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Abstract. The establishment of Intensity-Duration- cal hypotheses in the context of the annual extreme values,
Frequency (IDF) curves for precipitation remains a power-such as the independence of the data and the selection of the
ful tool in the risk analysis of natural hazards. Indeed theprobability distribution function, are dealt with in some de-
IDF-curves allow for the estimation of the return period of an tail. For the assessment of the IDF-curves of precipitation,
observed rainfall event or conversely of the rainfall amountthe framework of Koutsoyiannis et al. (1998) is used. In that
corresponding to a given return period for different aggrega-innovative paper new ideas were advanced and, in particular,
tion times. three essentially different techniques were proposed to assess

There is a high need for IDF-curves in the tropical region the IDF-curves of precipitation. The implementation of these
of Central Africa but unfortunately the adequate long-term techniques in the present paper has shown that the three tech-
data sets are frequently not available. The present paper asiques provide similar results what concerns the errors (see
sesses IDF-curves for precipitation for three stations in CenSect. 8). This result was obtained as well as for short-term
tral Africa. More physically based models for the IDF-curves (typically 15 to 20 years) as for medium-term (typically 30
are proposed. The methodology used here has been advanced50 years) data sets of yearly extremes in climatological
by Koutsoyiannis et al. (1998) and an inter-station and inter-problems. Section 9 contains the conclusions of the study.
technique comparison is being carried out. In recent studies, various authors are tempting to relate the

The IDF-curves for tropical Central Africa are an inter- IDF-relationship to the synoptic meteorological conditions in
esting tool to be used in sewer system design to combat théhe area of the stations (see e.g. Llasat, 2001). In the Sect. 9
frequently occurring inundations in semi-urbanized and ur-of the present paper the results obtained for the three rain-
banized areas of the Kinshasa megapolis. fall stations from tropical Central Africa are compared. The
Ukkel (Belgium) rainfall intensity data are used here solely
as a basis for comparison (Deraar 1985; Buishand and De-
mare, 1990; Willems, 2000). The comparison between the
IDF-curves from three tropical rainfall stations from Central
Africa with the maritime temperate station of Ukkel enabled
to have a better insight in some of the physical aspects of the
modelling.

1 Introduction

The purpose of this study is mainly to produce IDF-curves
for precipitation for three different climatological stations in

Congo in Central Africa. These stations are respectively:
Kinshasa—Binza, Kinshasa—Ndjili and Yangambi. Indeed
long-term and high temporal resolution time-series of ex-
treme values of precipitation intensities are rather rare in tha
part of the world and there is a high need for that type of

information. . . . .
In the second section the rainfall climates at the stations?rhe precipitation climate for the Kinshasa region of Congo

are described with emphasis on the occurrence of extremgs_ that of a tropical warm and humfld climate. Tgere ari two g
precipitation events while the non-recording and recording istinct seasons: a rainy season from September to the en

raingauges and their locations used in this paper are de2f May with two extreme months of precipitation, Novem-

scribed in the Sect. 3. In Sects. 5-7, a number of statistiP€" @nd April, and with less precipitation in January. The dry
season ranges from June till September. In the first half of

Correspondence td3. Mohymont September, it starts to rain again while the rainfall rates grad-
(bernard.mohymont@oma.be) ually increase in the second half of the month. The yearly

t2 The rainfall climate and its extreme at Kinshasa and
Yangambi (Congo)
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Table 1. Number of raindays at Kinshasa-Binza, reference period 1961-1970 @ rE®f0).

January February March April May June July August September October November December Year

11 11 14 14 10 1 1 1 4 10 18 13 106

Table 2. Average number of raindays at the station of Yangambi—kmb5 for the reference period 1931-1980 (Ruwet et al., 1985).

January February March April May June July August September October November December Year

9 9 14 15 15 12 13 14 16 18 17 13 165

number of rainy days is about one hundred; this consists o8 Description of the raingauges

about one day upon two in March, April, November, one day

upon three in January, February, May and October, and non&he different climatological stations of Kinshasa and some
in June, Ju|y and August. Table 1 gives the average numperipheral stations have been briefly described by Gzabb
ber of raindays at Kinshasa-Binza for the reference period1980).

1961-1970 (see Crabp1980). The station of Kinshasa-Binza is located at°1% E—
4°22'S and at an elevation of 440m. The station is at the

The Kinshasa climate is noted (Avglin the Koppen cli- ST
headquarters of the “Directionégérale de I'Agence Na-

mate typology. The class A defines the tropical humid cli- , _ A . .
mates. The letters (w) and (S) define the presence of a grijonale de Meteorologie et de &ledetection par Satellite

period in the southern winter and the number 4 stands for thdMETTELSAT)”, on the hill of Ngaliema, and commonly
length of the dry season (Bultot, 1950). named Binza-ratto, in the southwest of the Congo capi-

