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Abstract. We propose an original approach to infer the flood 1  Introduction

frequency distribution at seasonal and annual time scale. Our

purpose is to estimate the peak flow that is expected for

an assigned return pericfl, independently of the season Flood frequency analysis is often used by practitioners to
in which it occurs (i.e. annual flood frequency regime), as SUpPPOrt the design of river engineering works, flood mitiga-
well as in different selected sub-yearly periods (i.e. seasonalion procedures and civil protection strategies. It is gener-
flood frequency regime). While a huge literature exists onally carried out by fitting peak flow observations to a suitable
annual flood frequency analysis, few studies have focusedprobability distribution. Two approaches are mainly applied.
on the estimation of seasonal flood frequencies despite th¥/Sing an annual maximum series (AM), one considers the
relevance of the issue, for instance when scheduling alon¢frgest event in each year. Conversely, using a partial dura-
the months of the year the construction phases of river engition series, or peak-over-threshold method (POT), the anal-
neering works directly interacting with the active river bed, YSis considers all peaks above a given threshold level (e.g.
like for instance dams. An approximate method for joint fre- Madsen et a.1997ab).

guency analysis is presented here that guarantees consistencyl many practical cases one may be interested in inferring
between fitted annual and seasonal distributions, i.e. the arfhe flood frequency distribution for given intra-annual peri-
nual cumulative distribution is the product of the seasonal cu-0ds. For instance, the design of a small coffer dam that will
mulative distribution functions, under the assumption of in- P€ in place for only a couple of months may be over-designed
dependence among floods in different seasons. In our methodl the design flood is based on the AM analysis, especially if
the parameters of the seasonal frequency distributions are fithe period in which the coffer dam is in place is during a
ted by maximising an objective function that accounts for drier season of the year (egcCuen and Beighley2003.

the likelihoods of both seasonal and annual peaks. In conYVhen considering utilisation of floodwater for water supply
trast to previous studies, our procedure is conceived to allowt iS Very valuable to use seasonal flood information so as to
the users to introduce subjective weights to the component@Perate the reservoir more effectively during flood seasons
of the objective function in order to emphasize the fitting of Withoutincreasing the flood risk (e.Bang et al.2007 Chen
specific seasons or of the annual peak flow distribution. An€t al, 2010.

application to the time series of the Blue Nile daily flows at ~ There are several problems encountered when fitting sea-
the Sudan—Ethiopia border is presented. sonal and annual frequency curves independently and a key

issue is to ensure the compatibility between intra-annual and
annual flood probability distributions. One example is the
problem of crossing over: in the probability plot, the an-
nual distribution must always lie on or above the highest sea-
sonal distributionDurrans et al.2003, i.e. the probability of
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one peak value of being exceeded in the entire year must bproduct of the seasonal ones. Likelihood weights can be used
higher than the probability of the same value being exceededo put more emphasis on one or more distributions, whether
in one season. sub-yearly or annual. It is worth noting that the optimisation
The issue of seasonal flood frequency analysis was conprocedure is similar to a maximum likelihood estimation,
sidered byCreager et al(1951). However, literature dedi- but our objective function is not a likelihood function since
cated little attention to this problem in comparison with the it combines seasonal and annual likelihoods and it allows
estimation of annual extremes. In fact, several contributionghe user to assign weights to them. The method represents
dealt with intra-annual flood assessment but in many casean approximate solution to the problem of the seasonal and
the purpose was to derive seasonal information for use in th@annual flood frequency analysis, providing results that are
estimation of the annual peak flow. For instanB&dinger  wholly comparable to those that would be obtained through
et al.(1992 discussed the advantages and drawbacks relatethe classic method of annual, or seasonal, peak discharge and
to using seasonal flow data to estimate the annual peak flowwvercoming consistency problems such as the crossing over
distribution but did not explicitly focus on flood estimation problem.
in sub-yearly periods. Similarly)ochanek et al(2012 and With respect to the approach proposed ®ken et al.
Strupczewski et al2012 focused on the upper quantiles of (2010 our method ensures more flexibility in the choice of
the annual peak flows by fitting data collected in two sea-the seasons which can eventually be very different in terms of
sons. Other analogous contributions were provide big- their impact on the annual flood distribution. For illustration
hand and Demar(1990, who refer to rainfall depths, and purposes, the proposed approach is applied to infer seasonal
Singh et al(20095. and annual flood frequency distributions for the Nile River at
Among the contributions that are explicitly dedicated to the Sudan—Ethiopia border.
inferring flood occurrence in different seasons, it is worth
mentioningMcCuen and Beighley2003, who focused on
filling the gaps of seasonal data records, and in particula
Durrans et al(2003, who first considered alternative ap-
proaches to jointly estimate seasonal and annual flood fre;

