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1 Introduction

Flood frequency analysis is used by hydrologists to estrtta return period associated with a
flood of a given magnitude. This information is often needw&dlie design of various structures
such as bridges and dams and in hydrological applicatiocls a8 reservoir management and
analyses of dam safety. In practise, this information isrofequired at locations where stream-
flow series are either not long enough to allow for a robustiudation of the flood frequency
distribution and the estimation of floods of long return pds, or where no data are available
at all. In such a case, regional flood frequency analysiso#esolution to this problem and has
widely been used (Stedinget al, 1992; GREHYS, 1996a, 1996b; Jingynd Hall, 2004; Das
and Cunnane, 2011; Malekinezhatlal, 2011a and 2011b). The idea is to compensate for the
lack of temporal data by spatial data, taken within a regigh gimilar flood behaviour. The un-
derlying assumption is that flood data within the homogeseegion are drawn from the same
frequency distribution, apart from a scaling factor. Thehmod involves two major steps, i) the
delineation of a set of hydrologically homogeneous wateshwhich is performed by selecting
gauging stations that are assumed to constitute a regitnswificient homogeneity regarding
extreme flow characteristics and ii) a regional estimatia@ihod which transfers the regional
flood frequency distribution at each site of interest afteippr rescaling. Recently, the useful-
ness of such a method was evaluated for ten catchments imenorceland (Crochet, 2012a).
The homogeneous regions were simply defined according tgebgraphic proximity of the
different catchments. In this study, this methodology réfer developed and two automatic de-
lineation techniques are tested, namely the agglomeraigrarchical clustering approach and
the so-called region of influence approach (Burn, 1990ap&R9This report is organized as
follows. Section 2 presents the data used in the study. @e8tidescribes the regional flood
frequency analysis and the two delineation techniquedid®ed presents an inter-comparison
of the different strategies for estimating instantaneoosdlfrequency distribution at poorly
gauged and ungauged catchments. Finally, Section 5 caxtad report.

2 Data

2.1 River basins

The same ten watersheds used in Crochet (2012a) have beemubés study. Five of them
are located in northern Iceland, in the Trollaskagi regiod aurroundings and the other five
in the West-fjords and surroundings. The catchments baiesdare shown in Fig. 1 with a to-
pographic map. Table 1 summarizes the main physiographictmatic characteristics. The
drainage of the catchment areas varies from 3% fanthe smallest to 1096 kfrfor the largest.
The mean catchment altitude varies from 403 m a.s.| to 934srhveith large variations within
each watershed. The precipitation climatology is alsoequdtriable, the annual average varies
between 813 mm and 3018 mm over the catchments.



Table 1. Main characteristics of river basins.

Gauging| Rank Name Area | Mean | Minimum | Maximum | Mean Mean annual
station (km?) | elevation| elevation| elevation | slope precipitation
(masl)| (mas.l) | (mas.) | (%) | (mm)(1971-2000)
vhm 10 1 Svarta 398 535 67 894 14 813
vhm51 | 2 Hjaltadalsa| 296 730 78 1265 32 1711
vhm92 | 3 Beegisa 39 934 254 1304 41 1928
vhm 200 4 Fnjéska | 1096 715 79 1081 17 1312
vhm45 | 5 Vatnsdalsa| 456 553 121 899 4.4 846
vhm 12 6 Haukadalsg 167 404 54 786 21 1773
vhm19 | 7 | Dynjandisa| 37 529 296 689 10 3018
vhm 38 | 8 bvera 43 427 106 521 7 1761
vhm 198| 9 Hvala 195 403 89 576 6 1971
vhm 204| 10 | Vatnsdalsa| 103 456 34 762 13 2937
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Figure 1. Topography (m a.s.l) and location of catchments.



2.2 Streamflow data

Annual maximum instantaneous discharge series measuteglgduging stations listed in Table
1 were used in this study to represent flood series. Thesewdata extracted from monthly
maximum discharge series, considering a water-year ttaatssp Sep. — 31 Aug. Years with
more than four missing months were omitted and the longegiramus period with no missing
years was selected for each watershed. The dominating fjendrating mechanisms (snowmelt
and/or rain) depend on various factors such as the preséfrogen ground, the catchment size
and elevation distribution and the precipitation climatpl, among others. Some watersheds
have most of their annual maximum discharge in late sprirepdly summer, during snowmelt,
but others have annual maxima either in spring, winter auraat depending on the year.

3 Regional flood frequency analysis
3.1 General methodology

The regional flood frequency analysis involves two stept)a)delineation of a homogeneous
region (DHR) defined by a group of hydrologically homogersesatersheds and ii) a regional
estimation method (REM). The regional estimation methoedusere is the so-called index
flood method (Dalrymple, 1960) already used and describ&tachet (2012a). The principle

of the method is reminded below. The assumption is that tloel fieequency distributions of a

group of homogeneous watersheds are identical except fliag factor. The flood frequency

distribution is estimated at a given site by rescaling a dismanless regional flood frequency
distribution by the so-called index flood of the watersi@gdgex

Q\i (T) = dr(T)Qindex: 1)
WhereQ (T) is the estimated -year flood peak discharge for watersheehd g(T) the dimen-
sionless regiondl -year flood also called growth factor, representative ofggore The regional

growth factor is estimated from the normalized flood samptesgroup of homogeneous gauged
watershedsg;(j):

ai(j) = Qi(j)/Qindex 2)

WhereQj(j) is the annual maximum flow for watershednd yearj. In this study, the scaling
factor (index flood) will be defined by the mean annual maxinmstantaneous flow discharge:

Qindex= E[Qi]- (€))
For gauged catchments, the sample mean annual maximum 8ohedge is used:

n

—_

E[Q] =

Sl

Qi(]) (4)
1

j=



For ungauged catchments, the mean annual maximum flow digcls estimated by linear
regression using physiographic and hydro-climatic catrdescriptors, X

—_

E[Qi] = apxg™x2¥2x3®.. 2. (5)

The model parameteeg can be estimated by linear regression after logarithmicstaamation
or by non-linear regression (see for instance Grete., 2002).