. . ._tal. The station functions since the 1 June 1955. The relief
Large.amounFs have begn reglstereq by repordlng raiN%f the station is slightly undulating. The large number of
gauges In the Klnshaga region: 34 mm in 10min, S5mm Nirees at a distance of at least 200 m all around the site has a
20min, 65mm in ‘.?’O min an_d 80 mmin _1h were observed N wind breaking effect and the neighbouring buildings are suf-
the referenc_e periods considered in this paper. Fortunatel)ﬁ-ciently away. The neighbourhood is practically exempt of
the heavy rainfall events do not last Io.nger than h":llf"ﬁ’m'hourimportant obstacles. The presently available time-series cov-
to an hour but may be followed by a light rain that may last ers the time span 1961 to 2001 for the monthly rainfall totals

several hours. The heavy rainfall events usually produce Io—and 1977-2000 for the rainfall intensity data.

cally inundations in the paved parts of the town and where The station of Ndjili is located 22’ E—4#22'S, at an el-

roa_ds converge and may have disasirous consequences in tQ\%tion of 310 m, at the international airport of Kinshasa at
peripheral hills (Crab®, 1980). the east of the same town. The station was initiated in a pe-
The station of Yangambi is located in the climatic zone Af riod pre”minary to the founding of the airport and has been
in the Koppen climate classification. This zone is defined asdefinite|y put in function on the 1 March 1959 and functions
having a monthly rainfall amount larger than 60 mm for its since then without interruption. The presently available time-
driest month. This is typically the domain of the equatorial series is 19612001 for the monthly rainfall depths and 1977
ombrophile forest (Bultot, 1950). Yangambi is located in the tg 1993 for the rainfall intensities.
Central Basin of the Congo River, in the Upper Congo Re- The station of Kinshasa-Ouest (previously named
gion, along the Congo River about 75km westward of the| aopoldville-Ouest) was situated at an elevation of 358 m
city of Kisangani (see Fig. 1). The station does not experi-on the hill of Ngaliema in the southwest of the town of
ence a real dry season; however, one notes two rainfall mingijnshasa. The station has functioned from 1929 to 1960
ima, one in the month of January, the other one in the monthynder the administration of the “Ministe de I'Agriculture”.
of July. Table 2 gives the average number of raindays at therhe station Kinshasa-Ouest was installed on a shelf of
station Yamgambi-km5 for the reference period 1931-1980ihe hill at a distance of 5km from Kinshasa-Binza. The
(see Ruwet et al., 1985). raingauge was of the Mini-Agri type and with an opening of
Finally, the station of Uccle, a Brussels suburb, is located4 dn? (Vandenplas, 1943).
in the central part of Belgium and has a maritime temperate The time series of the daily precipitation extremes at
climate. Rainfall showers due to convective activity occur in Kinshasa-Binza (1929-2000) is constituted of the merging of
the summer months while in the winter long-lasting precipi- the corresponding data from the two stations on the Ngaliema
tation of frontal origin is predominant. hill. From the point of view of the statistical analysis of
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the annual extremes, the homogeneity of the complete seriegir in such a way that heavy rains can be easily collected.
may be inferred. The observation hours are at 06:00 and 18:00 MLT. The ob-
The precipitation intensity data are deduced from the rain-servation read at 06:00 MLT being part of the ecological day
fall charts originating from siphoning type recording rainfall of the preceding day is transcribed on the previous day while
gauges with the rim of the receiver at a level of 1.50 m abovethe observation read at 18:00 MLT is transcribed on the day
the ground, with an opening of 2 dnand siphoning at an itself (Crable, 1971).
amount of 10 mm. The time of the siphoning is of the order Finally, only to allow for comparison of the IDF-curves,
of 10's, which may induce considerable measurement errorthe extreme precipitation data at the station of Uccle near
during heavy rainfall episodes. The analysis of the rainfallBrussels, Belgium, are considered. At the site of the cli-
charts is carried out on a 5 min time step at the exact time oimatological park of the Royal Meteorological Institute of
the start of the rainfall event. The maximum rainfall depths Belgium, a siphoning recording raingauge of the Hellmann-
were searched for the durations of 5, 10, 20, 30, 60 min. Thd-uess type functions without noticeable interruptions since
yearly maxima were deduced from the monthly maxima. Be-1 March 1898. All raincharts have digitised at a time step of
sides the rainfall intensity data, a non-recording raingauge ofL0-min clock-time producing a long-term high temporal res-
the IRM type with an opening of 1 dfrprovided the daily  olution time-series of more than 51/4 million data (Deéer
precipitation depths. The daily rainfall depths were taken for2003). However, the data set used in this study is a particular
the time period from 6:00 UT to 6:00 UT the next day. These case of that set corresponding to the 1934-1983 period. The
values were then associated with the rainfall intensities inmain difference with the longer series is that all data of the
1440 min. shorter series have an arbitrary starting point. During rainfall
The station of Yangambi-Km 5 is located at°d9’ N— events the highest intensive periods of 10, 20, 30, 60, 120,
24°29'E at an elevation of 470m. The Yangambi station 360, 720 and 1440 min were looked for at a monthly time
is the central station of the “Institut National pouiEwde et base (Rménieras, 1972). Furthermore, the extreme instan-
la Recherche agronomiques (INERA)” which was foundedtaneous intensities were graphically determined and were la-
in 1933 under the name of “Institut National pouEfide  belled for practical reasons as 1-min intensities. The latter
agronomique du Congo belge (INEAC)". The climatologi- data provided interesting indications for the flattening of the
cal observations as well as other activities were interruptedDF-curves for durations going towards zero.
at Yangambi in the first days of December 1964 due to the
Simba rebellion. The observations could be resumed, after
a revision of the stations, on 1 October 1965. In order to# The IDF-curves
o o, eroc o sl o S ot o ntensty Duraton:Frequency (OF) e conss
X utes a relation between the intensity (more precisely, the
and adding the month of December 1965 to produce a COM hean intensity) of precipitation (measured in mm/h), the du-
plete set of 12 months (Crabh1970). ’

