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STATISTICAL ANALYSIS OF POINT AND AEREAL HOURLY RAINFALLS 

(APPLICATION M DESIGN FLOOD BY THE GRADEX METHOD) 

Th. LEBEL, I n s t i t u t  de Hécanique 2 GRENOBLE 

P. GUILLOT, E . D . F  - Service  "RESSOURCES EN EAU", GRENOBLE 

I. INTRODUCTION 

I n  development p r o j e c t s  on s m a l l  r u r a l  r i v e r  
b a s i n s  and i n  t h e  growing f i e l d  of urban hydro- 
logy,  r a i n f a l l  over  per iods  of less  than one day 
becomes of  g r e a t  i n t e r e s t .  Hourly r a i n f a l l  has a 
d i f f e r e n t  s p a t i a l  d i s t r i b u t i o n  than d a i l y  r a i n -  
f a l l  and a l s o  a d i f f e r e n t  temporal d i s t r i b u t i o n ,  
e s p e c i a l l y  i n  r e l a t i o n  to  non-negl igible  auto-  
c o r r e l a t i o n  and t h e  l a r g e  number of zero  va lues .  
The use  o f  hour ly  r a i n f a l l  in format ion  is handi- 
capped by t h e  s c a r c i t y  of long terme recording 
ra ingages  graphs as compared t o  d a i l y  r a i n  gage 
records .  Moreover the  extreme f l o o d  es t imat ion  
approach d e a l t  wi th  i n  t h i s  paper ,  c a l l e d  t h e  
Gradex method, r e q u i r e s  a n  a c c u r a t e  knowledge of 
t h e  temporal d i s t r i b u t i o n  of t h e  average amount 
o f  p r e c i p i t a t i o n  f o r  per iods  close t o  the water- - 
shed t i m e  of concent ra t ion .  

For a reg ion  i n  France s u b j e c t  to  p a r t i -  
c u l a r y  v i o l e n t  and sudden f looding, '  t h i s  paper 
p r e s e n t s  a n  a t t e m p t  t o  make b e s t  use of  ava i lab le  
informat ion  t o  e s t i m a t e  r a i n f a l l  amounts of g i -  
ven  r e t u r n  per iods  f o r  d i f f e r e n t  dura t ions  be t -  
ween one and twenty-four hours. 

I 

w 
F i g u r e  1 . 1  L o c a c i o n  o f  t h e  s t u d y  a r e a .  
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2 .  DISTRIBUTION OF EXTREME RAINFALL VALUES AT A 
SIKGLE STATION 

2 .  i - GumbeI d i s t r i b u t i o n  
O 

It  i s  g e n e r a l l y  accepted t h a t  ehe asymp- 
t o t i c  behavior  of p r o b a b i l i s t i c  r a i n f a l l  models 
must involve a n  exponent ia l  decay (SIlITH-SCHREIBER 
1973 ; SUMXER 1978 ; WOOI.IIISER 1979, 1932 ; 
REVFEIM 1982).  The assumption c a n  be j u s t i f i e d  
by thc fo l lowing  reasoning : assuming t h a t  t h e  
t o t a l  amount of  r a i n f a l l  x f a i l l i n g  over  a u n i t  
t i m e  per iod ( i n  the o r d e r  o f  a n  hour  or a day) 
comes from an inexhaus t ib le  source  ( t h e  atmos- 
phere) a t  a random rate ,  t h e n  t h e  p r o b a b i l i t y  of 
t h i s  source d e l i v e r i n g  an a d d i t i o n a l  q u a n t i t y  h 
i s  independpnt of t h e  t o t a l  amount emi t ted .  Un- 
d e r  these  c o n d i t i o n s  : 

G ( x  + h) = G ( x )  x g(h)  f o r  a l l  x and (x + h) > O 

where G ( x )  is t h e  p r o b a b i l i t y  of t h e  r a i n f a l l  ex- 
ceeding x and g ( h )  is the p r o b a b i l i t y  of an addi- 
t i o n a l  amount exceeding h. 

t h i s  f u n c t i o n a l  equat ion  are : 
The o n l y  f u n c t i o n s  G and g t h a t  s a t i s f y  

2 .2  
G(X)  = K ,-'/a 
g ( h )  = e -h/ a 

I f  t h e  p r o b a b i l i s t i c  r a i n f a l l  model is  a s i n g l e  
exponent ia l ,  i t  i s  e a s y  t o  show t h a t  t h e  maximum 
of N occurrences fo l lows  a Gumbel d i s t r i b u t i o n .  
Assuming t h i s  i s  the case  f o r  r a i n f a l l s  exceeding 
a l e v e l  So : 

2 . 3  

= N 2.4 
where : n i s  t h e  number of t i m e s  t h a t  X i  has a 

N(Xi > x) r e-(' - x o ) / a  

n(so)  e-(so- xo) /a  

va lue  equal  t o  o r  g r e a t e r  than x ; 

N is t h e  number of o b s e r v a t i o n s  with 
X; >. S o  f o r  a given p e r i o d .  

