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Abstract

The goal of this study is to develop an objective methodoltayyestimating design
floods,i.e. the flood peak discharge with return peridd at ungauged river catchments
in Iceland. First, a regional flood frequency analysis isspreed for estimating the-year
flood peak discharge with fixed duratién Q(T, D), for poorly gauged and ungauged catch-
ments. This is done by scaling a regional flood frequencyildigton by the so-called in-
dex flood of the catchment. The regional flood frequency ibligiion is a dimensionless
probability distribution function (PDF) estimated by piogl together the individual flood
frequency distributions of a group of homogeneous gaugttheeents. The index flood is
defined here as the mean annual maximum flood peak dischamggalrged catchments, the
mean annual maximum flood discharge is estimated from theumes streamflow series.
For ungauged catchments, the mean annual maximum floodisagstl by linear regression
using physiographic and climatic catchment descriptohen] the method is evaluated for
ten catchments located in the Trollaskagi region and in tlest\jords using annual max-
imum instantaneousDE0) and daily P=24h) streamflow series. The results indicate that
the method looks promising for the estimation of therear flood peak discharge and the
associated confidence interval, along river channels,ragpte design of bridges or dams
for instance and in other hydrological applications sucheaervoir management and anal-
yses of dam safety. This general methodology should bedudbveloped and also tested
in other regions.



1 Introduction

Various water resource applications require the calcutadif the so-called -year flood peak
dischargej.e. the flood peak magnitude with a return periodTofyears or flood magnitude
observed once evefly-years on average. This information is for instance needethé design

of bridges and dams and in hydrological applications suchservoir management and analyses
of dam safety.

Often, information about flood statistics is required atakimns where measured streamflow
series are either not long enough to allow for a robust catmn of the flood frequency distri-
bution and the estimation of long return periods or where ata dre available at all. Improper
understanding of the probabilistic behaviour of floods &t litcation of interest may have a
serious impact on the project construction cost and thetstrel life time.

One way of estimating design floods, especially in urban digdyy, is by the application of the
rational formula which converts extreme precipitatioriistas into extreme flood statistics (see
for instance Eliasson, 1999, 2002). Another way to derirgastflow statistics is by distributed
hydrological modeling. A distributed hydrological modsldalibrated for a gauged catchment
and used to simulate the discharge series anywhere alonyé¢nehannels of that catchment
and streamflow statistics are extracted. Such a procedwadapted by Porarinsdéttir (2012)
to calculate flow-duration-curves and thereafter the hydweer potential every 25 meters along
the river channels of three catchments in Northern Icelanth the WaSiM-ETH distributed
hydrological model used at the Icelandic Meteorologicdic@f(IMO). Similarly, Atladoéttiret
al.(2011) estimated th€-year flood for ungauged catchments in the West-fjords usiegame
WaSiM-ETH model. The results indicated that the quality leé estimated -year flood was
strongly dependent on i) the capacity of the hydrologicatleldo properly simulate extreme
floods which turned out to be more difficult in winter than dgriother seasons for the tested
catchments, and ii) the physiographic and hydrologic sirties between calibrated and un-
calibrated catchments, meaning that rescaling of varicadainparameters might be necessary,
especially if the drainage areas of calibrated and unedblr catchments are very different.
Despite the intrinsic advantages of the hydrological moaebther limitation is related to the
temporal resolutiond) of the simulated streamflow serid3<£24h), imposed by the available
input meteorological information used to run the model. fagtise, some sort of downscaling
would be needed for applications requiring sub-daiyear flood estimates.

In this study, a statistical approach, the so-called indexdfimethod (Dalrymple, 1960), is de-
veloped for estimating th€-year flood at poorly gauged and ungauged natural catchrfremts
regulation and no water extraction), using extreme flootisties available at gauged catch-
ments. Such an approach is widely used by hydrologists agideers for design flood estima-
tion (see for instance Stedingetral, 1992; GREHYS, 1996). The advantage of this method is
that it works directly with the quantity of interest, the clisrge, and not with an indirect quantity
like precipitation. The main limitation is related to theadleble number of gauged catchments
for the development of the method which is usually low coredao the available number of
raingauge stations. A poorly gauged catchment can be dedmeadcatchment with only a few
years of streamflow measurements or a catchment with a nushipears of measurements sub-
stantially lower than the considered return peribdAn ungauged catchment is defined as a



catchment without streamflow measurement at the point efest,.e. that a catchment with a
gauging station is considered ungauged anywhere upstretiratstation.

This report is organized as follows. Section 2 presents Hta dsed in the study. Section 3
describes the index flood method and Section 4 presents pigafon to the estimation of
instantaneous and dailly-year flood peaks. A particular attention is given to theneation of
the uncertainty associated with the quantile estimatgmessed in the form of a confidence
interval. Finally, Section 5 concludes this report.