The recrding raingauge n the INEAC networwas o e " O "2 80078t e of e el (1 i) and e
siphoning system of the type “O.N.M. — Office National de P : P

Métorologie” and produced by Richard at Paris. Mefr the rainfall amount or depth) indicates how rare/how frequent
has ameliorated the instrument. The receiving .area is '[héS this event and is defined by the inverse of the annual ex-
same as for the ordinary rainga.uge The rim of the recipi_ceedance probability (the precise mathematical definition is
ent is at 1.50 m above the ground level. The rainfall chart
is changed at 08:00 MLT (Mean Local Time). However, in
the case of heavy precipitation, the chart may be changed b
tween 08:00 and 09:15 MLT at the latest. Consequently, th
daily time span corresponding to t_he recording rain gauge = f(T.d). (1)
extends between 08:15 MLT, the time of the provoked si- . ) o . )
phoning on the day of its p|acement' until approximate|y The rainfall IntenSIty is a function of the variabl&sandd.
08:15 MLT the next day. Therefore, the differences betweenWWe consider in this paper only expressions of the type:
daily precipitation amounts of the non-recording raingau_ge. a(T)
and from the recording raingauge have been noted. The timé= bd) 2
step used in the manual processing of the precipitation charts . .
is 15 min. Therefore, the precipitation amounts produced byin Eq. (2), the dependency i and the dependency ifi
the recording raingauge need to be seen as clock-time dare modelled by two separate equatian®) andb(d). The
(Crable, 1971). relation (2) is moreover parameterised:

The ordinary raingauge used for daily readings is of the

S ) . . a(T, pl)
“Miniagri” type that was quite common in Congo, Rwanda i = m
and Burundi. This model is used since 1911. The opening of . p
the recipient measures 400 #@nd its rim is at 65cm above where p1 and p2 are two vectors of parameters. The esti-
ground level. The precipitation is collected in a large reser-mation of the IDF-curves results in the estimation of those

given by formula (9) in the Sect. 8).

Denote byi the rainfall intensity (mm/h){ the duration
of the rainfall (min) andT" the return period (years). The
j_DF-reIation is then expressed mathematically as follow

3
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Fig. 1. Map of the Democratic Republic of Congo. The locations of the three studied stations are inside the ovals (Two stations at Kinshasa
and one station at Yangambi).

parameters. The IDF-relation forms a group of parallel de-have been used in Dengw (1985) and in others. In this
creasing curves. The intensity decreases with the durdtion paper, we will use the relation

and increases with the return period Usually, the denomi- 0

nator of the relation (3) is chosen equal to b(d) =0 <1 + g) (4c)

— n
b@d) =@+ (4a) in order to have parameters with physical dimensions (with

where# and are two parameters to be estimated (Kout- ¢ €xpressed in min amgihaving no dimension). _
soyiannis et al., 1998). This functidn(d) is purely empiri- One can prove mathematically that it is useless to intro-

cal. On the other hand, variants of the relation such as duce empirically the numerator of relation (3). Its form
can in fact be calculated mathematically (Koutsoyiannis et

bd)y=d"+06 (4b) al., 1998) from the cumulative distribution function of the
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maximum annual values of rainfall amounts. It can be shown AUTOGORRELATION SPEARMAN, STATION = YBIKMS, D = 50 MIN
from extreme value theory that this distribution is very likely L
to be the GEV-distribution or its simplified form, the Gumbel car
distribution (these two distributions arise naturally as limit g
distributions when dealing with maximum values in blocks i

of i.i.d. random variables). b L e e

If this distribution is the Gumbel distribution then it can & ;.. . . o o
be shown that the numerator of relation (3) has the following g . 5 2
form : s [ ° g 2
v 1 o o
a(T)Z)»{x—m —In 1—? (59) e S
There are, in this case, two parameteraridy ) to estimate. st T TS i e

If the distribution is a Jenkinson or General Extreme Value |
(GEV)-distribution, then

1\17% LAG
v [-n(-4)] -1 -
a(l) = 7 + K (5b) Fig. 2. Graph of the autocorrelation function of the annual max-

imum precipitation depths for the duration of 1h at the station
Yangambi, Congo.

There are thus, in this latter case, three parameters (
andk) to estimate. We discuss in Sect. 5 the selection of a

Gumbel vs. a GEy d|str|t_)ut|9n. An |ntroduct|on. to e>.<treme durations and for the other stations with the same conclu-
value theory and its applications can be found in Beirlant et

al. (1996). SIons.