A r e l a t i v e  frequency can be d e f i n e d  : - 
n'(XI = - h ~  n(s)  - e -(x - so)/a = P ( X i  3. X) 2.5 

e - ( ~  - xo) /a  

which g i v e s  : 

e - ( ~  - S o l / a  2 . 6  

2 . 7  Xo - S o  + a Log B 



i 

F(o) 

.925 

.670 

I f  we look  a t  a random v a r i a b l e  X, equa l  t o  t h e  
maxi” o b t a i n e d  f o r  N occurences of  X i ,  then : 

a c -  

6.5 2.4 

31.5 11.0 

p(X < X) = EXP (-EXP -(X .. XO)) 

which i s  t h e  Gumbel d i s t r i b u t i o n .  

2.9 

- 
The parameter a is the  “gradex” ( the  ex- 

p o n e n t i a l  g r a d i e n t ) .  

For  any  model wi th  a n  asymptotic exponen- 
t i a l - d e c a y ,  it i s  always poss ib l e  to  f i n d  a l e v e l  
above which t h e  d i s t r i b u t i o n  behaves a s  a s i n g l e  
e x p o n e n t i a l  and a number N s u f f i c i e n t l y  l a rge  t o  

. j u s t i f y  approximat ion  2.8. The Gumbel d i s t r i b u -  
t ion  i s  t h e r e f o r e  g e n e r a l l y  v a l i d  and supports 
the conc lus ions  of Her sh f i e ld  (1960) based on a 

’ s y s t e m a t i c  s t u d y  o f  r a i n f a l l  a l l  over  the  world. 

One f r e q u e n t l y  used p r o b a b i l i s t i c  r a in -  
f a l l  model i nvo lves  t h e  sum of two exponent ia l s  
(DUBAND 1967) : 

2.10 

w i t h  a > c, where a is  t h e  gradex. 

I n  t h e  model, r a i n f a l l s  are considered t o  
come from a mixture  of two popula t ions  wi th  one 
o c c u r r i n g  less f r e q u e n t l y  b u t t g i v i n g  much h igher  
maxh”us than  t h e  o t h e r .  In-m.+y r eg ions ,  t he  me- 
t e o r o l o g i c a l  o r i g i n  of ~ p r t c i p i t a g i o n  corresponds 
t o  t h i s  scheme. 

2. 2 - Small times pe r iods  

I n  o u r  s tudy  involv ing  t h e  Cevennes re- 
g ion ,  problems were f r e q u e n t l y  encountered i n  
f i t t i n g  the  Gumbel d i s t r i b u t i o n  t o  monthly m a x i -  
mum I-hour and 2-hour r a i n f a l l  d a t a  ( f igu re  2.1) 
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2 . 1  E x t r e m e  v a l u e  d i s t r i b u t i o n  
h o u r s  r a i n f a l l  (.lmm);PUECHABON. 
i n e :  Gumbel  f i t  b y  moment me thod  
1 i n e : g u m b e l  f i t  b y  k1.L m e t h o d .  

A homogeneous season  w a s  used (3- autumn months) 
and t h e  l eng th  of  t h e  serces made i t  imposs ib le  
t o  always select on ly  t h e  season  maximum (e. g. 
39 autumn months i n s t e a d  of 13 seasons) .  

, 

F a r  t h i s  s h o r t  d u r a t i o n  r a i n f a l l  d a t a ,  
ß i n  model 2.10 is l a r g e  wi th  r e s p e c t  t o  y and 
N must t h e r e f o r e  be v e r y  l a r g e  t o  o b t a i n  maxi- 
mums which f o l l o w  a Gumbel d i s t r ibu t ion . .  

T a b l e  2 . 1  Computed  c o e f f i c i e n t s  o f  
mixed  e x p o n e n t i a l  ( m o d e l  2 .  IO). 

I -hour 
r a i n f a l l  

rainfall  

Y 

.O1 5 

. 14 
24-hour 
rainfall  . 14 . 19 . 19 

p t a t i o n  : Puechabon 
I I 

Although based on l a r g e r  samples w i t h  a lower 
p ropor t ion  of h i g h  va lues ,  model 2.10 shows a 
sampling d i s t r i b u t i o n  of t h e  parameter  “a” wi th  
a f a i r l y  h igh  d i s p e r s i o n .  Furthermore,  t h e r e  is 
a high a u t o c o r r e l a t i o n  f o r  I-hour and 2-hour 
r a i n f a l l s  ( f i g u r e  2.2) and f i t t i n g  on  decor re l a -  
t ed  subse t s  is o f t e n  h igh ly  dependent on  the  
subse t  chosen. 
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Figure  2.2 

Autocor re l a t ion  of hour ly  r a i n f a l l s  (Le Vigan) . 