3.2 Flood probability distribution function and parameter estimation meth-
ods

The Generalized Extreme Value (GEV) distribution (Jentim4.955) is adopted in this study, as
in Crochet (2012a), for modeling the frequency distribatid both scaled and unscaled annual
maximum flow series. The Cumulative Distribution Functi@D) for the GEV distribution is:

(1 — k(O=ENWL/KT
SURLECELRS Do wma s S - ©)

whereQ is the random variable} a possible value d, K is the shape parameterthe location
parameter andl the scale parameter. The GEV distribution combines intnglsiform the
three types of limiting distributions for extreme valuestieme value distribution Type k€0),
Type 2 k<0) and Type 3K>0), respectively. The case wi#r0 corresponds to the Gumbel
distribution. Thep-th quantile which is the valugp with cumulative probabilityp, (G(qp) =
Prob(Q < gp) = p), is estimated as follows:

- e+2(1—[—In(p)]*) ifk#0
qp:{ e—aln(—l[n(p)) | if k=0 (7)

The p-th quantile is associated to the return perioe- 1/(1— p) and can also be written as
follows:

o [ E4 YA [INI-YT)) ifK£O
ar) —{ e—aln(—In(1—1/T))  ifk=0 (8)

Several approaches are available for estimating the paeasnaf the GEV distribution, such as
the Maximum Likelihood (ML) and the Probability Weigthed khents (PWM) or the equivalent
L-moments (LMOM). The PWM method will be adopted here asstipposed to be more robust
than the ML method for small samples (Hosketgal, 1985a), which is the case here.

3.3 Regional growth factor

The regional growth factor describes the dimensionlesmmedflood frequency distribution,
gr(T). It is estimated in this study with the regionalization alfon proposed by Hosking
et al. (1985b). First, the GEV distribution of the annual maximuowflis estimated at each
gauged sitei, belonging to a homogeneous regionNfsites, by estimating the PWMS§; ',
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(r=0,1,2), as defined in Hoskirgg al. (1985a). These PWMs are tAhenAscaIe(beiy the sample
mean, to obtain for each site the quantifigs= B1'/Bo’' andfy' = B,'/Bo’. Then, the regional
estimatord;R = yN §'ni/ s\, n;, (j=1,2), are calculated, whergrepresents the sample size
at sitei. Finally, the regional PWMs are derived by settig = 1, B1R = £1R and R = £.R
and the parameters, g andagr of the regional GEV distribution, or regional growth curve,
are estimated. Finally, the estimated flood quar@il(e‘l’) at a given site, is calculated with Eq.
(1). The index floodQingex S calculated either by Eq. (4) or Eq. (5) angl T) given by:

_ er+ 2 (1—[~In(1-1/T)*®) if kr#0
GR(T) :{ en— (Il 1/T) f ki 0 ©)

3.4 Confidence intervals for quantiles

The uncertainty associated to the quan@léT) is usually expressed in form of a confidence
interval. The upper and lower bounds of the (DO 0)% confidence interval d;(T) are given
by:

Qi(T) £2g2\/ Var{Qi(T)} (10)

wherez;_g), is the upper point of the standard normal distribution edeelewith probability
6/2 and the variance of thE-year flood at sité is estimated by:

Var{Gi(T)} = Var{dr(T)}EIQ]" + Var{E[QI}E[Gr(T)? (11)

With E[Gr(T)] = Gr(T). The asymptotic variance of the three-parameter GEV/PpMik quan-
tile (here the regional growth factor(r)), Var{gr(T)} can be found in Luand Stedinger
(1992) and is also given in Crochet (2012a). The elementseodsymptotic covariance matrix
for the estimatorsg, ar andkg can be found in Hoskingt aI£985a). The/f\ormulas for cal-
culating the variance of the mean annual maximum flow{E&D;|}, whenE[Q] is estimated
either with Eq. (4) or Eq. (5) can be found in books on staig@nalysis and regression analysis.

3.5 Delineation of homogeneous regions

In Crochet (2012a), two groups of watersheds were defineatdity) to their geographic prox-

imity. The first group was located in the Trollaskagi regiord asurroundings (vhm 10, vhm
45, vhm 51, vhm 92, vhm 200) and the second group was locatedeinVest-fiords and

surroundings (vhm 19, vhm 38, vhm 198, vhm 204, vhm 12). Twditaahal techniques are

now considered for the objective delineation of homogeseegions (DHR) and compared
to the geographic delineation used as benchmark. Thesestthoitjues were recently used in
Malekinezhackt al. (2011b) for instance.

