverse t endency  is observed in the case of CROS (R4 
is be t te r  t han  R1 and R2); 

(3) only  three  rules, out  of 10, make  use of paramete rs  ca lcu la ted  from 
upper-air  measurements ;  a closer analysis  of the resul ts  tends to show tha t  
these paramete rs  do provide some va luable  predict ive  informat ion,  but  t ha t  
this in format ion  is, to some extent ,  dupl icated by the in format ion  provided by 
the radar  da ta  alone; 

(4) the heur is t ic  method  gave cons is tent ly  be t te r  resul ts  than  the s ta t is t ical  
one, probably because  the very  res t r ic t ive  hypotheses  imposed by this last  
method were only approximate ly  verified in this case. 

Addit ional ly,  the combinat ion  of two rules R and R', for the recogni t ion  of 
'good' and ~bad' forecasts,  respect ively,  allows for a more precise de te rmina t ion  
of forecast  re l iabi l i ty  using the t r ivial  rules con ta ined  in Table  4. Tables 5 and 
6 show the resul ts  of such a classif icat ion in three  classes, obta ined  by the 
combina t ion  of R2/R4 and R7/R10, respect ively.  What  should be not iced is the 
very  small pe rcen tage  of cases (4.5 and 3.2%) where  a 'bad'  forecast  has been 
classified as 'good',  or a 'good' forecast  has been classified as 'bad'. 

The  best rules obta ined  in this s tudy will soon be in tegra ted  in the real-t ime 
control  system in the Seine-Saint-Denis project ,  where  the SCOUT forecas t ing  
method has been opera t iona l  since May 1988. They  will be refined progressive- 
ly, as new radar  da ta  and forecast  resul ts  become avai lable  and are analysed 
by the learn ing  algori thm. 

TABLE 4 

Combination of two decision rules R and R" for a more precise determination of fi)recast reliability 

NMP = 0 NMP > 0 

R" 

NMP < 2 NMP 0 0 < NMP < 2 
NMP > 2 ? NMP > 2 
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T A B L E  5 

Performance  table of rules  R2 and R4 combined to determine the rel iabi l i ty  of  CROS forecasts  

Forecast  

N M P  = 0 0 < N M P  _< 2 N M P  > 3 ? 

Observed 
N M P  - 0 47 51 7 0 
0 < N M P _ <  2 35 58 17 0 
N M P  > 3 7 26 62 0 

T A B L E  6 

Performance  table of rules  R7 and RI0 combined to determine the rel iabi l i ty  of  SCO UT forecasts  

Forecast  

N M P  : 0 0 < N M P  _< 2 N M P  > 3 ? 

Observed 
N M P  = 0 40 42 0 0 
0 < N M P  _< 2 19 76 1 2 
N M P  > 3 10 92 26 2 

C O N C L U S I O N S  

The study presented in this paper has led, on the one hand, to very specific 
decision rules, and, on the other hand, to a general methodology. 

The decision rules obtained are very specific because they are linked to: 
(1) a given region ( ~  150km around Paris), with particular climatic and 

microclimatic conditions (influence of urbanized areas, of the Seine river, etc.), 
and 

(2) a given operational context: the real-time control of a large urban 
drainage system, with well-defined objectives. 

Another main interest of the study is nevertheless the generality of the 
methodology which has been designed; it can be transferred to other hydrologi- 
cal applications of radar rainfall forecasts, provided two conditions are met: 

(1) the decision process must have been formalized and the user's utility 
function approximated, so that a criterion of forecast quality can be defined 
rigorously; 

(2) radar data corresponding to a representative set of rainfall events must 
be available, to allow for the identification of statistically significant relations 
between the quality of the forecasts and characteristics of rainfall. 
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Th i s  a p p r o a c h  c a n  be e x t e n d e d  in  m a n y  d i r ec t i ons .  F o r  example ,  cases  w he r e  
no  u t i l i t y  f u n c t i o n  c a n  be def ined  (because  the  u s e r  is n o t  ab le  to choose  
b e t w e e n  a n y  two se ts  of c o n s e q u e n c e s )  cou ld  be s tud ied .  N e w  m e t e o r o l o g i c a l  
p a r a m e t e r s  cou ld  a lso  be def ined,  e.g. f rom r e s u l t s  of  s i m u l a t i o n s  pe r fo rmed  by 
mesosca l e  a t m o s p h e r i c  models .  

The  t r a n s f e r  of th i s  a p p r o a c h  to a c o m p l e t e l y  d i f f e ren t  con t ex t ,  even  ou t s i de  
h y d r o l o g y ,  is a lso  a n  i n t e r e s t i n g  poss ib i l i ty .  
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