For t h e  50 s t a t i o n s  d e a l t  w i th ,  we en- 
countered these  f i t t i n g  problems in  about t e n  
cases, a l l  l oca t ed  on t h e  wes te rn  o r  southern  
boundary of t h e  r eg ion  concerned. I n  t h e s e  
t r a n s i t i o n  zones between two predominant clima- 
t i c  in f luences ,  t h e  mixture  of popu la t ions  is 
i n  propor t ions  such t h a t ,  f o r  s h o r t  d u r a t i o n s ,  
t h e  events  of t h e  more rare popu la t ion  occur  
only  once eve ry  3 t o  10 yea r s .  This  has a l r eady  
been observed f o r  t r o p i c a l  r eg ions  sub jec t ed  t o  
extremely v i o l e n t  but r a r e  cyc lones  (Bois 1969).  

On t h e  o t h e r  hand, w i t h i n  t h e  a c t u a l  s t u -  
dy zone, t h e  Gumbel d i s t r i b u t i o n  appears  t o  be 
well su i t ed  f o r  a l l  d u r a t i o n s  from 1 t o  24 hours;  
it g ives  gradex e s t i m a t i o n s  n e a r ,  even i f  some- 
what lower than  those  obta ined  by f i t t i n g  model 
2.10 t o  a l l  t h e  consecu t ive  r a i n f a l l s .  
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3. EXTENSION TO SPATIAL AAI??FAU 

3. I - C a l c u l a t i o n  of s p a t i a l  rainfall amounts 

The average r a i n f a l l  f a l l i n g  on a water- 
shed dur ing  1 hour can  be c a l c u l a t e d  us ing  a 
two-dimensional s p l i n e  i n t e r p o l a t i o n  method 
(LEBEL, CREUTIN 1983). 

of the  Cevennes reg ion  (97 s t a t i o n s  ove r  about 
15 O00 km') w a s  used f o r  t h e s e  c a l c u l a t i o n s ,  
which were c a r r i e d  ou t  f o r  f o u r  a d j a c e n t  water- 
sheds (Figure 3.1). 

I n  r e a l i t y ,  on ly  20 t o  30 s t a t i o n s  have 
s i g n i f i c a n t  weights. Furthermore. t he  temporal 
d i s t r i b u t i o n  study r e q u i r e s  a b a s e  involv ing  on- 

than  10 yea r s ,  i.e. 13 of t h e  30 s t a t i o n s  
(Table 3.1). 

The e n t i r e  record ing  ra in  gage network 

ly stat.ans ii ith a f--..'-- o a L z & y  a O i e  

Table 3.1 : Inf luence  of  t h e  13 long tem 
s t a t i o n s  on t h e  c a l c u l a t i o n  of o 
a r e a l  r a i n f a l l  b y  s p l i n e  method. 

I 
WIGHT WIGHI WIGHT lisllXT 

(WK6. LNØJE) 1 HOUR 2& HOUR G L V W  GAJEA GANIA Wmu 
STATION G W X  CRADEX 

$ I l l 0  KH) 1/10 W ( S 3  h') (165 w") (265  K") (54s  h? 

I I 
376 - .ON - .arc 
SM -.o66 -.E6 
572 -.m .m 
m .lE4 .m 
518 .4# .l68 

433 .al? .o12 
501 - .a - .o14 
299 -.au -.o15 
IAS .% 3 3  
m - ,109 - .ml 
m .o33 .o113 
255 .m .al? 

~6 .a13 .mi 

The s p a t i a l  means were r e c a l c u l a t e d  us ing  

r a in -  
the 13-s ta t ion  subnetwork and they  appear  to 
s t i l l  g ive  a good e s t ima t ion  of the  hour1 
f a l l  on  each bas in  (LEBEL, CREUTIN 1 6  

We t he re fo re  have f o u r  temporal series 
of s p a t i a l  r a i n f a l l s  over t he  pe r iod  1971-1 980. 

Table 3.2 : Maximum r a i n f a l l s  (.lmm) on 
Gardon d ' h d u z e  watershed 
(GANDU : 545 km*) 

_-- .I I- - 
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3 .  2 - Fitting a Gumbel distribution to spatial 
rainfall 

A.spatia1 rainfall value estimated by a 
weighted average of Gumbelian variables should 
not itself be Gumbelian unless all intercorrela- 
tions between stations are equal to 1 .  

However the Gumbel distribution is only a 
probabilistic model representing in our view the 
best approximation of the rainfall distribution 
at a single station. As shown in figure 3.2, the 

model remains applicable to series of mean rain- 
falls calculated on sufficiently small water- 
aheds (< 1 O00 km2 in the Cevennes region). 