distributi H thei thod based Let us define a season as a contiguous period of the year
quency distributions. However, their methods are based of iy, jis own river flow regime and seasonal flood frequency

adapting the skewness coefficient of seasonal distribution§jistribution Assuming that the year is divided ino sea-

to ensure a satisfactory fit of the annual peak flows, thereméons in which flood distributions are independent of each

putting more emphasis on the. annual distributialtamano . other, the cumulative probability distribution function (CDF)
et al. (2017 analyse the magnitude of under- (or over-) esti- of the annual maximum floodp, is given by the product

mation of design events in the presence of seasonality by us;,
ing the POT or AM approaciBowers et al(2012 presents Te.g Waylen and Wop1982 Durrans et al.2003
a statistical procedure to partition river flow data into three N )
seasons and focuses on two particular distributions to defer @l ®1. ... O5)) = l_[ Fo(ql8). i=1 .. N (1)
scribe the constructed seasonal river flows: power law and i=1
lognormal.Fang et al(2007) proposed an approach based Where Fp, andé; are the CDF and the vector of the pa-
on the peaks-over-threshold sampling method and a nontameters for seasan respectively. This relationship clearly
identical Poisson distribution to model the flood occurrenceshows that seasonal and annual probability distributions are
within each season. Another relevant contribution was re-strictly related, meaning that the estimation of their parame-
Cent]y given byChen et a|(2010 who proposed the use of ters should be conditioned by Eq.)(The literature has pro-
a copula function to jointly model the distributions of flood Posed several methods to impose the aforementioned con-
magnitude and date of occurrence. dition. For inStanCEDUrranS et a|(2003 conditioned the

We propose a practicai and useful alternative approaciﬁkewness coefficients of seasonal distributions to fit the an-
for jointly estimating seasonal and annual flood frequencynual flood frequency behaviours.
distributions, which has the relevant feature that, under the Under the assumption of independence among seasonal
assumption of mutual independence of seasonal peaks, tHeak flows, we propose an estimation technique for seasonal
number of seasons and their distribution along the year ca@nd annual flood frequency distributions which enables the
be defined with great flexibility. In detail, we analyse yearly User to (a) select the seasons independently of their signifi-
maxima collected at seasonal and annual time scales and déance in the formation of the overall flood regime, (b) assign
Ve|0p an obiective function for parameter estimation, Con_different Weights to the fitting of seasonal and annual distri-
sisting of the weighted sum of seasonal and annual logbutions and (c) overcome the problem of the crossing over
likelihoods for the peaks of being observed. Parameters ofmong seasonal and annual distributions.
the seasonal distributions are optimised while, under the as- The method makes use of the annual maxima sampling
Sumption of independence of the flood generating procesgiethOd to select relevant floods at seasonal and annual time
among seasons, the annual distribution is computed as thécale and is articulated in the following steps.

g Parameterisation of seasonal and annual flood
frequency distributions
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1. From the observed data series, select the sample of the
annual maximum peak flows (AM) as well as the sam- =
ples of annual maxima for each season (M

R St T O S G 2
N I ' ' ' 0

2. Forthe above seasonal samples, identify a suitable prob-
ability distribution and estimate its parameters, for in-
stance by using the method of maximum likelihood
(i.e. initial parameter set).

R L L e R -,,. "f- - ----; »»»»» \--Tj:;—\.b-\-
3. Compute the objective functiofi(81, ..., 8y) for the ; dperleck T AN Djibouti )
joint-estimation of seasonal and annual distributions pa- ......| * : f mdil® ol 0 D0N

rameters through the relationship

N

Msl.
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i=1

My ) : ‘ : ; : : : :
+wy Z In [ny (CIY,k| 1, ..., 0N))] 2) o mearr a0

k=1 Fig. 1. Schematic representation of the upper Blue Nile Basin
(hatched) within Blue Nile River basin (outlined). Source: Fig. 1

where Ms, and My are the samples sizes of $nd in Elshamy et al(2009.