2 Data

2.1 River basins

A set of ten river catchments has been selected for this Sibyof them are located in Northern
Iceland, in the Trollaskagi region and its surroundingsg(Be 1) and the other five in North-
western Iceland, mainly in the West-fijords (Region 2). Téeation of catchments is shown in
Fig. 1 with the topographic map and in Fig. 2 with a mean anpuoatipitation map (Crochet
et al, 2007). These two regions are characterised by complexgtapby and consequently by
large precipitation variability. Table 1 summarizes thamphysiographic and climatic charac-
teristics. The drainage of the catchment area varies frokm&7or the smallest to 1096 kfrfor
the largest. The mean altitude varies from 403 m a.s.| to 9&4sthwith large variations within
each catchment. As a consequence of that, the precipitdiroatology is also quite variable,
the annual average varies between 813 mm and 3018 mm ovettienents.

Gauging Name Area | Mean | Minimum | Maximum | Mean | Precipitation

station (km?) | elevation| elevation | elevation | slope| (1971-2000)
(mas.l)| (mas.l) | (mas.l) | (%) (mm)
VHM-10 Svarté 398 535 67 894 14 813
VHM-12 | Haukadalsg 167 404 54 786 21 1773
VHM-198 Hvala 195 403 89 576 6 1971
VHM-19 | Dynjandisa| 37 529 296 689 10 3018
VHM-200 | Fnjoska | 1096 715 79 1081 17 1312
VHM-204 | Vatnsdalsa| 103 456 34 762 13 2937
VHM-38 bvera 43 427 106 521 7 1761
VHM-51 | Hjaltadalsa| 296 730 78 1265 32 1711
VHM-92 Baegisa 39 934 254 1304 41 1928
VHM-45 | Vatnsdalsa| 456 553 121 899 4.4 846

Table 1. Main characteristics of river basins.
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Figure 1. Topography (m a.s.l) and location of catchments.

Mean annual precipitation 1971-2000

700
1

600
1

y-km
500
1

400
1

200 300 400 500 600 700 800

x—km

Figure 2. Mean annual precipitation (mm) for the standardpe 1971-2000 and location
of catchments.

10



2.2 Streamflow data

Daily discharge series and monthly maximum instantane@mchdrge series were used in this
study. Figure 3 presents the long-term averaged daily lyepis for the hydrological year (1st
of September to 31st of August). One can see that most catthinave a well defined seasonal-
ity with a low discharge in winter and a high discharge insgmluring snowmelt. The timing of
the snowmelt peak varies from catchment to catchment anehdispon the altitude distribution.
A secondary peak is also observed at some catchments beSeptamber and October and
corresponds to heavy precipitation in autumn. An intengstiomparison can be made between
VHM-19 and VHM-38. These two catchments are close to eachrahd have very similar
drainage areas but slightly different average altitudes\aany different precipitation climatol-
ogy (see Table 1). The long-term hydrographs indicate HeaMinter flow is substantially larger
for VHM-19 than VHM-38 most likely because of the differenioethe precipitation climatol-
ogy which impacts on groundwater flow. However, the hydrphgsaare very similar during the
spring season, in relation to the snowpack melting, trigdday temperature, which is the main
flood-generating mechanism during this season. So one gatiethe snowmelt-tiggered floods
to be similar in magnitude but the rainfall-triggered floadswutumn or winter to be larger for
VHM-19 than VHM-38.

2.3 Annual maximum flood series

Annual maximum daily flood discharge series were extracbeceéch hydrological year, and
years with more than 120 days of missing data were omitteduAhmaximum instantaneous
flood discharge series were extracted from the monthly maxand years with more than four
missing months omitted. Finally, only the longest contimsiperiod with no missing years was
selected from the annual maximum series of each basin.

Figures 4 and 5 present the annual maximum daily flood digehagrsus time of occurrence
within the hydrological year. One can see that the largesthoaents have most of their an-
nual maxima in late spring or early summer, during snownseith as VHM-200 and VHM-45,
but other catchments have annual maxima either in springtewior autumn, depending on
the year. Large winter floods are the result of large snowofédh mixed with heavy rain on
frozen ground during the passage of warm spells. The domgm#bod-generating mechanisms
(snowmelt or rain) depend on various factors such as thepecesof frozen ground, the catch-
ment size and elevation distribution and the precipitatiimatology, among others.
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3 Regional flood frequency analysis
3.1 General methodology