The method of moments can be ust:d to es- 
timate the parameters of the Gumbel distribution, , 
with the parameter Teta calculated for a sample 
of monthly maximums (3 per year for the autumn 
season). The IO-year rainfall is obtained using 
the following transformations : 

TETA = TETA + GRADEX * h g N  (VA) 3.  I 
PIO - TETA - LN(-LN (. 9 ) )  * GRADEX 3 . 2  

Watershed: qardon d '  Anduze (GANOU: 545 hL) 

Figure 3.2 : Extreme values distribution of areal rainfall on two watersheds. 
Solid line : Moment method fit. Broken line : Maxima likelihood fit. 

The quality of fit is as good as thecommonlyobtained fit on stations. 

2 0  
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Table 3.3 : Areal gradex ( . Inan)  c a l cu la t ed  by f i t t i n g  a Gumbel d i s t r i b u t i o n  
on areal  r a i n f a l l s  es t imated  by s p l i n e  method on a 13 long tem 
s t a t i o n s  network. 

Watershed: GANDR(53 Km2j 

k 1H. I 77. I 73. I 161. I 1'6. I 333. I 322. 
8 2H. I 1 4 1 .  I 131. I 20'9. I ?79. I 606.  I 576. * * 411. I 207. I 190.  9 430. I 411 .  I 094. 1 038. 

411. Y 2Y2. I 740. I SM. I 520. 11104. 11061. t 
t 1211. I 341. I 342. 1 742.  I 734. 11500. 11503. * 2411. I 561. I 524. 11103. 11057. 12J60. 11236. I 
*I*lJ1*(ltllS8ll*tll******8*******8*8b***8********8 

Watershed: GAJEA( 1 6 5  Km') 
M.VRA. : Maximum l i k e l i h o o d  method. 

Watershed: G M I A ( 2 6 5  K m L )  

Watershed: GANDU(545 bL) 

Note t h a t  t h e r e  is no r educ t ion  i n  va- 
l u e s  as watershed s i z e  inc reases ,  whatever t h e  
du ra t ion .  The c a l c u l a t i o n s  w e r e  a l s o  made using 
t h e  maximum l i k e l i h o o d  method (broken l i n e ) .  The 
d i f f e r e n c e  between t h e  two f i t s  shows the im- 
por tance  of t h e  break observed i n  the  lower p a r t  
of t h e  poin t  swarm. This break i s  due t o  the pre- 
sence of maximums coming from the  f i r s t  popula- 
t i o n  and tends  t o  d isappear  i f  annual maximums 
are used. 

3. 3 - Est imat ion  of s p a t i a l  Gradex without c a l -  
c u l a t i n g  mean r a i n f a l l s  

I t  o f t e n  happens t h a t  long temporal 
series of s p a t i a l  r a i n f a l l  va lues  cannot  be cal- 
cu la t ed  but  s e v e r a l  long po in t  s e r i e s  w i th  Gum- 
b e l i a n  d i s t r i b u t i o n s  a r e  a v a i l a b l e .  

To be on the  sa fe  s i d e ,  we may decide t o  
c a l c u l a t e  the  s p a t i a l  gradex accord ing  t o  the 
fo l lowing  formula : 

n 
3.3  

This  i s  equ iva len t  t o  cons ider ing  t h a t  a l l  i n t e r -  
s t a t i o n  c o r r e l a t i o n s  a r e  equa l  t o  1. 

This  assumption i s  p e s s i m i s t i c  and the 
modeling of the s t r u c t u r e  of the s p a t i a l  f i e l d  
(e.g. variogram o r  correlogram) becomes usefu l .  

The v a r i a n c e  of a l i n e a r  c a b i n a t i o n  of 
random v a r i a b l e s  can be w r i t t e n  : 

21 

, 

O'(C h i  x i )  = 1 c h i  h j  cov ( x i  Xj) 3.4 
1 J  

Considcr a s p a t i a l  r a i n f a l l  es t imated  by : 

P i  : r a i n f a l l  a t  a s t a t i o n  i 
h i  : weighting of t h i s  s t a t i o n  PA I: h i  P i  3. 

We a r e  looking  f o r  : 

gA K A UA with  : 

UA : temporal s tandard  d e v i a t i o n  of s p a t i a l  

gA : gradex of s p a t i a l  r a i n f a l l s  
r a i n f a l l  s 

K : 0.78 f o r  t he  method of moments 
2 

U A  = 2 X i  h j  COV ( P i  P j )  
1 J  

3 . 6  

The problem i s  t h e r e f o r e  reduced t o  the estima- 
t i o n  of COV (P i  P j ) .  