AM, respectively, which may be different (e.g. the case
of seasons affected by missing datay; ; and gy«
are the observations in SMand AM, respectively;
fo: (¢5,,18:) and fo, (qv 4161, ... ) are the seasonal 3 Application to the Blue Nile River at Sudan—Ethiopia
and annual probability density functions; and wy, Border

N

with wy + _lei = 1 are weights, for the seasonal and The proposed method was used to estimate the flood fre-
annual dilsfributions, respectively. Note that Eg) i ~ quency distribution, by referring to different yearly subpe-
based on the log-likelihood function of the seasonal and'i0ds, for the Blue Nile River at the Sudan—Ethiopia Border.
annual distributions given the observed intra-annual and'h€ Blue Nile originates from Lake Tana, in Ethiopia. To-
annual peak discharges. In view of Ed),(the annual gether vy|th t_he White N|I_e, it is one of the major trlbutarles_
log-likelihood, presents in the second term at the right©f the Nile River. The main stream length at Sudan Border is

hand side of Eq.3), can be computed by about 900 km and the contributing area is 175 008 Kfine
Blue Nile is vital to the livelihood of Egypt. In fact, about

Blue Nile. Figurel shows a schematic representation of the
N Blue Nile watershed.
foi (qv.x16;) ]_[ Fo,(qvi0;) | |- (3 Daily river flow observations that were collected by
=1 the Ethiopian Ministry of Irrigation and Water Resources
(MoWR) between 1961 and 2005 (i.e. 45yr) are available
Since Eq. 2) depends only on seasonal parametersat Sudan Border. Nevertheless, the series is affected by sev-
04, ..., Oy. eral missing data, mainly from January to June/July, there-
fore the number of usable years is less than 45. In particu-
4. Through an optimisation algorithm, the objective func- |ar, we retained in the annual maximum series of flood flows
tion given by Eq. 2) is maximised in order to obtain the  only the 25 yr for which daily observations are available dur-
best parameter set (i.e. optimal parameter set). ing the whole wet season (i.e. from June to September, see
. . . Rientjes et al.2011). Concerning seasonal sub-samples, we
Weights in Eq. ) are introduced to control the relevance of included the seasonal maximum daily discharge in the sea-

the fit of each single frequency distribution in the overall pro- 4| jatabase only when observations are available for at
cedure. With a proper choice of weights, the proposed ProCeraast 70 % of theé-th season

dure can converge to the traditional procedure that is based 14 maximum annual flood of the Blue Nile exhibits a

ohn the anal)(/jss of annhu_al maX|ma(;Jljly.ho?e”apphcatlon_ Ofvery strong seasonality and is characterised by one peak
the proposed approach is presented in the following seCtlonseason, as it is common in monsoon-dominated climates.

Indications reported in the literature (e.Bientjes et al.
2017 distinguishes two main climatic seasons for the study

In[foy (qvil @1, ... Ox))] 59 % of the water that reaches Egypt, originates from the

N
In
—1

i .7.
J#
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Fig. 2. Mean daily streamflow (black thin dotted line) and 30-day running mean (black thick line); standard deviation of daily streamflows
(red thin dotted line) and a 30-day running mean (red thick line) as a function of the day of the year; annual maximum series are reported
as blue dots; the four seasons considered in the study are also illustrated (grey shaded areas represent the time intervals considered in tl
sensitivity analysis, see Sect. 4.2).

area, namely: a wet (i.e. from June to September) and &k and Burn, 2002. After Bayliss and Jonegd 993, the date
dry (i.e. from October to May) season, while in the east- of occurrence of the evemtcan be written as a directional
ernmost part of the study area a subdivision into three cli-statistic by converting the Julian date, Jd, of occurrence into
matic seasons is suggested by some authors3elgshiand an angular measure given by
Camberlin 20069: Kiremt (“main rains”, heavy rainy sea- >

. . . T
son, June—-September), Belg (“small rains”, light rainy sea-¢; = Jd (—)
son, February—May), and the dry season, Bega (October— 365
January). During the wet season the contribution of the BlueTherefore, each date of occurrence can be represented in po-
Nile is about two thirds of the total flow of the receiving Nile lar coordinates as a vector with a unit magnitude and a di-

(4)