The index flood method is a technique developed for estimdtie flood frequency distribu-
tion at poorly gauged and ungauged catchments. This isnpeefib by scaling a regional flood
frequency distribution by the so-called index flood of thechenent Qjngex

Qi(T) = ar(T) Qindex (1)

With @i(T) representing the estimatddyear flood peak discharge for a given catchmient
and (T ) the dimensionless regionatyear flood also called growth factor, representative of a
region. The regional growth factor is estimated by poologgther the normalized flood samples
of a group of homogeneous gauged catchmepts):

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

WhereQj(j) is the observed maximum flood for gauged catchmemtd yearj. The underly-
ing assumption is that the normalized probability disttid functionsg;(T), derived from the
normalized flood samples at different locations within arffogeneous region”, are identical.
Generally, the mean or the median of the annual maximum fleshdrge is used as the index
flood or scaling factor. In this study, the mean annual marmflood will be used:

Qindex= E[Qi]~ (3)

For gauged catchments, the mean annual maximum flood cartlgibe reasonably estimated
from the measured flood series, even if the series is short:

n

—

E[Q] =

Sl

Qi(J) (4)
1

j=

For ungauged catchments, the mean annual maximum floodiiedtlgl estimated, usually with
a power-form relationship using physiographic and climatitchment descriptorsy,xsuch as
the drainage area, slope, altitude, mean annual preaguifdd name a few:

—_

E[Qi] = apxg™x2¥2x3™.. 2. (5)

The model parametegg can be estimated by multiple linear regression after |digjauic trans-
formation or by non-linear regression (see for instancev@ret al., 2002).

15



3.2 Flood probability distribution function and parameter estimation meth-
ods

The Generalized Extreme Value (GEV) distribution (Jenkimsl955) is adopted in this study
to model the flood frequency curve of both scaled and unsdbded series, based on annual
maximum flood series. This model is very flexible and is wideded in flood studies. The
Cumulative Distribution Function (CDF) for the GEV distuiiion is:

G(q) = ProbQ<q) = { exp-(1- ( M itk 0 6)

exp—exp(—L5)] ifk=0

whereQ is the random variable} a possible value d, k is the shape parameterthe location
parameter andi the scale parameter. The GEV distribution combines intanglasiform the
three types of limiting distributions for extreme valuegtieme value distribution Type k€0),
Type 2 k<0) and Type 3K>0), respectively. The case witr0 corresponds to the Gumbel
distribution. Thep-th quantile which is the valug, with cumulative probabilityp, (G(qp) =
Prob(Q < gp) = p), is estimated as follows:

- [ e+%(1-[-In(p)¥) ifk#0
= { g—aln(—In(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:

_ e+ 9(1-[-In(1-1/T)) ifk#£0
am) = { 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). According to Hoskingt al(1985a), the PWM is more robust than the ML
method for small samples, which is the case here and thergfeWM method will be adopted

in this study.

3.3 Regional growth factor

The regional growth factogr(T), will be estimated in this study with the GEV/PWM regional-
ization algorithm proposed by Hoskirgg al(1985b). First, the GEV distribution of the annual
maximum flood is estimated at each gauged sjtbglonging to a homogeneous regionMof
sites, by estimating the PWI\(B, , (r=0,1,2), as defined in Hoskirgf al(1985a). These PWM
are then scaled bﬁo the sample mean, to obtain for each site the quanfiiles [31' /[30
andf,' = B,'/B¢'. Then, the regional estimatdi® = sN fi'ni/ N, ni, (j=1,2), are calculated,
WherenI represents the sample size at sitBinally, the regional PWM are derived by setting
[30 =1, R={R ande ={,R and the parameters, e andar of the regional GEV distri-
bution, or regional growth curve, are estimated. Finalig, ¢stimated flood quantltei( )ata
given sitei, is calculated with Eq. (1). The index flod@qex iS calculated either by Eq. (4) or

Eg. (5) andyr(T) given by:
16



qu:{ er+ 2 (1—[-In(1-1/T)*®) if kr#0 ©)

er—arIN(—In(1—-1/T)) if Kr=0

3.4 Confidence intervals for quantiles

Estimating the uncertainty associated to the qua(ﬁ;i{é’ ) is a very important step in any flood
study. This uncertainty is usually expressed in form of afigemce interval. The upper and
lower bounds of the 10Q — 6)% confidence interval o;(T) are given by:

Qi(T) £z g/2\/Var{Qi(T)} (10)

wherez;_g), is the upper point of the standard normal distribution edeeewith probability
0/2 and the variance of the-year flood at sité is estimated by:

Var(G(T)} :Var{aR<T>}ETdJ2+Var{ET@1}E[aR<T>J2+2ET<51E[aR<T>JCov{ET@J,aR<(T>})
11

—_

With E[Gr(T)] = Gr(T) and assuming that CH#[Q;],gr(T)} = O.