This is p o s s i b l e  using a genera l ized  cova- 
r i ance  model or  a variogram model wi th  a f i n i t e  
var iance .  I n  t h i s  case  : 

y ( h )  = us (1 - P(h)_ 3.7 

y(h )  : variogram model 

p(h) : correlogram model 
o : s p a t i a l  va r i ance  of the  r a n d m  f i e l d .  
S 



The i d e n t i f i c a t i o n  of  a variogram model . 
c h a r a c t e r i z e d  by a shape  parameter  ß and a sca l e  
parameter  a, does  n o t  r e q u i r e  a v e r y  long tempo- 
r a l  series, only  a c e r t a i n  number o f  i n t e n s e  d i f f i c u l t  t o  e s t a b l i s h  s i n c e  their e s t i m a t i o n  
r a i n f a l l  e v e n t s  from a pe r iod  of less than 10 o f t e n  depends on t h e  method used t o  f i t  the  
yea r s  (LEBEL, CREUTIN 1983). t h e o r e t i c a l  model (BASTIN and G.EVERS 1983). 

For t h e  s p e r i c a l  model (y(h) - u. + ( u 6 - uo) * 
1 . 5  - - 0.5 &3] t h e  u n i t  variogram i s  obta i -  

ned by e x p r e s s i n g  us = 1 and 
w i t h  c > 1.  

This gives t h e  r e l a t i o n s h i p  : 

as is the s p a t i a l  variance‘ of t h e  f i e l d ,  which 
i s  easy  to  c a l c u l a t e .  
a o  (nugget ) and dp ( range)  are however more 

For 103 f i e l d s ,  approximately 75 I have 
h -  

dP dP 

a w e l l  defined si l l  with the  range f a l l i n g  be t -  
ween 20 and 30 kms and 213 between 25 and 30 kms 
The c l ima to log ica l  variogram i n  f i g u r e  3 . 3  has  
a range of 21 to  30 kms and a ze ro  nugget. “0 = Osfc 

. . ... . 

a m o  3 . 8  
‘< J- 

and we can  w r i t e  : 

y(h) - 1 - P(h) or P(h) = 1 - y(h) . 3 .9  

-2 

‘6 - 

For  a p a i r  of s t a t i o n s  (i,j) s e p a r a t e d  by a d i s -  . . . . . . -  . 
t ance  h i j ,  t h e  cova r i ance  i s  : 

Range - 30 

. .  . MJgnct= o 
OISTAfICE(Kmr) 50 

. 5111 -169.50 

60 

. . . . . . . Cov (P i ,P j )  = (1 - y i j )  % i j 3 . 1 0  
’ .  . 

o b  lu ZU 
and fu r the rmore  : 

g i  - K a i  
g j  K u j  3.11 

g$ .and%j be ing  the gradex v a l u e s  a t  s t a t i o n s  i 
a d j .  

S u b s t i t u t i n g  (3.61, ( 3 . 7 )  and (3.11) i n  (3 .10 ) ,  
we o b t a i n  : 

I 1 
K A  K 
1 g2 IL 1 X i  X j ( 1  - y i j )  g i  g j  . 3.12  

Figure  3 . 3  

CLIMATOLOGICAL VARIOGRAM FOR 49 FIELDS 
Se lec t ing  3 va lues  f o r  t h e  range  (20, 25 

and 30 kms) aFd 3 va lues  f o r  t h e  .nugget (O, 20 
and 40 X of t h e  va r i ance  (Is), we o b t a i n  9 pos- 
s-ible sphe r i ca l  variograms. 

* Using the  gradex v a l u e s  from t h e  13 long- 
record  s t a t i o n s ,  we c a l c u l a t e d  t h e  s p a t i a l  g ra-  
dex and PIO va lues  f o r  t h e  4 b a s i n s  descr ibed  i n  
s e c t i o n  3.1 us ing  formula 3.13 and the  9 propo- 
sed variograms. The nugget . e f f e c t  i s  s l i g h t  : 
f o r  the l a r g e s t  b a s i n s ,  t h e  d i f f e r e n c e s  between 
the  PIO and P l 0 0  e s t i m a t i o n s  a r e  less than  4 I 
f o r  a cons tan t  range. We t h e r e f o r e  cons ide r  t h a t  
t he  nugget is ze ro  ; t h i s  assumption can  only  be 3.14 
on the  safe  s i d e  s ince  i t  always l e a d s  to over- 

s t a t i o n s ) .  

obtained f o r  a range of 25 kms f a r  t he  1-hour 
and 2-hour du ra t ions ,  and 30 kms f o r  t h e  4-hour . 

g iv ing  : B A  = TI, - 0,577 g A  3.15  es t ima t ions  ( g r e a t e r  i n t e r c o r r e l a t i o n s  between 

The t w o  parameters  of t h e  d i s t r i b u t i o n  a r e  thus 
4 d e n t i f i c d  and t h i s  c a l c u l a t i o n  i s  v a l i d  f o r  any 
d i s t r i b u t i o n  which is a f u n c t i o n  of o n l y  the  
f i rs t  t w o  moments o f  t h e  random v a r i a b l e .  and 6-hour du ra t ions .  