River. rection given by Eqg.4). This allows the determination of the
x andy coordinates of the mean of a samplezflates of
3.1 Season identification occurrence as

In order to identify the optimal number of seasons, climatic 1 4 N 1 2 ‘

behaviours were considered along with the practical need ~ 7 ;COS(%)’ Y=z ;Sm((p’)' ®)

to estimate peak flows for assigned periods for water re- = o . ) )

sources management purposes. To obtain a first picture ofherefore, the directiol, along with the magnitude;, of
climatic behaviours, Fig2 shows the progress of the mean the v_ector representing this point in polar coordinates, can be
daily streamflows along the year (black thin dotted line) to- Obtained by

gether with a 30-day running mean (black thick line). The _ tan( 2 6
standard deviation of daily streamflows is also reported (redw =arc an<x> ’ ©)
thin dotted line) together with a 30-day running mean (redr _ /x2 42 )

thick line), while annual maximum peak flows are indicated ™

as blue dots. It can be seen that seasonality is very proEquation 6) represents a measure of the mean timing for

nounced with one flood season only. the sample ofZ dates, such as the days of occurrence in an
Directional statistics were used to quantify seasonality ofannual maximum series, and can be converted back to a mean

flood eventsiflardia, 1972 on the basis of the timing of an- date, MD, through

nual maximum flood flows. The utilisation of these seasonal (365)

indicators in hydrology is not new. For instance, the literatureMD = ¢ | —
reports several effective applications in regional flood fre- 2¢

quency analysis for explaining hydrologic similarity among Equation {) gives a measure of the regularity of the phe-
catchments (e.ddurn, 1997 Castellarin et a]2001;, Cunder-  nomenon: values of close to one imply a strong seasonality,

®)
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Table 1. Pearson’s seasonal correlation coefficients for the Blue Nile River at Sudan Border. The second to last column reports the linear
correlation coefficient between seasonal flood flows and the associated Gumbel reduced variate; the last column shows the PPCC test valu
for assessing the goodness of the fit of the Gumbel (i.e. EV1) distribution for a significance level of 5 %.

Record Pearson’s Corr. Coeff. PPCC
Season length Dry Pre-flood Flood Post-flood Corr.  Testvalue
(years) Season  Season Season Season coeffasoy,
Dry 18 1 —0.018 0.000 0.355 0.972 0.933
Pre-flood 21 - 1 0.008 0.158 0.977 0.940
Flood 25 - - 1 0.526 0.985 0.946
Post-flood 24 - - - 1 0.982 0.944
AMS 25 0.977 0.946

or regularity, in the dates of occurrence of the events, valuegaple 2. Parameters of the seasonal distributions §m']: inde-
close to zero are symptomatic of a great dispersion throughpendent fitting (maximum likelihood estimation) and joint estima-

out the year. tion by adopting uniform weights (proposed method).
Through directional statistics the limits of the flood sea-
son, g1 and g2, are quantitatively identified through the Independent estimation Joint estimation
relationship Season (Max. likelihood) (Proposed method)
Location Scale Location Scale

pr2=9¢ *o, )

] - ] Dry season 1195 492 1195 492
where the negative and positive signs correspond to the be- Pre-flood season 4446 1070 4432 1056
ginning and the end of the season, respectively,aigithe Flood season 6694 1316 6600 1267
standard deviation in radiants given &y /—2 In(r) (Mar- Postflood season 5668 1244 5622 1208

dig, 1972. The computed mean angular measures are con-

verted back to calendar dates by using HJ. Directional

statistics were applied to annual maximum series (AM) of higher chance of detecting correlation among them. It is also

daily streamflows of the Blue Nile at Sudan—Ethiopia Bor- significant to note that season identification based on climatic

der. The results show that the annual maximum flood is exP€haviours, rather than an arbitrary selection, leads to yearly

tremely regular, with measure of regularity equat t00.977 subperiods that are well distinguished from a climatic point

(it is relevant to note that= 1 would correspond to observed of view and therefore are more likely to be independent (e.g.

annual maxima happening on the same day of the year). Mos{vaylen and Wop1982 Durrans et al.2003 Strupczewski

of the observed flood dates falls within the 3-week time pe-et al, 2012 Kochanek et a).2012.

riod from 31 July to 25 August. We identify this period as

the flood season. Furthermore, we identify three additiona

seasons to fully characterise the high streamflow regime (see

e s o e v T2l 1 1epts th resuls o e Ploting posion Cor
elation Coefficient (PPCC) test (e.gogel, 1986 Castel-