6 The underlying probability distribution:

I f th I i I
5 Independence of the annual maximum values Gumbel vs. GEV

Let us fix a durationd. We have then a sample afdata
points orn precipitation depths (in our case, we hane33
annual maximum precipitation depths for different durations
at the station Yangambi-Km 5; = 24 at the station Binza;
n=17 at the station Ndjili; an&=50 at the station Uccle,

Belgium) denoted, x2, ... , x,. These data are supposed ( (x — %)
—en(-457))

Different probability distributions can fit our data. Two
choices seem reasonable here: the Gumbel probability dis-
tribution and the GEV probability distribution. The Gumbel
distribution function has the following form:

to be independent. We can test this assumption by computF (x) = exp (6a)

ing the autocorrelation function for each duration and each

station. As an example, Fig. 2 represents the graph of the auwherey and A are respectively the location and scale pa-
tocorrelation function corresponding to the duration of onerameters. The mathematical form of the GEV distribution
hour at the station Yangambi. This graph has been computeflinction is the following:

for different lags comprised between 0 and approximatively Y

n/2. The autocorrelation function has been computed using x—¥\ 7"

the Spearman statistic. We have used this statistic becauseli:t(x) = exp{— [1 T ( )] } fork #0  (6b)

is a non-parametric one that is not based on the assumption

of normality of the variables. The lines represent the 95%defined on an adequate domain. Notice thattep the GEV
confidence limits to test the hypothesis of the nullity of the distribution turns into the Gumbel distribution. The param-
autocorrelation function in the case of a simple test (continu-eterx is called the shape parameters. To estimate these pa-
ous line) or in the case of a multiple test (dotted line) testingrameters the L-Moments estimators are used (Hosking et al.,
simulteanously the hypothesis for all values of the autocorre<1985; Stedinger et al., 1993). As an illustration, Table 3a
lation function comprised between 0 amd?. It is observed (respectively Table 3b) contains the numerical results of the
that the values of the autocorrelation function are small in ab-L-Moments type estimateg and’ for the Gumbel distri-
solute value (close to zero) and inside the 95% of confidencdoution function (respectively the L-Moments type estimates
limits shown by the continuous and the dotted lines. So, the&, %, andz for the GEV distribution function) of the an-
hypothesis of zero autocorrelation values can be accepted awual maximum precipitation depths (expressed in 0.1 mm)
the 5% significance level. This means that the series of theorresponding to different durations at the station of Binza,
annual maximum rainfall values at the station Yangambi forCongo.

a duration of one hour is likely to be constituted by indepen- The problem is to choose between the Gumbel and the
dent values. The same analysis has been made for the oth&EV distribution in order to model our data. The solution




380 B. Mohymont et al.: Establishment of IDF-curves for precipitation in the tropical area of Central Africa

Table 3a. Numerical results of the parameter estimates for a Gum-Table 4a. Numerical results for the Kolmogorov-Smirnov test and

bel distribution function corresponding to the different durations at the x 2 test for the annual maximum values of the rainfall depths for

the station of Binza, Congo. the different durations at Yangambi, Congo. The distribution tested
is the Gumbel distribution.

Duration (min) ¥ (0.1mm) 4 (0.1 mm)

Kolmogorov-Smirnov test x2 Test
5 122.33 2535
10 208.03 3612 Number of points 33 Number of bins 6
20 314.74 424 95% limit 0.23 95% limit 7.81
30 399.84 738
60 569.32 882 Duration (min)  Statistic  Duration (min) ~ Statistic
1440 833.15 1828
1 0.08 15 3.55
30 0.14 30 5.36
45 0.15 45 5.73
Table 3b. Numerical results of the parameter estimates for a GEV 60 0.12 60 1.73
distribution function corresponding to the different durations at the 120 0.10 120 3.55
station of Binza, Congo. 1440 0.10 1440 2.45

Duration (min) 4 (0.1mm) 4 (0.1mm) &

5 122.48 256 001 soyiannis and Baloutsos, 2000; Coles et al., 2003; Kout-
28 230178-3;32 ggi _%g‘; soyiannis, 2003) have expressed scepticism for the appro-
30 400.45 289 002 priateness of the Gumbel distribution for rainfall extremes,
60 575'48 9536 014 showing that it underestimates seriously the largest extreme

1440 831'_37 186 —0.02 rainfall amounts. After the observations made in these stud-

ies, it is not advisable to extrapolate the IDF curves based on
the Gumbel distribution to return periods much greater than
the record lengths.

. To validate the choice of the Gumbel distribution we make
to this problem can be found by means of well-chosen sta—a third test: the test on the shape paramet¢Btedinger et
tistical tests. The Kolmogorov-Smirnov and thé (or Chi- ' pe p 9

square) tests are two non-parametric tests that are well knowﬁl" 1993). The null hypothesis of this test is that the shape
q b arameterk of the fitted GEV distribution is equal to zero.

and whose objective is to test if a given sample comes fro he results of this test are given in Table 4c for the station

212;?23:1“(\)/;S()a(zdolfnraaii\m‘/:l?c;rﬁo\(}ftsc?glI;Stir:f \t(g?] iEggialBinza. It is noted that the test statistte=k /n/0.5633 al-
9 ' ways stays within the limiting 95% bounds (—1.96 and 1.96)