The asymptotic variance of the three-parameter GEV/PWM quantile (here the regional
growth factor g(T)) can be found in Lu and Stedinger (1992):

daRr(T) daRr(T) daRr(T)

Var{Gr(T)} = (5= )?Var(er) + ( Jon )?Var(ar) + ( 3 )?Var(kg)

+2( %) OB Covter, o

+2( ) OB ot
+2( ) O covam i) (12)

wheregr(T) is given by Eq. (9) and
00r(T) _
e =1 (13)
TR~ 2 a-fna- M (14)
aq\R(T> _ Or KR OR KR

ke _K_2R<1_ [—In(1—1/T)]*R) — K—R[—In(l— 1/T)]*RIn(—=In(1—-1/T)) (15)
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and the elements of the asymptotic covariance matrix foe#tenatorsg, ar andkgr can be
found in Hoskinget al(1985a). The formulas for calculating the variance of themannual

—_— —

maximum flood, VafE[Qi] }, whenE|[Q;] is estimated either with Eq. (4) or Eq. (5) can be found
in books on statistical analysis and regression analysis.

4 Results

For sake of simplicity and because of time limitation anddecause few catchments were
analysed, the catchments have been split into two groups@diog to their geographical lo-
cation. One group in the Troéllaskagi region and surrounslifiRegion 1: VHM-10, VHM-45,
VHM-51, VHM-92, VHM-200) and one group in the West-fjordscasurroundings (Region 2:
VHM-19, VHM-38, VHM-198, VHM-204, VHM-12). Various methalhave been suggested
for defining homogeneous groups of catchments based orpimgsiographic, climatic and ge-
ologic characteristics. This will be investigated in a fetvesearch.

4.1 Annual maximum instantaneous floods

This section presents the results of the regional flood #aqu analysis applied to annual max-
imum instantaneou$X= 0) flood peak discharge.

4.1.1 Regional flood frequency distribution

Figures 6 and 7 present the dimensionless flood CDFs (grawvttes) for each catchment and
the estimated regional growth curve for the two regionseesypely with the estimated 95%
confidence interval. One can see, that the growth curves ¢@v&istent shapes in Region 2,
indicating that the catchments are homogeneous. The gawties for Region 1 are relatively
close to each other, although catchments VHM-51 and VHM-@@0at the border of the es-
timated 95% confidence interval of the regional growth cueveral reasons could explain
these results. One assumption could be that these two caithrinelong to different homoge-
neous groups and should not be put together. Another asempthat the different series do
not correspond to the same period and some of the descrepacild result from climate vari-
ability. Outliers could also account for some of the disargges, especially the largest values,
because of uncertainties in the rating curves used to coexgeme water-levels into extreme
discharge.

4.1.2 Index flood parameter

The index flood parameter, namely the mean annual maximuianitaseous floods [Q;] (Eq.
(3)), was estimated by the sample mean (Eq. (4)) and modetbdeg. (5), considering the fol-
lowing catchment physiographic parameters: drainage &eaean catchment slop8; mean
catchment altitudeZ, catchment perimetek;, and the following climatic parameters: mean an-
nual area-averaged precipitation for the standard pe®3d-42000P, and mean annual maxi-
mum daily surface runofiQs, estimated as the sum of rain and snowmelt calculated frem pr
cipitation (Crochett al., 2007) and temperature (Crochet and J6hannesson, 201&)shmgble
degree day melt model (Crochet, 2010) over the respectiedreents. The limited number of
catchments under study restricts the number of variabkscn be used in the multiple lin-
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ear regression model. It was thus decided to use one singlaratory variable by combining
several of these parameters together. The six followingetsdtave been tested:

—

E[Q] =aA’ (16)
E[Q] = a(AP)? (17)
E[Q] = a(AP/Z)® (18)
E[Q] =a(AQP (19)
E[Q] = a(A/L)° (20)
E[Q] =a(AS"P (21)

Figure 8 presents the results for the two regions, usinghargileast squares (OLS) after loga-
rithmic transformation. The coefficient of determinati®3, is very high in most cases for both
regions. It is interesting that when physiographic catamngescriptors only are used, the two
regions behave quite differently where as when climaticluaent descriptors are added, the
two regions become more alike. A good example is given by tmetined use of mean annual
precipitation and drainage area for instance (Eq. (17) agd&; top-right panel) where it is
seen that the two regions are almost identical. An intergstxample is also seen in Region
2: catchments VHM-19 and VHM-38 have a similar drainage gsea Table 1) but one can
see on Fig. 8 (top-left panel) that their mean annual maxirfloads are quite different and do
not fall near the regression line. Adding another variablghsas the mean annual precipitation
(top-right panel) or the perimeter (bottom-left panel) noyes the relationship. These results
also indicate that the best parameter sets to use for estgrthe mean annual maximum flood
may be different for the different regions. The highBStscore is observed with Egs. (18) and
(19) in Region 1 and Egs. (19) and (20) for Region 2.
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Distrib ution of normalized annual Max. instantaneous Q
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Figure 6. Regional and local dimensionless instantane@aslflCDFs (growth curves) for
Region 1. The grey shaded region represents the 95% conéidetarval of the regional
growth curve.