31 May; a pre-flood season from 1 June to 30 July, and Rarin et al, 2009 that was carried out to test the suitabil-

post-flood season from 26 August to 3.1 Octobe_:r. Eor eac ty of the Gumbel distribution (also called EV1 distribu-

of the above periods, the seasonal maximum dally_d|scharg on) to simulate the flood frequency behaviours in each sea-

g:cshesxéicgﬁgi sTaark;lel ;:S“\a/vssl?;ssttgi LerfioLdelgggfhléncZ?ris %n. For all seasons the linear correlation coefficient is re-

by the annual peakpdischarge. The ma(tqrix of thz Pears%n rteddbetween ;ezt;‘lp nal flood flc(;wshand rt}hefi}r sgmpls Ton-

correlation coefficients among the different samples contain-dxCee ance probability expressed through the Gumbel re

i th | flood s al h in Table 1 uced variate (i.ey =—In(—In(F)), whereF indicates the
Ing the seasonalTood maxima IS aiso shown In 1able L. on-exceedance probability). The test value for a 5% sig-

. (;t can (;)e seenfthat the nluII hipothesm; gf sta.t|stt|cgl Ttl;]tuast?icance level is also given. It can be seen that the Gum-
independence ol seasonal peaks cannot be rejected atth€ 5,4 yiqiinytion can never be rejected at the 5% significance

significance level, with the exception of the post-flood S€aSONeyel for all the seasons. Therefore, initial values for the dis-

th?: 1S pciS'tlveK corre 'f‘te‘: :ﬁ t?e. floo'd s'ei';lsotﬂ. ber of tribution parameters were estimated through the method of
is relevant to point out that, in principle, the number of - . clinood (see Table 2).

seasons and their calendar limits can be defined arbitrarily.
However, for increasing number of seasons one experiences a

I3.2 Estimation of seasonal and annual flood frequency
distributions
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Fig. 3. Empirical CDFs (dots) and maximum likelihood estimates (dotted lines), blue refers to annual maxima; annual maximum CDF
obtained as the product of the seasonal CDFs estimated through the method of maximum likelihood (blue dash-dotted lines); seasonal CDF:
jointly estimated by maximizing Eg2J (thin lines) and annual flood CDF obtained as the product of the jointly estimated seasonal CDFs
(thick blue line).

Through a genetic algorithnMebane and Sekhoga011), dently fitted flood season distribution (pink dotted line) cross
the seasonal distribution parameters were obtained by maxihe independently fitted annual distribution (blue dotted line).
mizing Eq. @). Figure3 shows in a Gumbel probability plot The seasonal distribution parameters, given by initial fitting
the initially fitted seasonal distributions (dotted lines) along and jointly fitting, are summarised in Table 2.
with the sample frequency of the observed data (dots) and the Figure3 shows a fair-to-good agreement between sample,
final seasonal distributions resulting from the proposed ap-individually fitted and joint estimated distributions, although
proach (continuous lines) by adopting uniform weights. Thesome slight discrepancy is detected, as expected. In partic-
annual CDF obtained from individual fitting of annual max- ular, the individually (independently) fitted seasonal distri-
ima and the ones obtained as the product of the initially fittedbutions are underestimated while the contrary holds for the
seasonal distributions are also shown (blue dotted and dashnrdividually fitted annual distribution.
dotted lines, respectively). The differences are rather evident It can be also seen that the effect of dependence on the
and result from the dependence between seasonal and afitting of the post-flood and the flood season, namely, the dif-
nual peak-flow distributions. This dependence implies thatference between independent and joint estimates, is indeed
the annual flood quantile estimated from seasonal maximaegligible. As it was expected for the given season separa-
through the product of seasonal CDFs differs in general frontion, it can be seen that the annual distribution is similar to
the result of an at-site estimation focusing on the sequencéhat of the dominant flood seasd®t{upczewski et 12012
of annual maximum discharges only. This is mainly due toKochanek et a).2012. This can be explained by noticing
the limited sample size of the considered sample, which rethat the majority of the annual maxima occurs during the
sults in discrepancies that increase with the return periodflood season (i.e. from 31 July to 25 August), thus the sam-
The annual distribution resulting from the joint estimation ples of maximum peak flows collected for this season and at
technique is also shown in Fig.(blue continuous line). annual time scale are quite similar.