Kinshasa-Binza, Kinshasa-Ndjili and Uccle follow either a and this for each duration. Consequently, for this station, the
Gumbel or a GEV distribution. To test these assumptions the ] d Y. '

; 5 . null hypothesis can be accepted. The same conclusions can
Kolmogorov-Smirnov and theg < tests were carried out for ; :

. ) . be drawn for the other stations for which the results of the
each duration, each station and each hypothesis (Gumbel Ustistical tests are similar
GEV). The results of these tests are given in Tables 4a an& '
4b for the station Yangambi. It is noted that the test statis-
tic never exceeds the limiting 95% value and this for each of7  Extreme value distributions of the daily precipitation
the two tests. Consequently, for this station, the assumptions  depths
made cannot be rejected (at the 95% level) and the assump-
tion according to which the data follow either a Gumbel dis- For the daily precipitation depths, longer time series are
tribution or a GEV distribution for each aggregation time is available for Uccle (typically from the 1880s till present) and
accepted. The same conclusions can be drawn for the othdor Binza (from 1929 to 2000). For Yangambi, daily rainfall
stations for which the results of the statistical tests are sim-amounts are available since 1930 but only the series from
ilar. So we cannot decide, by means of the statistical testd950 onwards has been used. The annual maximum rain-
used, which distribution to choose. Both seem equally goodfall amounts are taken from the daily precipitation records
Obviously, the reason for this is the short lengths of our seriegjenerated by the non-recording raingauge. We show in this
of annual values. section the QQ-plots (quantile-quantile plots) corresponding

Because the simplest descriptions are the best, we propoge the daily annual extremes for the stations Uccle, Yangambi
here to work with the Gumbel distribution which has only and Binza.
two parameters (the GEV distribution have three parame- A QQ-plot (see for example Beirlant et al., 1996) is a
ters) and which has a simpler mathematical expression. Iplot showing the observations (in our case the daily an-
is noted, however, that recent studies (Wilks, 1993; Kout-nual maximum precipitation depths) versus a well-chosen



B. Mohymont et al.: Establishment of IDF-curves for precipitation in the tropical area of Central Africa 381

Table 4b. Numerical results for the Kolmogorov-Smirnov test and Table 4c. Numerical results for the test on the shape parameter
the x 2 test for the annual maximum values of the rainfall depths for for the annual maximum values of the rainfall depth for the different
the different durations at Yangambi, Congo. The distribution testeddurations at Binza, Congo.

is the GEV distribution.

Kolmogorov-Smirnov test XZ Test Test on the shape parameter

Number of points 33 Number of bins 6 Number of points 24

95% limit 0.23 95% limit 5.99 95% limits —1.96 and 1.96

Duration (min) Statistic ~ Duration (min)  Statistic Duration (min) Statistic

15 0.08 15 3.91 > o

30 0.09 30 2.82 20 B 1'09

45 0.12 45 2.82 30 012

60 0.11 60 2.09 60 094

120 0.09 120 2.82 1440 014

1440 0.10 1440 3.91 s

reduced variate (function of the probability). The function This last expression is called the Gringorten formula and
is chosen in such a way that the observations approach gives the optimal plotting position for the case of the Gumbel
straight line when the distribution fitted corresponds to thedistribution.
true distribution type. QQ-plots can be used to see visually Figures 3a—c show the six QQ-plots corresponding to the
if our sample of daily maximum values is likely to be drawn daily time series for the stations Uccle, Yangambi and Binza
from the fitted distribution (i.e. if the fit is good enough). In and for each of the models tested (Gumbel and GEV). The
this way, the conclusions drawn from several tests in the preconfidence intervals of the quantify(y) were obtained by
vious section can be verified. QQ-plots can also be used t@sing standard formulas for the Gumbel case or by using
visualise the relation existing between the values (depths) oh non-parametric resampling technique (bootstrap) for the
the observations and their frequency of occurrence or returiGEV case. A good introduction on the bootstrap theory can
period. be found in Efron and Tibshirani (1993). We see that the re-
In our case, the fitted distribution is the Gumbel distribu- sults given by the model GEV are very close to the results
tion or the GEV distribution (but we have seen why the Gum- given by the model of Gumbel. So, two parameters seem
bel distribution was preferred). The cumulative distribution enough to describe our data. This confirms what we have

function of these distributions can be rewritten as: seen in Sect. 5. We also see that the confidence intervals are
smaller for the model of Gumbel than for the model GEV.