The b e s t  s p a t i a l  gradex e s t i m a t i o n  i s  

I 3. 4 - A p p l i c a t i o n  t o  the  Cevennes r e g i o n  
I 

From a series of 103 hour ly  r a i n f a l l  
f i e l d s  s t u d i e d  f i r s t  s e p a r a t e l y  and t h e n  using 
c l i m a t o l o g i c a l  approach ,  t h e  s p h e r i c a l  model was 
found t o  b e  t h e  t h e o r e t i c a l  variogram model b e s t  
adapted t o  our raw variograms ( f i g u r e  3 . 3 ) .  

I This model h a s  the  fo l lowing  form : 

Y(0) = o 

his  d i f f e r e n c e  i s  normal s i n c e  t h e  
s p a t i a l  f i e l d s  are more s t r u c t u r e d  when the  
hours  of r a i n f a l l  are cumulated, thereby  g iv ing  
a g r e a t e r  range. 

A r igo rous  s o l u t i o n  would employ, f o r  
each dura t ion ,  t he  variogram f i t t e d  us ing  the 
r a i n f a l l s  of t h e  corresponding du ra t ion .  The 
12 and 24 hour d u r a t i o n s  cannor be cons idered  
here s ince  t h e  range is l i k e l y  around 50 kms. 

h h ’  Ia a reg ion  of very  rugged topography 
where in tense  p r e c i p i t a t i o n  even t s  are as soc ia -  
t e d  wi th  complex meteoro logica l  phenomena, t h e  
l a r g e  overes t imat ions  r e s u l t i n g  from the  use  of 

‘formula 3.1 stress t h e  importance of making 
b e s t  use of a v a i l a b l e  informat ion  on t h e  s p a t i a l  
r a i n f a l l  frequency d i s t r i b u t i o n s .  

Y(h) œ 00 + ( - uo) * (1,sdf; - 0,5(xp) 
o ¿ h <  dP 

= us 

2 2  



Table  3 . 4  : COMPAl2ISON OF AREAL CRADEX (.lKM) CALCLTLATED. BY 3 HETHODS 

1 .  Gradex c a l c u l a t e d  on a r e a l  r a i n f a l l  
2. Gradex e s t ima ted  by a s p e r i c a l  variogram 
3 .  Gradex e s t ima ted  by the  w i g h t e d  mean of t he  p o i n t  gradex  
( c o r r e l a t i o n  between every  couple of s t a r i o n s  equa l  t o  1 .O) 

I 
I I I  
l I I  l I 

: I 1  I I 

381 I 351 !348 1 3 4 8  11625 11523 
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EXTEME VALUE FLOOD ANALYSIS 

4 .  APPLICATION TO EXTREME VALUE FLOOD ANALYSIS: 
t h e  Gradex method 

Thismethod u s e s  the  r a i n f a l l  gradex as a 
b a s i s  f o r  t he  e x t r a p o l a t i o n  of f lood  volumes. 

R a i n f a l l  gradex va lues  are equ iva len t  to  
runoff as long a s  common i n t e g r a t i o n  t imes grea- 
ter than  o r  equa l  t o  the  base time of the bas in  
overland flow hydrograph are adopted f o r  both ; 
r a i n f a l l  peaks of s h o r t e r  d u r a t i o n s  a r e  spread 
out  and damped by t r a n s f e r s  w i t h i n  the  drainage 
system. 

The Gradex method i n  no way involves  the 
e x t r a p o l a t i o n  of a runoff c o e f f i c i e n t ,  o r  a 
r a in fa l l -d i scha rge  c o r r e l a t i o n ,  f i t t e d  t o  a sam- 
p l e  of observed f loods  (which would be meaning- 

dom " re t en t ion"  i n  t h i s  low p a r t  of t he  d i s t r i -  
bu t ion ) .  In s t ead  i t  i s  assumed t h a t  the  margi- 
n a l  runoff c o e f f i c i e n t  tends  towards one i n  the 
case  of extreme va lue  r a i n f a l l s  due t o  the  

' l e s s  i n  view of the dominant r o l e  of the ran- 

- 

1 2 4 1  513 
I 
I 

197 I 807 
1 

I 
305 11222 

I 
367  '1466 

I 
4 7 8  11904 

656  i 2384 
I 

gradual s a t u r a t i o n  of t he  soil and the blocking 
of i n f i l t r a t i o n  pa ths .  

D u r h g  h igh  water  pe r iods ,  t he  runoff ,vo- 
lume i s  equa l  t o  the  r a i n f a l l  less a random quan- 
t i t y ,  the r e t e n t i o n ,  which tends  towards an upper 
l i m i t , r e l a t e d  t o  the  i n i t i a l  d ryness  of the s o i l ,  
as the r a i n f a l l  i nc reases .  When b a s i n  s a t u r a t i o n  
i s  approached, any i n c r e a s e  i n  p r e c i p i t a t i o n  AP 
tends t o  produce a n  equa l  i nc rease  i n  d ischarge ,  
i.e. AQ - - % P  and the  d ischarge  extreme devia- 
t i o n s  take  on the  same orde r  of magnitude as  f o r  
the  r a i n f a l l .  