20



Distrib ution of normalized annual max. instantaneous Q
for West—fjords (Region 2)
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Figure 7. Regional and local dimensionless instantane@aslflCDFs (growth curves) for

Region 2. The grey shaded region represents the 95% conéidetarval of the regional
growth curve.
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Figure 8. Mean annual maximum instantaneous flood (indexiflee. catchment char-
acteristics using the 6 models defined by Egs. (16)—(21) égidR 1 (red) and Region 2
(blue). The solid lines and open symbols are obtained wh€}| s estimated with all

available years and the dashed lines and crosses whé] 5 estimated with the longest
continuous series (no missing years within the continuetss).
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4.1.3 Flood frequency distribution for ungauged catchmerg

In order to evaluate the methodology for ungauged catchsn@md simulate their flood fre-
quency distribution which will then be used to derive theear flood peak discharge, the fol-
lowing cross-validation methodology was employed. Eaclthef 10 catchments was in turn
defined as the "ungauged" catchment and its flood data setaggeference only in the valida-
tion of the methodology but neither in the calculation of thgional growth curve nor in the
calibration of the linear regression models used to esértie index flood. The regional growth
curve and the index flood for each of the ten catchments (fiveqggon) were estimated with
Eq. (9) (regional growth curve) and Egs. (16)—(21) (indewdlp using the four other gauged
catchments of each region. The flood frequency distribwtias then estimated with Eq. (1) and
compared to the reference one calculated directly with Bseved annual maximum flood data
set with the GEV/PWM method. The detailed results of theneatiion of the regional growth
curves and the calibration of the linear regression modelsat given here as they are almost
identical to what is shown in Figures 6 to 8, except the datafthe catchment under evaluation
are not used. The reference and estimated index floods (nm@aalamaximum instantaneous
flood) are presented in Fig. 9.

The reference regional growth curve calculated with allfthe catchments of each region and
the estimated ones calculated with four catchments at adgmm@resented in Fig. 10. The es-
timated flood CDFs of each catchment are presented in Appén&esults indicate a fairly
consistent estimate of the regional growth curves, meahiaiigpooling the selected catchments
in the same group appears reasonable. The main difficultyeéstimate the index flood of the
"ungauged" catchment when its physiographic charadiesiate far outside (below or beyond)
the observed range of the gauged catchments. In this casegdhession line is extrapolated
beyond the observed range and the obtained relationshimotaye valid. This is the case in
Region 1 for catchment VHM-200, which is by far the largestd dor which the mean an-
nual maximum flood was underestimated by most linear regmessodels calibrated with the
other catchments which are all smaller. Nevertheless, Ef).[frovided a reasonable estimate,
although this model was not the absolutely best one whervaltétchments were used together
(see Fig. 8). Overall, Fig. 9 indicates that the best modekftimating the index flood at un-
gauged catchments is Eq. (17) for Region 1 and Eqg. (16) foidRe®) These two models are
not absolutely best when all five catchments are used (se@Higt close to the best ones.

Table 2 summarizes the quality of the estimated flood frequdistributions for each catchment
measured by the Root Mean Squared Error (RMSE) betweerenefeiand estimated quantiles
corresponding to the return perio@is1.01, 2, 5, 10, 20, 50 and 100 years. Table 3 summarizes
the results for all watersheds. The error depends both agquiiéy of the index flood estimation
and on the regional growth curve. As a consequence, the bsslts are not systematically
obtained with the best index flood, given by the catchmenpdamean flood (Eqg. (4)), because
of compensating errors such as an over- (under-) estimafitime regional growth factor and
an under- (over-) estimation of the index flood. However,dbminating source of error when
the catchment is considered "ungauged" is usually thetgualihe index flood estimation (EQ.
16-21) and the best result is quite often obtained with theession model giving the best index
flood estimate or close to the best one. It is observed that wWieeindex flood at the "ungauged”
catchment is estimated with Egs. (16)—(21), the best ieaudt often obtained with Eg. (16) and
Eq. (17) for Region 1 but no method appears as the best onesfpoR2.
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Overall for both regions, the best results for calculating flood frequency distribution are
obtained when the index flood is estimated with Eqg. (17). &l observed in Appendix |
that when the index flood of the catchment is rather well estiiah, the estimated quantiles are
within the 95% confidence interval of the reference distidou(grey region), and vice-versa,
the reference quantiles are within the estimated 95% card&terval (green dashed lines).