Figure 3 highlights the problem of crossing over: for a
return period approximately equal to 7-15yr, the indepen-

Hydrol. Earth Syst. Sci., 16, 4651466Q 2012 www.hydrol-earth-syst-sci.net/16/4651/2012/



E. Baratti et al.: Seasonal flood frequency analysis 4657

[<e] [(s]
WEIGHTS [%] | WEIGHTS  [%]
DRY PRE FLOOD POST ANNUAL ! DRY PRE  FLOOD POST  ANNUAL
95.00 1.25 125 1.25 1.25 ; 5.00 2375 2375 23.75 23.75
< — ! < —
1.25 95.00 1.25 1.25 1.25 : 23.75 5.00 2375 23.75 23.75
— 125 1.25 95.00 1.25 1.25 — 23.75 23.75 5.00 23.75 23.75
= ®
o, N T s 125 125 9500 125 3\ | O, N | 2375 2375 2375 500 23.75 3|
[(1] 1.25 1.25 1.25 1.25 95.00 Q 23.75 2375 2375 2375 5.00
2 ‘ aill| ¢ — i
c e & PR CaE——— = _ (—— o v . P
BTy 1 A e
| . ' ' | - ' ' '
£ i £ | ‘
a 9+ f L] o 9 | j j
< _| < _|
| 1 )
o |a) | o |P) p d
1 I [ I I | [ [ I [
DRY PRE FLOOD POST  ANNUAL DRY PRE FLOOD POST  ANNUAL

Fig. 4. Differences in percentage between the 100-yr peak flows estimated jointly (proposed technique) and the ones estimated by maximum
likelihood independently on each season and on the maximum annual aluerevailing weight (95 %) to one given period and 1.25 % to
the other distributiongb) small weight (5 %) to one given period and 23.75 % to the other distributions.

4 Sensitivity analysis In summary, Fig4 demonstrates that the annual distribu-

tion, as well as the flood and post-flood seasons, are sensi-
This section illustrates some additional analyses we pertive to the value of the weights, while the pre-flood and dry
formed aiming at assessing the sensitivity of the proposede€asons display little or no sensitivity. This is because our
approach to three different aspects, namely (1) the season#&iethod accounts for the dependence between seasonal and
weighting scheme used in the optimisation procedure; (2) théannual maxima (and not among the seasons themselves) and
duration of seasons; (3) the number of seasons and hypothé&e peaks in the pre-flood and dry season almost never are
sis of independence between these. maximum annual peaks.

4.1 Sensitivity to the weighting scheme 4.2 Sensitivity to the duration of seasons

In Fig. 4 the sensitivity of the method to the choice of weights As shown in the previous section, we used an objective tech-
is characterised by showing the differences in percentage baiique (i.e. directional statistics) to identify the flood season,
tween the 100-yr peak flows estimated jointly with the pro- while we referred to indications reported in the scientific lit-
posed technique and the ones estimated by maximum likeerature for identifying the limits of the remaining three sea-
lihood independently on each season and on the maximumsons. One may argue that these indications are not objective
annual values. for the considered case study.

The effect of attributing a prevailing weight (95 %) to one  In order to quantify the sensitivity of the proposed ap-
given season or to the annual distribution is shown in&g.  proach to the duration of each season we performed a numer-
The estimated 100-yr quantile for the season (or annual disical experiment in which, we randomly changed the calendar
tribution) with the high weight is very close to the corre- limits of the seasons 1000 times. In particular, while we kept
sponding independent estimate. This result is expected behe limits of the flood season constant, we randomly selected
cause the objective function is very close to the individual the beginning of the pre-flood season and the end of the post-
log-likelihood function for the season (or annual distribu- flood season in each simulation. Julian dates were generated
tion). On the other hand, Figb shows the effect of attribut- from a uniform distribution in an interval of one month and
ing a small weight (5%) to one distribution only. For in- a half (i.e. 46 days) around the limit dates depicted in BEjg.
stance, if the small weight is assigned to the annual distributhat is+ 23 days around 1 June, or Julian day 152, for the
tion (light-green weighs combination), the seasonal estimatebeginning of the pre-flood season, and around 31 October, or
lie close to the individual maximum likelihood estimates, Julian day 304, for the end of the post-flood season (see grey
since the objective function is almost coincident with the shaded areas in Fig).
sum of the log-likelihoods of observing the seasonal peaks Using these randomly identified seasons we extracted
independently. the seasonal peak flow samples and applied the proposed