F(x) = exp(—exp(—y(x))) (") We observe finally that the levels and the slopes of the con-

where tinuous curves (representing the model) are smaller for the

station of Uccle than for the other two stations.
1
y(x) = X(x —¥) e x(y)=v +Ay

8 Methods for the establishement of the IDF-curves for

for the Gumbel distribution and O
precipitation

1 x—y
yx) =—In [lJF K ( 5 )] < The IDF-curves for precipitation will be established accord-
1— explcy) ing to three different methodologies (Koutsoyiannis et al.,
x(Y)=v¢ —2x (—) 1998). The technigues and the numerical results will be dis-

cussed below.
for the GEV distribution. The variablgis chosen as reduced _ )
variate because it is linear dependentxofor the Gumbel ~ 8-1 The classical technique

distribution. The reduced probability corresponding to the . . o
i-th biggest value of a sample of sizés obtained by using The classical technique for establishing the IDF-curves of

the following formulas : precipitation has got three steps (seémniéeras, 1972; Ven
Te Chow, 1964; Demée, 1985). The first one consists of fit-
yi = —In(=In(A = py)) (8a)  ting a probability distribution function to the data and this for
i —0.44 each duration. In the Sect. 5, it was shown that the Gumbel

Pi= 01 (8b)  distribution function was a good candidate. In a second step
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the daily (d=24h) time series for the
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Fig. 3b. QQ-plots corresponding to the
daily (d=24h) time series for the sta-
tions of Yangambi. The fitted distri-

bution is either the Gumbel distribution
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For each subfigure, the observations are
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values of the estimated model parame-
ters are shown as well as the 95% con-
fidence intervals on these values. These
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the quantiles for each duration and for a given set of return
periods are calculated by using the probability function de-
rived in the first step. In the third step, finally the IDF-curves
are obtained by performing a global non-linear regression on
the quantiles given a criterion function. The three steps pro-
cedure allows for the estimation of the four parameters of the
Eq. (3).
The procedure may be resumed as follows:

Gumbel fitting for each given duration. This step has
been done in Sect. 6 and the results, the estimated pa-
rameters, are shown in Tables 3a and b (for a particular
station)

Estimation of the quantiles for each given duration.
Suppose that the data follow a distributiBn The quan-
tile x7 having a return period is defined by the value

intervals were calculated using a non-
parametric bootstrap technique.

x* that verifies the expression

N 1
Fxp)=1-

= ©

In the case of a Gumbel distribution, by inverting Eq. (9)
the following expression far} is found:

fon(cufe-3)

= 10
AT { Y (10)
and for the corresponding mean rainfall intengity,:

X7
=, 11
IT,d d (11)
Empirical quantiles can then be estimated by replacing
the parametergr andx in Eq. (10) by their estimateg
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and’.. The sets off —values considered in this method parameters of the functiand) are estimated followed in a
are equal td2, 5, 10, 20, 50, 100, 20@ears,{2, 5, 10,  second stage by the estimation of the parameters of the func-
20, 50, 75, 10pyears and2, 5, 10, 20, 35, 50, A3ears  tiona(T). For the notations, we assume that the data set con-
for, respectively, the stations of Uccle, of Yangambi and sisting ofk groups each one containing the intensity values
each of the two stations situated in Kinshasa. The set®f a particular duratiod;, j=1, ..., k (the intensity values

of d—values considered in this method (and in the otherare simply the depths values divided by the duration). Let us
two) are equal tof1, 10, 20, 30, 60, 120, 360, 720, denote byn the length of the groug, and byi ; the inten-
1440 min, {15, 30, 45, 60, 120, 1440nin and{5, 10, sity values of this group. In our case and for each station, all
20, 30, 60, 144pmin for, respectively, the stations of groups have the same length.

Uccle, of Yangambi and each of the two stations situ- The intensities ;; are samples of the random variables
ated in Kinshasa. I;:=I(d;) wherel=, 1, ..., n; denotes the rank of the value

) L i1 in the groupj of intensity values arranged in descending
— Global non-linear least squares estimation on the em-j. .

p'”c‘f"'. quantlleg. Zhe regression 1S performed on the The underlying hypothesis of this robust technique is
empirical _quan_tllesT’d. The estlmated_paramet_er val- hat the distribution functions of the random variables
ues are given in Table 3._ The regression function use .=1;b(d;) of all k groups corresponding to the different
Is given by the expression (12). To perform the re- 4, ationsy. are identical. The Kruskal-Wallis technique
gression one minimizes the.objectlve function given t_)y tests the null hypothesiHy that the group medians are the
the expression (13). Relatwe errors are preferred N"same (see for example Siegel et al., 1988). Assuming that
stead of absolute errors in order to give an “more equal’y, parameterg andy of the functionb(d) intervening in

weight to each error associated with each experimenta q. (4c) are known, it is then possible to compute all values

quantile. yj1=ijib(d;). The overall number of data points is given by
k
A {% —In (_ In(1— %))} m= )" n; where the summation is across theamples. The
j A0, = 12 j=1 _ o
ira(y m) e} (1 + %)" (12) Kruskal-Wallis test statistic is given by
2

ir.a(Y, %, 0,n) 12 & m+1\?