Now l e t ' s l o o k  more c l o s e l y  a t  these  d i f -  
f e r e n t  po in t s .  F i r s t  of a l l ,  i n  t he  quadrant (P, 
Q ) ,  the upper l i m i t  of the observed po in t s  is 
the f i r s t  b i s e c t o r  a s  can be seen i n  f igu re  4 a ; 
the  amount of water  t h a t  f lows cannot exceed the 
amount t h a t  f a l l s .  - 

I n  a c t u a l  f a c t ,  i t  i s  poss ib l e  f o r  Q t o  
exceed P i n  r e l a t i v e l y  r a r e  c a s e s  involving r a in -  
f a l l  r e in fo rced  by abundant snownelt. This snow- 
m e l t  c o n t r i b u t i o n  t o  very  l a r g e  f loods  is never- 
t h e l e s s  l i m i t e d  to va lues  i n  the  o rde r  of 30 o r  
40 mm by the  necessary  hea t  exchanges and i n  no 
way wakens  the  fo l lowing  arguments. 
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Figure  4. a 

For a g i v e n  va lue  of  P, a c e r t a i n  d i s t r i -  
b u t i o n  of Q i s  observed. P - Q depends on  nume- 
rous  complex and i n t e r r e l a t e d  p h y s i c a l  f a c t o r s  
c h a r a c t e r i z i n g  t h e  state of t he  b a s i n  be fo re  t h e  
r a i n f a l l  P i  g e n e r a t i n g  the  f lood .  It  i s  l o g i c a l  
to  cons ide r  t h e  retention (P - Q) as a .random 
v a r i a b l e  wi th  a d i s t r i b u t i o n  t h a t  can be  r e l a t e d  
t o  P by the  q u a n t i l e s  5 Z... , 95 X . . .  ( f igu re  4a )  
whose loci, as P varies,  form t h e  "quan t i l e  cur- 
ves." 

As b a s i n  s a t u r a t i o n  i s  approached, any 
a d d i t i o n a l  p r e c i p i t a t i o n  tends  t o  be f u l l y  incor- 
pora ted  i n  t h e  d i scha rge  ; t he  q u a n t i l e  curves  
t h e r e f o r e  s t r a i g h t e n  and f i n a l l y  become p a r a l l e l  
t o  t h e  quadrant  b i s e c t o r  wi th  the  l o c a t i o n  of 
each asymptote depending on the  i n i t i a l  b a s i n  
cond i t ions .  The r e l a t e d  d i s t r i b u t i o n  Hp(Q) tends 
to become homoscedastic.  

Re ten t ion  c e r t a i n l y  has  a n  upper l i m i t  a- 
mounting to  between 50 and 200 nun dependirlg on 
watershed morphology and type of so i l .  Accurate 
knowledge of t h i s  maximum r e t e n t i o n  capac i ty  i s  
unnecessary ; o n l y  i t s  average  v a l u e ,  dur ing  ma- 
jor  p r e c i p i t a t i o n  e v e n t s ,  matters. 

Knowing t h e  margina l  d i s t r i b u t i o n  F(P) and 
t h e  r e l a t e d  d i s t r i b u t i o n  Hp(Q), t h e  marginal d i s -  
charge  d i s t r i b u t i o n  i s  g iven  by : 

I f  a s u f f i c i e n t l y  l a r g e  sample of r a in -  
f a l l - f l o o d  d a t a  is a v a i l a b l e  t o  determine Hp(Q), 
then  G(Q) can  be e s t a b l i s h e d  by sutuming up Hp(Q) 
per i n t e r v a l  of P. 

On conven t iona l  Gumbel p r o b a b i l i t y  paper,  
it can thus  be shown t h a t  the  extreme v a l u e  f lood  
cu rve  is concave towards i n c r e a s i n g  Q va lues  and 
a sympto t i c to  a s t r a i g h t  l i n e  p a r a l l e l  t o  t he  pre- 
c i p i t a t i o n  d i s t r i b u t i o n  (F igure  4. b ) .  
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The d i s t a n c e  between t h e  two d i s t r i b u t i o n  
i s  not t h e  maximum c a p a c i t y  of t h e  d r y  ground 
voids,  but. simply the  s ta t i s t ica l  e x p e c t a t i o n  of 
the d i f f e r e n c e  between the  water s t o r e d  and d e l i -  
vered by  the  b a s i n  du r ing  the  base  t i m e .  The most 
- r e a l i s t i c  approach f o r  e s t i m a t i n g  t h i s  d i s t a n c e  
is to  r e l y  on  t h e  least poor ly  known p a r t  o f  t he  
extreme f lood  d i s t r i b u t i o n ,  u s u a l l y  under r e t u r n  

'per iods  from one to  s e v e r a l  decades. 