3.5.1 Region of influence

The region of influence (ROI) technique was developed by B@890a, 1990b). With this
method, a potentially unique "region”, or region of influenis defined for each gauging station.
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The advantage of this method is that there is no need to defiogrgphic boundaries between
regions and each site can have its own region, made of allatersheds considered sufficiently
similar to produce a similar hydrologic response with respge extreme flow. First, a set of
p attributes describing each watershed has to be defined. dltkstance metric is selected
to measure the similarity/dissimilarity of the watershecevery other watershed according to
these attributes. The following distance metbg;, measuring the Euclidian distance between
watershed and watershedwith respect to alp attributes, is used:

P ,CKk—Ci\2
Dxi = 1 (12)
k ;1( &, )

WhereC¥ is the value ofj —th attribute at sitek, C} is the value ofj —th attribute at site and

&, is the sample standard-deviation jof- th attribute across all sites. The standardization by
&; eliminates the units from each attribute and reduces arfgreifces in the range of values
among the attributes (Burn, 1990b).

The distance metri®y; is then sorted and only they sitesi for which Dy; < 8y are selected.
The threshold valu8y is defined as follows:

i N> N
m:{& N (13)

0 +(9u—9|)N°N;ONk if Nk < No

Where6, and@, are the desired lower and upper threshold value®fgrrespectively andNy

is the desired minimum number of stations to be includedeR®I. The thresholf is raised

until the target number of stationsy, is reached. By increasing the threshold, more stations are
included at the expense of homogeneity but a sufficient nuwfcsations is required to derive
the index flood through linear regression and allow the fearsf information to the ungauged
sitek, so a compromise must be found. As the number of watershedgzad was relatively
small,Ng was set to a minimum of four watersheds in this study and tB& @d 80% percentile
distancesDy;) were used as a starting point for definigand6,.

The sorted distance metrigy; ranks the proximity of each selected watershed the target
watershedk. A weight is then defined to reflect the relative importancéé¢ogiven to each
watershed for the estimation of the extreme flow statistics at kite

D )”

wh=1- (2

(14)

whereW F; is the weight given to sitein the ROI for sitek, nis a positive constant andHL is
a parameter. The values ©HL was set to the 85% percentile B; andn was set to 2.5, as in
Burn (1990b). These weights are then included in the cdionl®f the regional PWMs for the
estimation of the regional growth curve (see Section 3.3) as

Ne Ni
ij = -;fjlniwl:ki/_;niw Fki7 (J = 17 2) (15)
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3.5.2 Hierarchical clustering

Cluster analysis is a well known method used in a variety sgaech problems to divide datasets
into mutually exclusive and jointly exhaustive groups. Tiwpes of hierarchical clustering tech-
nique exist, agglomerative and divisive. The agglomeeatechniques start by defining one
cluster per site and then iteratively merge the two neatasters according to a merging cost
until only one cluster with all sites remains. Divisive dieisng techniques start by forming one
large cluster with all sites and split them iteratively acting to a dissimilarity measure until
each site forms its own cluster. The different clusterirgpeathms will give different results on
the same data. The Ward’'s method, which is an agglomeratvarbhical clustering technique
was used in this study. The same distance metric used in thenBthod (Eqg. 12) was used here
as dissimilarity measure. Two clusters were extracted atileast four stations in each so as to
ensure that the index flood could be calculated by simplafinegression.

3.6 Test of homogeneity for a region

Once an homogeneous group of watersheds has been prejindielareated according to the
selected watershed attributes, the degree of homogerfatig candidate group with respect to
extreme flow statistics remains to be tested. Hhstatistics, proposed by Hoskirmgnd Wallis
(1993), based oh-moment ratios, is used here as guideline. Recent exampkggplication

of this test in regional flood frequency analysis can be foundingyi and Hall (2004), Das
and Cunnane (2011) and Malekinezhatlal. (2011a and 2011b) for instance. The idea is to
measure the samplemoment ratios and compare it to the variation that wouldxpeeted in

a homogeneous region.

First theL-moment ratios of each sitare calculated. The first follrmoments are derived from
the PWMs 3, (see Section 3.3) as follows:

M=f
Ao =2B1—Bo
A r 2 “ 16
A3=6B2—6P1+Bo (16)
Ag =20B3—30B2+ 1231 — Bo
and theL.-moment ratios are defined as:
th = 5\2/5\}
ta = A3/A2 (17)
td = Aa/A;

wheret! is theL-CV, t3' is theL-skewness antl' is theL-kurtosis at sité. Then, the regional
averaged.-moment ratios are estimated as follows:

fR: i’\lT:lniti/.Zi’\I:kJNni
tSR = Z|N:kl nitST/ ZIN:kl N (18)
R =gk nitd/ 3
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A four-parameter Kappa distribution is fitted to the regicama&eraged.-moment ratios which
is then used to simulate a series of 500 equivalent homogsmegions (ofNk sites) whose
L-statistics variability is then compared to the variapibf the L-statistics of the actual region.
Two homogeneity measurebl {statistics) have been employed to test the variabilityhefli-
statisticsH; for L-CV andH; for the combination of-CV andL-skewness.

TheH;-statistics is defined as follows:

\V; _
Oy,
where
2
N i R
Yimhi(th —t 1/2
Vi — i=1 ( > / (20)
[\
2i—1 N

andpy, andoy, are the mean and standard-deviation of the simulated vafiésandVips is
the value ol derived from the experimental data of the region under study

The H,-statistics is defined as follows:

Hy — Voobs— Hv, 1)
Ov,
where
N2 s \2y1)/2
() (8-
V2: Ne (22)
2i—1Ni

andpy, andoy, are the mean and standard-deviation of the simulated vafiésandV,gps is
the value o, derived from the experimental data of the region under study

According to the test, a region is acceptably homogenedds<ifL, possibly heterogeneous if 1
< H < 2 and definitely heterogeneous whern> 2. TheH; statistics is usually considered more
powerful thanH,.