It is also worth mentioning that the 95% confidence intergéiheated with the regional growth

curve and the observed sample mean (red dashed lines)nsaifteower than the one calculated
directly with the reference flood sample (grey region), niegrthat when the catchment is
poorly gauged and a few years only of measurements are blailkne use of the regional

growth curve combined with the observed index flood of theloaent gives more accurate
guantile estimates than those calculated with the obsdlved series.

In conclusion, it is important to include a representatiaeqd of catchments during the model
development and restrict the use of the method to catchrhawisg physiographic and climatic
characteristics within or close to the observed range afjéluged catchments used to build the
model. An under- or over-estimation of the catchment indeadlmay have a strong impact on
the estimated flood frequency, even if the regional growthieis well estimated and represen-
tative of the catchment of interest. In practise of courd¢he available gauged catchments will
be used in the calibration of the regional model and in the cdghe two tested regions, the
gauged catchments cover a wide range of catchment chasécter
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Gauging | Ref:E[Qi] = | E[Qi]= | E[Qi]=| E[Q]= | E[Q]= | E[Q] = | E[Qi] =
station | 23" 1 Qi(j) | aA’ | a(AP)® | a(AP/Z)P | a(AQs)® | a(A/L)P | a(A9)P
Eq.(4) | Eq.(16)| Eq. (17)| Eq.(18) | Eq. (19)| Eq. (20)| Eq. (21
VHM-10 13.7 8.7* 42.6 18.9 15 13.8 19.6
VHM-51 18.6 16.6* | 62.8 46.2 29.8 79.2 123
VHM-92 0.75 9.9 6.4* 8.9 9.7 18 57
VHM-200 97.8 221 | 112* 197 208 303 258
VHM-45 8.3 479 | 59*% 23.3 42.4 72.1 77.4
VHM-12 29.1 18.9 57.2 47.5 16.7* | 95.6 260
VHM-19 6.3 16.7 | 3.3* 8.9 11.8 9.2 3.5
VHM-38 45 17.4 3.3 6.2 9.5 3* 19.7
VHM-198 25.2 206* | 37.8 27.9 31.9 58.5 121
VHM-204 9.8 12.3 76.1 57 26.5 5.7* 28.5

Table 2. Instantaneous flood Quantiles: Root Mean Squareadr Eor each catchment.
The best regression model is highlighted with a *.

Index flood E[Qi] = E[Q]= | E[Q]=| E[Q]= | E[Q]= | E[Q]= | E|Qi] =
estimationmode| :57,Qi(j) | aA’ | a(AP)® | a(AP/2)P | a(AQs)® | a(A/L)° | a(ASP
Eq. (4) Eq. (16)| Eq. (17)| Eq.(18) | Eqg. (19)| Eq. (20)| Eq (21
RMSE 34.4 72.9 53.7* 69.6 69.8 108 132

Table 3. Instantaneous flood quantiles: Root Mean Squareat Bver all catchments. The
best regression model is highlighted with a *.
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Figure 9. Observed vs. estimated mean annual maximum tastaous flood at reference
catchments assumed "ungauged"”, using 6 different mode¢sEgs. (16—21)). The ob-
served mean for the catchment in question is not used in it aidon of Eqgs. (16-21).
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Regional gowth curve for annual maximum instantaneous flood
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Figure 10. Reference and estimated regional growth cureesrinual maximum instan-
taneous flood. Region 1 (top) and Region 2 (bottom). Theenefer growth curve is cal-
culated with all 5 catchments of each region and the estichates with 4 catchments, by
eliminating one at a time.
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4.2 Annual maximum daily floods

This section presents the results of the regional flood #aqu analysis applied to annual max-
imum daily © = 24h) flood peak discharge.

4.2.1 Regional flood frequency distribution

Figures 11 and 12 present the dimensionless flood CDFs (growtes) for each catchment
and the estimated regional growth curve for the two regioitis the estimated 95% confidence
interval. Results are similar to those observed previowdtly the instantaneous flood peak dis-
charge. Here too, the growth curves of daily flood peak digghare close to each other in
Region 2 and also in Region 1 except for catchments VHM-51\éxdlll-200 which are at the
border of the estimated 95% confidence interval of the regdigrowth curve (see comments in
section 4-1-1).