F = 1-—— (13) kew = ——— 7 - — = 14
TZ;< 7.4 ) W mm+ D ;”«’ (r-’ 2 > (14)

In the next two subsections two less classical methoddVhere the ranke;; are assigned to the valugg(with respect
(Koutsoyiannis et al., 1998) for assessing the IDF-curves ard® the global sample). The average rank of thesalues of

explained. the j-th group is denoted by;. However, it appears from
the relationy;;=i;;b(d;) that the ranks-;; will depend on
8.2 Method in two stages the numerical values of the parametérandn of the func-

tion b(d). From which it results that the estimation problem
Koutsoyiannis et al. (1998) propose a robust technique foiis reduced to minimizing the test statistigy as a function
assessing the IDF-curves of precipitation in which firstly the of the parameter andr. A derivative free numerical search
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Fig. 4. The four sets of IDF-curves, shown in logarithmic scale, and obtained via the one-step method Top-left: Uccle, top-right: Yangambi,
bottom-left: Binza, bottom-right: Ndjili. The stars (*) represent the empirical quantiles whereas the continuous lines represent the sets of
IDF-curves. The values of the parameters are displayed on the sub-figures: param. 1 stands for, param. 2 stands for, param. 3 stands for ar
param. 4 stands for whereas the fitting error is displayed on the line below these four parameters.

technique is most appropriate solving the problem. The min-by the expression:

imizing technique can be speeded up when only results in the

region of higher intensities are needed by using only a part, A oA L a(T, ¥, %)
of the data values of each group instead of the complete sd7d (V. 2. 0.1) = b(d—én)
ries. In this application only the highest half of the intensity

values for each duration were used. _ b { f In ( In (l B %))} (15)

6 (1 + )"
Using the optimized value$ and #, all values of 8.3 Method in one stage
yj1=ijb(d;) form a unique sample. Selecting a probabil-
ity distribution, in our case the Gumbel distribution function, In this technique (Koutsoyiannis et al., 1998), all parameters
and an appropriate estimation technique (in our case the Lef both functionsa(7T) and b(d) are estimated in one sin-
moments technique), the parametgranda of the function  gle step minimizing the total square error of the fitted IDF-

a(T) are then estimated from this sample. Finally, the es-relationship to the data. More precisely, to each data value
timatesir 4(1, A, 6, 7) for the extreme intensities are given i; an empirical return period using the Gringorten plotting

SN
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Table 5. Estimated parameter values obtained with the three methods of estimation for the four stations considered. The errors given by the

last column are computed according to formula (17) for all the three methods.

Station Method A (mm) ¥ (mm) ¢/A 6 (min) 7 Error
Uccle 3 steps 3 7.4 2.67 A 0.78 0.068
Uccle 2 steps B 7.2 2.79 K 0.77 0.068
Uccle 1 step 5 6.6 2.55 3 0’6 0.066
Yangambi 3 steps 18 78.3 5.38 34 098 0.059
Yangambi 2 steps 18 79.9 474 3% 1 0.055
Yangambi 1 step 16 78.9 4.68 36 1 0.053
Binza 3 steps 10 57.8 5.73 1® 0.89 0.052
Binza 2 steps 12 66.2 5.47 22 093 0.048
Binza 1 step 12 68.1 5.63 23 093 0.047
Ndijili 3 steps 92 49.3 537 18 084 0.072
Ndijili 2 steps 127 63.5 501 2B 09 0.069
Ndjili 1 step 127 64.4 5.08 22 089 0.069
position In this table, we can first notice the units of the parameters.

The parameted is expressed in minutes because we chose to
(16)  express the duratios in minutes. The parametér as well
[-044 as the parametelr are expressed in mm so that the left mem-
is assigned. So, for each data value we have a triplet of number of Eq. (3) is expressed in mm/min. The last parameter,
bers(ij;, T, d;). On the other hand, for a specific form of #, has no unit, by definition. In order to compare the three

ni+0.12
Tjp = ————

a(T), the modelled intensity is given by methods we have calculated, for each of them, the fitting er-
a(Tip) ror given by formula (19) which is also the objective function

fj = J! a7 of the one-step method. It is noted that, as expected, the one
bdj) step method minimizes the fitting error. Figure 4 shows the

four sets of IDF-curves obtained via the one-step method for

and the corresponding relative error: / .
each of the four stations considered.

ejl=1- ii’ . (18)
it 9 Comparison of the results for the three methods and
In our case, the specific form afT') is again given by the for the four stations
Eq. (5a) and the form db(d) is given by the Eq. (4c). The
overall mean squared relative error is given by We see from Table 5 that, for each station, all methods give

approximately the same error, the difference between the

s 1 ko 2 worst and the best method being not so big. In fact, although

=% Z n. Z €jt- (19) the three methods are based on totally different philosophies,
=17 =t they provide very similar results. For all the stations and for

The estimation problem is again reduced to an optimiza-the classical method, the fitting error between the IDF-curves

nj

tion problem that can be defined as: and the empirical quantiles is of the order of 5 to 7%, which is
S very low. For each of the four stations, the estimated param-
minimizee = e(y, 2,0, 1) . (20)  eter values for the three techniques are numerically very sim-

Again, a numerical search technique for optimization thatllar- In fact, the difference in the graphs corresponding to the

makes no use of derivatives is appropriate for this problemNrée techniques is hardly discernable. Note that the meth-

As in the previous method, the minimizing technique can be®ds in two or in three stages do not try to minimize the fitting
speeded up by using only a part of the data values of eacf™or (17); they have in fact different objec_nve functions.
group. In this application only the highest half of the inten-  Each of the four parameters of the estimated IDF-curves
sity values for each duration were used. has got a signification. If we look at these curves in log-
log scale then the parametirplays a role in the level of