4 Results

The two delineation methods presented above were appliddntify homogeneous regions and
then to calculate the regional growth curveg({T)) and index flood Qingey)- A large number
of watershed attributes and combination of attributes wlefsned and tested for the calculation
of the distance metri®y;. These attributes include physiographic attributes sctrainage
area f), mean catchment altitudg), catchment perimeteL]; climatic attributes such as mean
annual basin-averaged precipitatid?) for the period 1971-2000; and hydrologic attributes

14



such as basin-averaged saturated hydraulic conductkity) ( simulated daily water available
for runoff (WQg) and variables derived froM/ Qr. The simulated water available for runoff,
W Qr, was calculated for each watershed as the sum of rain anchselbvderived from gridded
daily precipitation data (Crochet al., 2007), air temperature data (Croclagtd Johannesson,
2011) and a simple degree day melt model (Crochet, 2012l.dkpected to give a more
elaborate information about the hydrological charadiessof the watersheds than just precip-
itation, and also to provide a simple description of the bialyic regime for watersheds where
no streamflow data are available. It was not however the trdkthis work to develop a full
hydrologic model. Annual maximum/ Qg values were extracted{Qrmax and quantiles es-
timated for various return periodB, using the GEV distributiony QzmaxT)). Then,W Qr
was smoothed using a 5-day running meanksd) and a mean daily hydrograph calculated
for the period 1958—2008M Qr5d(58— 06)), from which i) the annual maximum value was
extracted:Max(W Qr5d(58 — 06)), ii) its date of occurrencety g.sq(58-0e), and iii) the num-
ber of days with/V Qz5d(58 — 06) above a threshold defined as 2/3\&x(W Q:5d (58— 06)):

Dw qrsd(58-06)- The results obtained for the homogeneous regions detidedth the following
two sets of attributes are presented:

Sef: Average watershed elevatio#)( average saturated hydraulic conductivigd); ratio
between basin perimetdr)(and perimeter of circle of area equal to catchment drgg (nean
annual basin-averaged precipitatid?);(simulated daily water available for runoff, averaged
over 1958-2006, and normalized by catchment ahé@z5d(58— 06) /A .

Seb: Natural logarithm of drainage arel(A)); average watershed elevatidf)(average sat-
urated hydraulic conductivityKsa); mean annual basin-averaged precipitatie)) and hydro-
logic characteristics derived from the simulated wateilalste for runoff : Max(W Qr5d (58 —
06)); twassd(ss—06); Dwassd(ss—oe); Water available for runoff growth curve for return periods
T=10, 50 and 100 yearg/ QzmaxT)/E[W QzmaX.

4.1 Regional growth curves
4.1.1 Geographic delineation

Figure 2 presents the growth curves for each catchment aresthmated regional growth curves
corresponding to the two geographic regions, respectivati the estimated 95% confidence
interval. TheH-statistics are also given. One can see that according tdtHs¢atistics, Region 2

is definitely homogeneous while Region 1 did not pass thetebswas flagged as heterogeneous,
but according to théd,-statistics, it was homogeneous. Table 2 present#thstatistics and
Ho-statistics obtained for each region without the targditai.e. by eliminating one station
at the time, to be compared by -statistics andH,-statistics given in Figure 2, calculated with
all stations of each region. The different flood series doalafiys correspond to the same
period for the different watersheds and some heterogeoeitly result from climate variability.
Outliers could also account for some of the discrepancss@ally the largest values, because
of uncertainties in the rating curves used to convert exg¢rergter-levels into extreme discharge.

4.1.2 Hierarchical clustering

Figure 3 presents the dendrograms showing the hierarchyp@mvatersheds, according to the
Wards'’s clustering approach. The first set of attribuset, delineated the same two regions
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than the geographic delineation method described aboveemuits were therefore identical.
The second set of attributeseb, delineated two clusters of watersheds different fromehus
tained withset, mixing watersheds from the two geographic regions. Ciuste made of vhm
10, vhm 45, vhm 12, vhm 38, vhm 198. Cluster 2 is made of vhm Bfy 92, vhm 200, vhm
19, vhm 204. Figure 4 presents the growth curves for eachiegot and the estimated regional
growth curves for each cluster, delineated with the secendfsattributessep. Figures 5 and 6
present all the estimated regional growth curves caladiithout the target watersheds. Table
3 presents théd;-statistics andHo-statistics obtained for each cluster, without the target s
tion, i.e. by eliminating one station at the time, to be coreddoH;-statistics andH»-statistics
given in Figure 3 which were obtained with all stations ofleatuster. According to bothi;-
statistics andHp-statistics (Fig. 3), both clusters delineated with seczatdf attributessep, are
homogeneous, but when the target station is not used, sarserd are no longer considered
homogeneous.

4.1.3 Region of influence

With this method, a ROI is associated to each watershede Paptesents the;-statistics and
H--statistics obtained for each ROI, delineated with the tets sf attributesset or seb, and
calculated with all ROI stations, and then without the tasgation. The corresponding regional
and at-site growth curves, obtained with the first set oftattesset are presented in Appendix
1. TheHs-statistics indicate that some of the identified ROIs didpexts the homogeneity test
according to théds-statistics, such as the ROl of vhm 10, vhm 12, vhm 38, vhm A8 92, vhm
198 and vhm 200, delineated wislet; and the ROI of vhm 12, vhm 51 and vhm 204 delineated
with sep, but most of them passed the homogeneity test according tatistatistics. It is also
interesting to note that for a given set of attributes, RQI #re cluster analysis did not always
agree and delineated different regions. Reducing the nuwibeatersheds belonging to the
ROI, in order to obtain a more reasonablgstatistics, will be problematic for the estimation of
the index flood.