4.2.2 Index flood parameter

The index flood parameter was estimated by the mean annuainmaixdaily flood (Eg. 4) and
modeled with Eq. (16)—(21), as for the instantaneous fldeidsire 13 presents the results for the
two regions. The coefficient of determinatid®?, is high in most cases for both regions and the
results are similar to those observed previously with thanrennual maximum instantaneous
flood, so the same comments are valid. Here too, the best pteasets to use in Eg. (5) for
modeling the mean annual maximum flood may be different fibeigint regions. For Region 1,
Eqgs. (16)—(19) give very higR® scores and the best model is given by Eq. (18) while for Region
2, Eq. (20) is best.

4.2.3 Flood frequency distribution for ungauged catchmerg

In order to evaluate the methodology at ungauged catchprteetsame cross-validation method-
ology used in Section 4-1-3 with instantaneous flood was eyepl. Four catchments were used
to calculate the regional growth curve and estimate thexifided to be used at the fifth catch-
ment considered "ungauged". The reference and estimate# floods are presented in Fig. 14.
The reference and estimated regional growth curves cadmnaithout using the catchments un-
der study are presented in Fig. 15. The estimated flood frexygistributions of each catchment
are presented in Appendix Il. Once more, results indicatrly fconsistent estimation of the
regional growth curve, except when catchment VHM-12 is readlo This is because the growth
curve of VHM-12 is not bounded and is drawing the high freques towards higher values
when it is used. This could perhaps indicate that the mosted values for this catchments are
uncertain (due to the possible difficulty in converting extie water levels into extreme floods
with the available rating curves) or that VHM-12 should bgjdo another group.

As for the instantaneous floods, the main difficulty is toraate the index flood of the "un-
gauged" catchment when its physiographic and climaticatttaristics are far outside (below
or beyond) the observed range at the gauged catchmentssiiimaid mean annual maximum
daily flood at catchment VHM-200, which is by far the largesRegion 1, is underestimated
by most linear regression models except by the one defined|bflZ) (not shown). In practise
of course, all the available catchments will be used in thiéredion of the regional model.

Overall, the best index flood estimates are obtained with(Eg). for Region 1 and with Eq.
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(16) for Region 2. Table 4 summarizes the quality of the estitl flood frequency distributions
for each catchment measured by the Root Mean Squared Emt8ERbetween reference and
estimated quantiles corresponding to the return pefleels01, 2, 5, 10, 20, 50 and 100 years.
Table 5 summarizes the results for all watersheds. As megdipreviously, the error depends
both on the quality of the index flood estimation and on théoreg growth curve. Using the best
index flood (calculated with the observed flood sample), daeslways guaranty to obtain the
best flood frequency distribution if large biases affectrébgional growth curve. However, the
largest source of error is usually due to the bias in the irildexi estimate. The results obtained
for each catchment do not point to one single index flood edion model (Egs.16—21) better
than the others. The overall results however indicate tatiridex flood calculated with Eq.
(17) leads to the best results as for instantaneous floo@. tider results of Appendix Il indicate
that when the index flood is rather well estimated, the esgthguantiles are within the 95%
confidence interval of the reference distribution and wieesa, the observed flood quantiles are
within the estimated 95% confidence interval.

Gauging | E[Q]= | E[Q]=|E[Q]=| E[Q]= | E[Q]= | E[Q]= | E[Q]=
staion | 157 ,Qi(j) | aA’ | a(AP)® | a(AP/Z)® | a(AQs)® | a(A/L)P | a(AS)P
Eq. (4) Eq. (16)| Eqg. (17)| Eq.(18) | Eq. (19)| Eq. (20) | Eq (21
VHM-10 6.9 22 20.1 4.6 7.4 8.8 4.3*
VHM-51 16 9.5* 43.8 30 17 57.9 91
VHM-92 1.8 5.7 6.4 5.6* 6.1 13 51.2
VHM-200 183 278 174+ 255 265 347 312
VHM-45 7.8 30 145 11+ 25.7 51.2 74.6
VHM-12 334 29.6 58.7 51.5 26.3 65.9 20.3*
VHM-19 1.7 17.4 4.7 114 13.7 1.8* 4.9
VHM-38 2.3 21.7 59* 11.9 14.8 6.3 22.6
VHM-198 29.3 16.8 15.2 14.6 14.3* 28.9 82.2
VHM-204 4 2.7* 53.7 38 13.7 9.7 15.9

Table 4. Daily flood quantiles: Root Mean Squared Error focle@atchment. The best
regression model is highlighted with a *.