www.hydrol-earth-syst-sci.net/16/4651/2012/ Hydrol. Earth Syst. Sci., 16, 465166Q 2012
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procedure (weights were all set equal to 0.2 as in Sect. 3.2) tand we recorded the pairs of seasons showing statistically
jointly estimate the 100-yr flood quantile for the flood seasonsignificant correlation coefficients. We estimated and com-
(i.e. the season with fixed dates), the other seasons (variablgared the 100-yr flood quantiles (all weights are equal to 0.2
starting and ending dates) and at annual time scale. We theas in Sect. 3.2). In particular, in the case of four seasons we
computed the differences between the 100-yr flood quantile$ocused on the degree of statistical dependence between the
jointly estimated for the randomly selected seasons and wéood and post-flood seasons, which was the only pair of sea-
compared them with the corresponding quantiles resultingsons that showed a significant Pearson’s correlation coeffi-
from the application of the procedure to the four seasons deeient for the subdivision selected in the study (see Sect. 3.1).
fined in Sect. 3.1. As expected, the differences between esti- Concerning the case of two seasons, none of the 1000 sub-
mated flood quantiles are always within the intertdl.3 %, divisions resulted in a statistically significant dependence be-
except for the dry season. This can be explained with theween the wet and dry periods, while, since all the annual
strong seasonality of streamflows, since a wide variation ofmaximum flood dates fell within the wet season, the se-
the dry-season calendar limits results in a remarkable changguences of seasonal maxima for the wet season and the an-
of the corresponding seasonal sample of peak flows. Nevhual maxima were the same. Therefore, (1) the main assump-
ertheless, when the proposed approach is applied to jointlyion of the proposed approach holds for all 1000 randomly
estimate the seasonal flood frequency distributions, the reselected seasonal samples and, as a consequence, (2) the dif-
markable changes in the dry season do not affect the resulferences between the 100-yr quantiles estimated with the pro-
in terms of estimated 100-yr flood quantiles for the flood sea-posed approach or independently for each time-period with
son (whose limits were kept constant in the 1000 randomthe maximum likelihood estimator are negligible at seasonal
sampling) and the annual 100-yr flood quantile, which is aand annual time scale.
positive aspect of the proposed approach. Concerning the case of four seasons, the hypothesis of in-
dependence of seasonal peaks could not be rejected at the
4.3 Sensitivity to the number of seasons and hypothesis 5% significance level for 16 random subdivisions only; in
of independence among these 564 cases out of 1000 the Pearson’s correlation coefficient
was found to be statistically significant only between the
As already discussed, the main assumption of the proposefiood and post-flood seasons; in the 420 remaining cases the
approach is the hypothesis of independence among seasorpost-flood season showed a statistically significant correla-
The degree of dependence is inevitably associated with thé&on with the flood and dry seasons. The results of the numer-
subdivision into season (i.e. number and duration of seaical experiment are illustrated in Fi§. The two panels of the
sons). However, in some applications a practitioner may havdigure report the results for the 16 random subdivisions show-
to refer to a particular subdivision that is important for his/her ing no significant dependence between the seasons (panel a),
engineering problem or decision-making process and cannadnd for the 564 cases in which the hypothesis of indepen-
select seasons that are statistically independent. Moreovedence between the flood and post-flood seasons should be
the streamflow regime may not always be so clearly seasonakjected at the 5 % significance level (panel b).
as in the Blue Nile case, where a well defined subdivision Boxplots of Fig.5 show the relative differences between
into wet and dry seasons exists. the 100-yr peak flows estimated with the proposed method
In order to quantify the sensitivity of the proposed ap- relative to the ones estimated independently at seasonal and
proach to the number of seasons and the associated hypothaanual time scale through the maximum likelihood method.
sis of independence, we considered two different numbers o€oncerning the annual flood quantile the figure presents two
season (i.e. two and four intra-annual periods) and, similarlyboxplots, one refers to the estimation of the annual distribu-
to the previous section, we performed 1000 random subdition as the product of the independently estimated seasonal
visions of the year into seasons. In particular, in the case ofCDFs (light blue boxplot), while the other refers to the joint
two seasons we subdivided the year into a wet (i.e. merger oéstimation with the proposed method (blue boxplot). Figure
pre-flood, flood and post-flood season, see Ejgand a dry  clearly shows that the bias increases when the hypothesis
period, then we varied the limits between the two season®f independence does not hold in the strict sense (compar-
exactly in the same way described in the previous subsectioison between panels a and b). Also, Bglearly points out
and in Fig2. In the case of four seasons, unlike the numericalthat estimating the CDF of annual maxima as the product
experiment described in the previous section, we varied alsof the jointly estimated seasonal CDFs (blue boxplot) pro-
the limits of the flood season, which we randomly selected induces a better representation of the annual flood frequency
an interval of two weeks around the limits obtained throughregime relative to estimating the CDF of annual maxima as
the directional statistic techniques (i£.7 days around the the product of the seasonal CDFs estimated separately from
31 July and 25 August) to allow for the identification of com- each other through the maximum likelihood methods (light
bination of seasons with different degrees of statistical de-blue boxplot). This consideration holds when the hypothesis
pendence. We then checked the significance of the hypothesisf independence among seasons does not hold in the strict
of statistical independence of seasons for each subdivisiosense (panel b), but also, and this is perhaps more interesting,
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Fig. 5. Sensitivity of the proposed approach to the duration of and dependence among seasons (independent sea@)nsjguafiehnt
correlation between flood and post-flood season, p@esee Sect. 4.3): relative differences (%) between the 100-yr peak flows estimated
independently through a maximum likelihood estimator, or retrieved from jointly estimated seasonal CDFs by adopting uniform weights
(proposed technique); the two boxplots for the ANNUAL case present the comparison between the 100-yr flood estimated at annual time-
scale through a maximum likelihood estimator and the corresponding estimates retrieved from CDFs obtained as the product of jointly
estimated seasonal CDFs (proposed approach — blue boxplot), or the product of independently estimated seasonal CDFs (light blue boxplot)