4.2 Index flood parameter

The index flood parameter, namely the mean annual maximutanitaseous flowE[Q;] (Eq.
(3)), was estimated by the sample mean (Eq. (4)), for gaugezhments, and modeled with
Eq. (5), considering the following watershed physiogragttributes: drainage areA)( mean
catchment altitudeZ), catchment perimetelL}, and the following hydro-climatic attributes:
mean annual basin-averaged precipitation for the stanuEidd 1971-2000R) and mean an-
nual maximum water available for runof§ = E[W Qzmax). The limited number of catch-
ments under study restricts the number of variables thabeamsed in the multiple linear re-
gression model. It was thus decided to define one single eafdey variable by combining
several of these attributes together. The six following et®dhave been tested and evaluated
using ordinary least squares (OLS) after logarithmic ti@msation:

—

E[Q] =aA’ (23)
E[Q] = a(AP)® (24)
E[Q] = a(AP/Z)° (25)
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E[Q] = a(Qs/2)°
E/[(E] = a(Qs)b
E[Q] = a(A/L)®

Region 1 without :} vhm 10| vhm 51| vhm 92| vhm 200| vhm 45
Hi 2.1 1.2 2.8 2.3 2.4
Ho -0.624 | -0.47 -0.2 -0.44 -0.8

Region 2 without ;| vhm 12| vhm 19| vhm 38| vhm 198| vhm 204
Hi -0.751 | -0.08 0.5 -0.013 0.0
Ho -0.61 | -0.78 | -0.63 -0.09 -0.04

Cluster 1 without ;| vhm 10| vhm 45| vhm 12 | vhm 38| vhm 198
H1i 0.66 0.02 -0.19 1.2 0.66
H» 0.29 -0.45 -0.48 -0.51 0.06

Cluster 2 without ;] vhm 51| vhm 92| vhm 200| vhm 19| vhm 204
H1i 0.45 2.17 1.6 1.9 2.8
Ho -1 -0.93 -1.07 -1.06 -0.5

Table 4. ROI delineation: H-statistics with and withoutgat stations.

vhm 10| vhm 51| vhm 92| vhm 200| vhm 45
RefH1 from sef 2.19 1.76 2.5 2.2 2.3
H1 from sef 2.37 0.17 2.8 2.5 2.3
RefH, from sef -0.25 -0.6 -0.5 -0.12 -0.23
H, from set 0.23 -0.8 -0.24 0.1 -0.27
RefH; from set2 0.6 2.6 1.8 1.9 0.54
H1 from seb 0.7 0.65 2.25 1.7 0.06
RefH, from seb -0.3 -0.6 -1.1 -1.2 -0.44
H, from seb 0.3 -1.1 -0.85 -1.08 -0.46
vhm 12| vhm 19| vhm 38| vhm 198| vhm 204
RefH; from set 2.6 -0.13 2 2.3 -0.18
H1 from set 1.8 -0.05 3.1 2.8 -0.03
RefH, from set -0.1 -0.51 -0.02 -0.05 -0.5
H, from sef -0.41 -0.66 -0.27 0.46 -0.02
RefH1 from set 2 2.8 -0.06 -0.06 -0.09 2.6
H1 from seb 1.74 -0.11 0.3 0.02 3.4
RefH, fromseb | 0.013 | -0.44 -0.7 -0.81 -0.79
H, from seb -0.47 -0.65 -1.11 -0.44 -0.14
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Table 2. Geographic delineation: H-statistics for eachioggwithout target stations.

Table 3. Cluster delineation using second set of attrib(dep): H-statistics without target
stations.
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Figure 2. Growth curves for each catchment and regional gihogurves for the two ge-

ographic regions: Region 1 (top) and

Region 2 (bottom). Tiey ghaded region corre-

sponds to the 95% confidence interval of the regional growtlie
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Figure 3. Cluster analysis using the Ward’s method with fietof attributes, set (top),
and second set of attributes, getbottom). The number on the x-axis refers to the catch-
ment rank as listed in Table 1.
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Distrib ution Annual Max. scaled Instantaneous Q
for Cluster 2 — set 2
1 2 5 10 20 50 100
1 1 1 1 I I | T (years)
< |
vhm 51 GEV/PWM - Regional GEV/PWM + 95% ClI
o vhm 92 GEV/PWM
o vhm 200 GEV/PWM H12
vhm 19 GEV/PWM H2 -1.08
vhm 204 GEV/PWM
o™ |
o4
[T [qV
=
(04
— -
O —

=In(=In(1-1/T))

Figure 4. Growth curves for each catchment and regional ghoourves for the two regions
delineated by cluster analysis using the second set obatts, set Cluster 1 (top) and
Cluster 2 (bottom). The grey shaded region correspondsa®%96 confidence interval of

the regional growth curve.
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Figure 5. Cluster delineation method using first set of htites, sat(equivalent to geo-
graphic delineation method): Regional growth curves chtad without the target water-
shed for Cluster 1 (top) and Cluster 2 (bottom).
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Regional growth curve for annual maximum instantaneous flood
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Figure 6. Cluster delineation method using second set abates, set: Regional growth
curves calculated without the target watershed for clutéop) and cluster 2 (bottom).
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4.3 Flood frequency distribution for ungauged catchments