Experience gained from a p p l i c a t i o n s  t o  nu- 
merous b a s i n s  (more than  300 a p p l i c a t i o n s  have 
been made i n  France s i n c e  1965) shows t h a t  t h e  
100-year and 1000-year f l o o d s  c a l c u l a t e d  using t he  
Gradex method are compatible with e s t i m a t i o n s ,  
when a v a i l a b l e ,  of c a t a s t r o p h i c  f lood  flows which 
took p lace  on certain rivers i n  p a s t  c e n t u r i e s .  

The f e w  decades  of a c t u a l  d i scha rge  measu- 
rements which are g e n e r a l l y  a v a i l a b l e  is i n s u f f i -  
c i e n t  to determine t h e  d i r e c t i o n  of e x t r a p o l a t i o h  
but  can  be used o n l y  t o  g ive  a good e s t i m a t e  of 
the y - in t e rcep t ,  t h e  s t a r t i n g  po in t ,  f o r  t he  d i s -  
t r i b u t i o n  of extreme f loods .  Conventional d i s t r i -  
bu t ions  (e.g. log-normal o r  log-Pearson III), to- 
t a l l y  unadapted to  d i s t a n t  e x t r a p o l a t i o n s ,  can  be  
s u f f i c i e n t  i f  t h e  problem i s  l i m i t e d  t o  t h e  10- 
year or 50-year f l o o d .  

If however an e s t i m a t e  of the  1000-year o r  
10,000-year f lood  i s  r equ i r ed .  f o r  i n s t a n c e  i n  
the  case  of a r e s e r v o i r  l o c a t e d  upstream of a n  
inhabi ted  reg ion ,  then  only  r a i n  gage r e c o r d s ,  
sumnarized by t h e  Gradex, can  g ive  the  necessary  
information. Furthermore i t  is a n  e r r o r  t o  s t a t e ,  
as MASSON L BEDIOT (l981), t h a t  no th ing  can  be do- 
ne with less than  30 y e a r s  of  obse rva t ions .  Twenty 
o r  even 10 yea r s  of good q u a l i t y  r a i n f a l l  r eco rds  
is s u f f i c i e n t  f o r  such a n  e s t i m a t i o n ,  which t e l l s  
us more about t he  r i s k s  of extreme f l o o d s  than  50 
o r  even 1 0 0  y e a r s  of stream gage r eco rds .  And t h i s  
is by no means t h e  l e a s t  advantage of t h e  Gradex 
method . 



! 

I 

To proceed from t h e  d i s t r i b u t i o n  o f  e x t r e -  
m e  v a l u e s  of  average f l o o d  f lows (f lood volume) 
t o  t h a t  of peak f l o o d  f lows ,  t h e  averages cEn be 
m u l t i p l i e d  by a s i m i l a r i t y  f a c t o r  equal  t o  P, the  
mean value of the peak t o  mean f low ratios obser-  
ved f o r  known f l o o d s .  T h i s  i s  an adequate  appro- 
ximation i f  t h e  shape of  t h e  f lood  is a random va- 
r i a b l e  independent of i t s  magnitude, as i s  gene- 
r a l l y  confirmed by samples of  knowns f loods .  It 
can a l s o  be shown t h a t  t h e  e s t i m a t i o n  procedure 
i s  robus t  with r e s p e c t  t o  t h e  i n t e g r a t i o n  t i m e  
chosen ; a doubl ing of t h i s  t i m e  r e s u l t s  i n  a 
change of less t h a n  5 Z i n  t h e  c a l c u l a t e d  1000- 
year  peak f lows.  

5 .  CONCLUSION 

Even a few y e a r s  r e c o r d  of  h o u r l y  Rain- 
f a l l  i s  enough t o  f i t  a s p a t i a l  v a r i o g r a m ,  
which a l lows  t o  estimate t h e  Gradex of  t h e  ave- 
rage r a i n f a l l  on a watershed.  Provided a proper  
time of  i n t e g r a t i o n  be chosen, about  the  time 
l e n g t h  of  the  over land  f low hydrograph, the  gra- 
dex of  r a i n f a l l  i s  now cons idered  by French hy- 
d r o l o g i s t s  a s  t h e  l o g i c a l  e x t r a p o l a t i o n  guide t o  
extreme f l o o d s  f lows,  more s i g n i f i c a n t  than any 
s t a t i s c a l  parameter  of the  f l o o d s  d i s t r i b u t i o n  
(e.g. log-skew), more r e a l i s t i c  than any assess- 
ment o f  the  so-cal led P M P. 
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