8.4 Results the curves: if all the other parameters are fixed, multiplying

this parameter by two is equivalent to multiplying the level
The estimated parameter values obtained with the thredy two. The combined parametgr defined ag)/) corre-
methods of estimation and for the four stations consideredsponds to the spreading of the different curves. The smaller
are given in Table 5. ¥* is, the larger is the spreading. The paramétpoints to
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Table 6. Extreme depths calculated for the four stations and forthe value ofy can be seen as the slope of the tangent to the

two different couples of duration and return periods. The estimated DF-curves at the data points of 24 h.
parameters result from the method in 3 steps. We can also look at the extreme depths calculated by mean

of the four estimated parameters for a well-chosen return pe-
riod and a well-chosen duration. Table 6 shows the extreme
depths obtained for the four stations with the four parame-
ters calculated by mean of the three-steps method and where
we have chosen a return period of 20 years and a duration of

depths (mm) depths (mm)
Station Method d=1h d=24h
T=20years T=20years

Uccle 3 steps 28.1 59 either one hour or one day. We see that the extreme depths
Yangambi 3 steps 785 137 obtained are much higher for the African stations than for the
Binza 3 steps 785 140 Belgian station (about 2 to 2.5 times larger). Moreover the

calculated depths for a duration of one hour are very similar
for the three Central African stations (about 79 mm) but we
observe noticeable differences between the estimated depths
for these stations and for a duration of one day. These differ-
ences can be explained by the different values of the slopes
idescribed by the parametegy of the IDF-curves for the dif-
ferent Central African stations.

Ndijili 3 steps 79.4 158

the position where the IDF-curves begin to become straigh
lines. This point is roughly situated d@=3. Finally, n is
proportional to the slope of the curves.
When looking at Table 5, it is noted that the slope of
the IDF-curves for precipitation for the station of Uccle 19 conclusions
(n=0.76) is smaller than the slopes of the two curves of the
two stations situated in Kinshasa (these two SIOpeS are S|m||'t was shown by app|y|ng different statistical tests that the an-
lar, n=0.89 andn=0.93) which in turn are smaller than the nyal maximum values of precipitation at Yangambi, Binza,
slope of the Yangambi IDF-curveg<1). Itis also noted that  Ngijili (all three in Congo) and Uccle (Belgium), follow a
the spreading of the IDF-curves is similar for all the African probability distribution function that can be chosen to be the
stations but is much larger in the case of the Belgian stationGumbel distribution function for the durations considered.
This fact is clearly visible in Fig. 4. For example, the ratio gased upon this preliminary result, IDF-relationships cov-
between the extreme quantity corresponding to a return pegring different ranges of durations from 1, 5 or 15min till
riod of 50 years and the extreme quantity corresponding t01440 min (1 day) and using only 4 model parameters were
a return period of 2 years is equal to 2.83 for Uccle but isassessed by three different methods. In all three methods,
only equal to 2.09 for Yangambi (and equals respectively tothe separation of the functiong7) andb(d) is maintained
2.05 and 2.09 for Binza and Ndiili). We also remark that the andq(T) is taken as being the inverse function of the Gumbel
parametep is very low for Uccle (about 3min) compared (jstribution function. Although, the underlying philosophies
to the other stations (from 15 to about 23 min for Binza and gre different, particularly in their optimisation processes, the
Ndjili, but reaching 36 min for Yangambi). Finally, the pa- three methods yielded similar results.
rameteri is also much lower for the station Uccle than for | this paper, IDF-curves for Yangambi, Binza and Ndiili
the other stations (about 4 to 5 times lower). (Congo), have been assessed. The relationship characterizes
The high values of the parameter obtained in this  the extreme rainfall at different places of Congo. Rainfall in-
study for the Central African stations, even approaching theensity information is rather rare in the tropical area of Cen-
value 1 for the station Yangambi, retain our special atten-ra| Africa since few high-frequency long-term extreme rain-
tion. Menabde et al. (1999) using a simple scaling/fractalfy|| statistics have been processed in the region. IDF-curves
model has obtained values ranging from 0.65 to 0.75 forfor Uccle (Belgium) have also been assessed. The values
South African stations. However the Simple Scaling mOdelof the obtained parameters were used to compare the IDF-

also leads to the IDF-curve expression curves of the four stations.
a(T) Physically, high values of the parameteifor the Cen-
i= I (22) tral African stations can be related to the short duration of

the length of the heavy rainfall. In Central Africa, short but
where the parametérout of the formula (4a) is equal to zero. heavy rains occur once a day, so that the rainfall depth is
The latter model is not appropriate for the data of the Cen-fairly constant for durations ranging from, say, 4 to 24 h. This
tral African stations as the data present a rather long bendingroperty implies a value of in that range close to 1.

aspect represented by high values of the parantete®n It was tempted to provide graphical interpretations of the
the contrary, the station of Uccle has a short bending part omodel parameters of the implemented model for the IDF-
the IDF-curves giving rise to a rather long straight line as-curves. In this procedure the differences between IDF-curves
pect, yielding a value of the parameteof about 3 min. For  and their parameter values in the tropical area of Central
the latter part, the Menabde theory can be easily applied. IrAfrica and Uccle, Belgium, were shown evidencing the dif-
the case of the Central African stations, due to the bendingference in the extreme precipitation regimes.
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