In order to evaluate the methodology for ungauged catchsn@md simulate their flood fre-
quency distribution which will then be used to derive Thgear flood peak discharge, the same
cross-validation methodology as employed in Crochet (2D12as used here. Each of the 10
watersheds was in turn defined as the target watershed, edsumgauged”, and its flood data
set used as reference only in the validation of the methgydboit neither in the calculation of
the regional growth curve nor in the calibration of the linesgression models used to estimate
the index flood. In practice, for a group N watershedsNy — 1 watersheds were used to esti-
mate the regional growth curve and the index flood, to be agjpti the calculation of th&-year
flood peak discharge at tHNéh watershed, called the target watershed. Following thisoukil-
ogy, the flood frequency distribution of each river basin wlgined by combining a method for
delineating the homogeneous regi®@HR) and a regional estimation methdd&EM) (Eq. 1),
which in the present context constitutes a regional modebmling to the terminology defined
by GREHYS (1996b). The regional estimation method includethis case the estimation of
the growth curves (Eq. 9) and the index flood (Egs. 23—-28)ed different delineation methods
(DHR) were used, two of them with two different sets of attribugash, and six regional esti-
mation methodsREM) were used to calculate the index flood and derive the floagu&acy
distribution. This gives a total of 30 (5x6) different regad modelsMg|i, j] = DHR[i|[XxREMj]
wherei and|j correspond to particular methods:

- DHR[1] : Geographic delineation

- DHR[2] : Ward’s hierarchical clustering using first set of attrémit'set"

3] : ROI using first set of attributessét”

- DHR[4] : Ward’s hierarchical clustering using second set of aiteb, sep"

- DHR[5] : ROI using second set of attributesgb"
- REM[1: 6 : Index flood estimation calculated with Egs. 23 to 28
Regional modeldMg[1, j] and Mg|[2, j] are identical, as the two delineated regions were the

same. The quality of the estimated index flood was evaluateddch regional model over all
(N) watersheds, by calculating the RMSE:

N

RMSE, j] = J =3 (Eled—EQd)" 29)

k=1

Figures 7 to 10 present the estimated vs. observed index fwoglach watershed and their
respective RMSE. The best results are usually obtained Wwbén physiographic and hydro-
climatic descriptors are used. Usually, the best index flesttmation model will be different
for the different watersheds, but one has to be selectethgyihe overall best results. The
lowestRMSE score over all watersheds was obtained viRtaM[2] for DHR[1] and DHR]2],
with REM4] for DHR[3], with REM[2] for DHR[4] and withREM[3] for DHR([5|. The best
overall estimation was obtained wikir[5, 3] (DHR[5|xREM3)]).
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Figure 7. Index flood estimation at "ungauged" catchmenisguthe geographic delin-

eation method. Cross-validation.
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Figure 8. Index flood estimation at "ungauged" catchmentagughe ROI delineation
method with first set of attributes (gptCross-validation.
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Cluster delineation — set 2
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Figure 9. Index flood estimation at "ungauged" catchmenitsythe clustering delineation
method with second set of attributes §¥e€Cross-validation.
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E[Q]= a(A)® Eq. 23

ROI delineation — set 2

E[Q]= a(AP)® Eq. 24

S [RMSE: 4338 S [RMSE: 33.0
O — O —
- -
g % £ %
5 5 °
(O] (0]
s 8 | s 8 |
N © N
4 9 — °
© 00 ()
O — o
1 T 1 1 1 1 T 1 1 1
0 100 300 500 0 100 300 500
Obsered Obsered
E[Q]= a(AP/Z) Eq. 25 E[Q]= a(Qs/Z)" Eq. 26
S [RMSE: 195 8 [RMSE: 323
O — O —
- -
g % £ %
° _] S -
g g
s 8 ° s 8
[qV] [qV] ®
]
- - (5]
o — o —
1 T 1 1 1 1 T 1 1 1
0 100 300 500 0 100 300 500
Obsered Obsered
N— b N— b
E[Ql=a(Qs)° Eg. 27 E[Q]= a(A/L)” Eq. 28
8 [RMSE:35.6 8 [ RMSE: 70
O — O —
- -
g % g %
S _ S _
g g
2 8. =384 &
N ) N L)
- p— ) ©
© [>]
o — o -
1 T 1 1 1 1 T 1 1 1
0 100 300 500 0 100 300 500
Obsered Obsered

Figure 10. Index flood estimation at "ungauged" catchmestagithe ROI delineation
method with second set of attributes ¢¥e€ross-validation.
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The quality of the estimated flood frequency distributiorzswevaluated for each watershed, by
calculating the following statistics on the flood quantiles

(Qum)~Gum)” (30

e

M-

RMSFQT[i,j,k]J

il =% ZRMSEgT 1, K] (31)

TS | JNLKZ“Z\(QKTI — Qu( Tl)) 7 (32)

wherer( 1) is the reference flood quantile at skecalculated with the observed flood series
anko( 1) is the estimated flood quantile at skecalculated with the regional approach, (Eg.
1), with regional model$/g[i, j]. The quantile RMSE was estimated for each gauging station
and forL=7 return periodsT= 1, 2, 5, 10, 20, 50, and 100 years), and then averaged over all
gauging stationsl(S,). ForT S, the estimation was made over al|£10), gauging stations and

for L=4 return periodsT=10, 20, 50, and 100 years).