for the independent subdivisions (panel a), which is a further The approach was applied to the Blue Nile River at Sudan—
conformation of the validity of the proposed approach. Ethiopia Border for the estimation of seasonal and annual
flood quantiles. We performed a comprehensive analysis to
assess the sensitivity of the proposed method to the seasonal
weighting scheme that is used in the optimisation procedure,
and to the selected number and duration of seasons, as well

We propose an estimation procedure fo_r th_e Jo.'m fitting of as the degree of their mutual dependence. The results of the
seasonal and annual flood frequency distributions that en-

. . ) o analysis show for the considered case study that the use of
sures their consistency, i.e. the fact that the probability of )
weights enables the user to obtain a seasonal or annual flood

one peak value of being excgeded In the entire year is hIg.jhel‘rrequency distribution very close to the corresponding max-
than or equal to the probability of the same value of being.

exceeded in one season. The main assumption of the meth |g1um likelihood estimate. Also, since the method accounts

) ) o or the dependence among seasonal and annual maxima (and
is the hypothesis of statistical independence among seasons, R

X ) . not among the seasons themselves), the annual distribution,
Thus, strictly speaking, the method should be applied only . .
. h X ; as well as the dominant seasons, are sensitive to the value
if the hypothesis of independence cannot be rejected (for an

. S of the weights, while the not-dominant seasons (the dry sea-
assigned significance level).

A relevant feature of the approach is that the number ofSOn in our case) show little or no sensitivity. Furthermore,

seasons and their calendar limits can be defined with great{1e analysis showed that, regardiess of the degree of statisti-

flexibility. However, this characteristic is limited by the main cal dependence between seasons, the product of the jointly-

. o estimated seasonal cumulative distribution functions (CDFs)
assumption of the approach, as the statistical dependencé S

. . IS always a better approximation to the local CDF of an-
among seasons generally increases with the number of sea-

. : . nual maxima than the product of seasonal CDFs estimated
sons. Also, differently from previous studies, our method. . S
. . Lo ndependently of each other through a maximum likelihood
enables the user to attribute weights to the estimation o

seasonal and/or annual flood frequency distributions estimator.
q y ' Further research work is currently under development to

test the approach in different climatic and geographic regions
and to relax the main assumption of independence among
seasons, therefore ensuring full flexibility of the approach for
practical applications.

5 Discussion and concluding remarks
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