Figures 11 and 12 present the&s andT S scores which summarize the overall quality of the
estimated flood frequency distributions. Appendix 2 préséme observed and simulated flood
frequency distributions obtained for each delineationhodtwith the overall best index flood
model (see Figs. 7 to 10), and then the best overall regionaeim with respect to th& S
statistics (see Fig. 12). The error depends both on thetgualithe index flood estimation
and on the regional growth curve estimation. It was obsethatithe best results were often,
but not systematically, obtained with the overall best infleod estimation model or close
to the best one, because of compensating errors such as en(lawéer-) estimation of the
regional growth factor and an under- (over-) estimationhef index flood. The growth curves
were usually well estimated and the main difficulty for estimg the flood frequency curve at
ungauged catchments was related to the quality of the inde# & stimation at the "ungauged”
catchment. An under- or over-estimation of the catchmeexrflood had the strongest impact
on the estimated flood frequency distribution, even wherrélgenal growth curve was rather
well estimated and representative of the catchment ofester

The lowest overall' S score was obtained witklr[3, 5] and the lowest overall S score was
observed withMg[5,3] but was not very different fronMg[1,2 : 5 or Mg[2,2 : 5 nor from
MR[3,3 : 4] or MRr[5,2 : 4]. For all DHR methods, the lowesE S score was always observed
with REM[3]. It was also observed that when the index flood of the catchmas rather well
estimated and unbiased, the estimated quantiles werenvthiei 95% confidence interval of
the reference distribution (grey region), and vice-vetisa reference quantiles were within the
estimated 95% confidence interval (green dashed lines inegof Appendix 2). The cluster
delineation method used witep, (DHR[4]) gave usually the worst results, although the same
distance metric was used with both clustering and ROI datioe methods.

28



TS1 scoe for Quantiles

Q(T)=aR(T)*E[Q]

e Geography

A Cluster-set 1

+ ROl-set 1

X Cluster-set 2
ROI-set 2

150

X

TS1

o
=
N
w
IS
o
o

Method for E[Q]

Figure 11. T $ score versus regional estimation method (REM). REN§| correspond to
the index flood estimation made by Egs. (23-28) and REis!|the reference estimation,
given by the observed sample mean.
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Figure 12. T S score (bottom) versus regional estimation method (REMMRE 6| cor-
respond to the index flood estimation made by Eqgs. (23—-28R&d[0] is the reference
estimation, given by the observed sample mean.
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5 Conclusion and future research

The regional flood frequency analysis presented in thisystvas shown to be a powerful tool
for estimating the flood frequency distribution and caltinka the T-year flood and its confi-
dence interval at poorly gauged and ungauged natural cettismCare must be taken when
identifying homogeneous groups of watersheds and the t®etelineation strategies tested
for performing this task proved to be useful. The selectibthe best index flood model ap-
peared to be crucial for the method. A poor estimate of thehoaént index flood may lead to
severe under- or over-estimation of the flood frequencyilligion even though the regional
growth curve is well estimated. The results indicated thattivo objective delineation tech-
niques should be used rather than a geographic delineatithew allowed to obtain similar and
sometimes better results in a rational and objective maiihese results also indicated that the
geographic regions defined in Crochet (2012a) were reasowai chosen.
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Appendix 1

Regional growth curves obtained for each watershed using
the ROI delineation method with the first set of attributes,
set. The experimental and modeled GEV growth curves for
the target (or reference) watershed and all watersheds defin
ing its ROI are also presented.
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Figure 1.2.
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Figure 1.10.
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Appendix 2

Annual maximum instantaneous flood cumulative distribu-
tion functions (CDFs), derived with the regional flood fre-
guency analysis, using three different delineation methgsl
and six different index flood models.
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Distribution Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :
E[Q]=a(AP)* Eg. 24
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Figure 11.1. Flood frequency distribution using the geoghéc delineation method with
overall best index flood model (Eq. 24). The black dots cpoad to the empirical dis-
tribution and the black line corresponds to the adjusted Glsttribution (reference). The
corresponding 95% confidence interval is defined by the dragied region. The estimated
distribution using the regional flood frequency procedwgiven by the solid green line
and its 95% confidence interval is given by the dashed grees i
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Distribution Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :__

E[Q]= a(AP)® Eq. 24
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Figure 11.2. Flood frequency distribution using the geoghéc delineation method with
overall best index flood model (Eq. 24).
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Distribution Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :
E[Q]= a(AP/Z)® Eg. 25
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Figure 11.3. Flood frequency distribution using the geoghéc delineation method and
index flood model giving lowest 3 Score (Eq. 25). The black dots correspond to the
empirical distribution and the black line corresponds te thdjusted GEV distribution
(reference). The corresponding 95% confidence intervalefindd by the grey shaded
region. The estimated distribution using the regional fld@djuency procedure is given
by the solid green line and its 95% confidence interval isgingthe dashed green lines.
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Distribution Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :
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Figure 11.4. Flood frequency distribution using the geoghéc delineation method and

E[Q]= a(AP/Z)® Eq. 25
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index flood model giving lowest 3 Score (Eq. 25).
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ROI: Distribution Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :

E[Ql= a(Qs/Z)° Eg. 26
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Figure 11.5. Flood frequency distribution using the ROl idelation method with first set of
attributes set and overall best index flood model (Eq. 26). The black doteespond to

the empirical distribution and the black line correspondshe adjusted GEV distribution
(reference). The corresponding 95% confidence intervalefindd by the grey shaded
region. The estimated distribution using the regional fld@djuency procedure is given
by the solid green line and its 95% confidence interval isgivgthe dashed green lines.
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ROI: Distribution Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :__

vhm 19
o T T R — T | (years)
O 1 2 10 207 50 100
— — Q(T)-obs ~
2 1 — xMEQ
ES-
o
o |
—
T ] T T T
-2 0 2 4 6
=In(-In(1-1/T))
vhm 198
T T R — T | (years)
,\8: 1 Q(T)—otz)s 10 20 /50/ 100
DN — wMEQ
Eo
0
O
o |
re} g
T T T T T
-2 0 2 4 6

=In(=In(1-1/T))

Figure 11.6. Flood frequency distribution using the ROl idelation method with first set of

E[Ql= a(Qs/Z)° Eq. 26
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attributes set and overall best index flood model (Eq. 26).
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ROI: Distribution Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :
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Figure 11.7. Flood frequency distribution using the ROl idelation method with first set of
attributes set and the index flood model giving lowestsIssore (Eq. 25). The black dots
correspond to the empirical distribution and the black lic@responds to the adjusted
GEV distribution (reference). The corresponding 95% canfak interval is defined by
the grey shaded region. The estimated distribution usiegelyional flood frequency pro-
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ROI: Distribution Annual Max. Instantaneous Q, Q(T)=gqR(T)*E[Q] with :__
E[Q]= a(AP/Z)® Eq. 25
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Figure 11.8. Flood frequency distribution using the ROl idelation method with first set of
attributes set and the index flood model giving lowestsIsgore (Eg. 25).

47



Cluster: Distrilution Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :

E[Q]=a(AP)* Eq. 24
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Figure 11.9. Flood frequency distribution using the clustielineation method with second
set of attributes setand overall best index flood model (Eqg. 24). The black dotseeor
spond to the empirical distribution and the black line capends to the adjusted GEV
distribution (reference). The corresponding 95% confideinterval is defined by the grey
shaded region. The estimated distribution using the regjiinod frequency procedure is
given by the solid green line and its 95% confidence intervgiven by the dashed green
lines.
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Cluster : Distrilution Annual Max. Instantaneous Q, Q(T)
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Figure 11.10. Flood frequency distribution using the cleistielineation method with sec-

=qR(T)*E[Q] with :__
E[Q]= a(AP)° Eq.24
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Cluster: Distrilution Annual Max. Instantaneous Q, Q(T)=gR(T)*E[Q] with :
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Figure I.11. Flood frequency distribution using the cleistielineation method with sec-
ond set of attributes seaind index flood model giving best 7 &ore (Eq. 25). The black
dots correspond to the empirical distribution and the bldidle corresponds to the ad-
justed GEV distribution (reference). The correspondingp@®nfidence interval is defined
by the grey shaded region. The estimated distribution ugiegegional flood frequency
procedure is given by the solid green line and its 95% con@identerval is given by the

dashed green lines.
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Cluster : Distrilation Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :

0 vhm 92
N T R — 1 | (years)
- 1 2 5 10 20 50 100
—~LD — Q(T)-obs
m& N1 — &wMEQ
e _
~n
O
wd -~ —  _____
T T T T T
-2 0 2 4 6
=In(-In(1-1/T))
vhm 19
o I T 1 T T (years)
O 1 2 ~5 10 20 0 100
— — Q(T)-obs, ~
L 7 — ®wmEQ
E®R ;
o -
o |
—
T T T T T
-2 0 2 4 6

=In(=In(1-1/T))

Figure 11.12. Flood frequency distribution using the cleistielineation method with sec-
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ROI: Distribution Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :
E[Q]=a(AP/Z)® Eq. 25
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Figure 11.13. Flood frequency distribution using the ROlideation method with second
set of attributes setand overall best index flood model (Eqg. 25). The black dotseeor
spond to the empirical distribution and the black line capends to the adjusted GEV
distribution (reference). The corresponding 95% confideinterval is defined by the grey
shaded region. The estimated distribution using the regjiinod frequency procedure is
given by the solid green line and its 95% confidence intervgiven by the dashed green
lines.
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ROI: Distribution Annual Max. Instantaneous Q, Q(T)=gqR(T)*E[Q] with :__
E[Q]= a(AP/Z)® Eq. 25
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Figure 11.14. Flood frequency distribution using the ROlideation method with second
set of attributes setand overall best index flood model (Eq. 25).
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ROI: Distribution Annual Max. Instantaneous Q, Q(T)=qR(T)*E[Q] with :
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Figure 11.15. Flood frequency distribution using the ROlideation method with second
set of attributes setand index flood model giving best 7&ore (Eq. 25). The black dots
correspond to the empirical distribution and the black lic@responds to the adjusted
GEV distribution (reference). The corresponding 95% canfak interval is defined by
the grey shaded region. The estimated distribution usiegelyional flood frequency pro-
cedure is given by the solid green line and its 95% confidentaval is given by the

dashed green lines.
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ROI: Distribution Annual Max. Instantaneous Q, Q(T)=gqR(T)*E[Q] with :__
E[Q]= a(AP/Z)® Eq. 25
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Figure 11.16. Flood frequency distribution using the ROlideation method with second
set of attributes setand index flood model giving best 7 &ore (Eq. 25).
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