Index flood E[Q] = E[Q]= | E[Q]=| E[Q]= | E[Q]= | E[Q]= | E[Qi] =
estimationmode| 5" ,Qi(j) | aA’ | a(AP)® | a(AP/2)P | a(AQs)® | a(A/L)° | a(ASP
Eq.(4) |Eq. (16)| Eq. (17)| Eq.(18) | Eq. (19)| Eq. (20)| Eq (21
RMSE 59.9 89.9 62.9* 84 85.3 115 128

Table 5. Daily flood quantiles: Root Mean Squared Error oviércatchments. The best
regression model is highlighted with a *.

29



Distrib ution of normalized annual max. daily Q
for Trollaskagi (Region 1)
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Figure 11. Regional and local dimensionless daily flood ClQgfswth curves) for Region
1. The grey shaded region represents the 95% confidenceahtafrthe regional growth
curve.
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Distrib ution of normalized annual max. daily Q
for West—fjords (Region 2)
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Figure 12. Regional and local dimensionless daily flood ClQgfswth curves) for Region

2. The grey shaded region represents the 95% confidenceahtafrthe regional growth
curve.
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Figure 13. Mean annual maximum daily flood (index flood) vi&clmaent characteristics
using the 6 models defined by Eqgs. (16)—(21) for Region 1 @ad)Region 2 (blue).
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Figure 14. Observed vs. estimated mean annual maximum fttzoky at reference catch-
ments assumed "ungauged", using 6 different models (see(H321)). The observed
mean for the catchment in question is not used in the caimaif Egs. (16—-21).
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Regional growth curve for annual maximum daily flood
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Figure 15. Reference and estimated regional growth cureesahnual maximum daily
flood. Region 1 (top) and Region 2 (bottom). The referencetyirourve is calculated with
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5 Conclusion and future research

The regional flood frequency analysis developed in thisystsighown to be a powerful tool for
estimating the flood frequency distribution and calculgtime T-year flood and its confidence
interval at poorly gauged and ungauged unregulated catuisraaywhere along their river chan-
nels. Although the regional growth curves calculated intthe tested regions were relatively
robust, care must be taken when identifying homogeneousgpgrand objective strategies for
performing this task will be investigated in the future. Trhain source of error in the method
was related to the estimation of the index flood. A poor edenad the catchment index flood
could lead to severe under- or over-estimation of the floeduency distribution. The relatively
small number of gauged catchments used in the study coul@ thaklinear regression model
uncertain. Another reason for uncertainty could be thathalcatchments do not necessarily
belong to the same group and putting them together coulcceethe quality of the regression
model. The selection of the best index flood regression migsdes crucial as making the best
identification of homogeneous groups as possible. Furdgsting of additional parameters or
combination of parameters in the estimation of the indexdfland making use of all possible
gauged catchments is planned in the future.

This study focused on annual maximum floods. It was obsetvatddepending on the catch-
ments, these annual maximum floods sometimes took place gpting, in relation to snowmelt;
they took place sometimes in the winter, in relation to sneftrand heavy rain on frozen
ground; they took place sometimes in the autumn during heawvy These various types of
floods fundamentally differ because the flood generatingyagisms vary. Analysing them sep-
arately rather than jointly could improve the overall pemiance of the method and this will
also be considered in future studies.

Finally, this regional flood frequency analysis method doalso be combined with the use
of the distributed hydrological model WaSiM-ETH used at IM@aSiM-ETH could be used
on gauged catchments to extract the flood frequency disimitband the index flood at many
locations along the river channels to create a much largereu of "gauges” than available in
practise. This information could then be used to build a sbhbegional index flood model to
be used at nearby ungauged catchments without having tallgctun WaSiM-ETH on these
ungauged catchments, since such a run could turn out tofi@ittifor reasons explained in the
Introduction. In a future research, a comparison betweesethwo strategies will be considered.
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Appendix I: Observed and estimated flood cumulative distri-
bution functions (CDFs) for annual maximum instantaneous
flood using a regional growth curve and 6 different index
flood models
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Distribution of annual max. instantaneous Q, VHM 10
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Figure I.1. Observed and estimated flood CDFs for annual mara instantaneous flood

at VHM-10. The solid black line represents the reference (B®YM distribution estimated
with the observed flood sample, the grey shaded region repteshe 95% confidence
interval and the dotted black line the 95% bootstrap configeimterval. The solid red

line corresponds to the GEV distribution estimated with Eq, by the product of the
regional growth curve g(T) and an index flood estimated by the observed sample mean
E[(ji] (Eqg. 4). The solid green line corresponds to the GEV distrdvuestimated with Eq.

(1), by the prodlft\of the regional growth curvg(d) and an index flood estimated by

the linear modeE [Q;] = agx1#xx®2x3%...x# (Egs. 16—21). The colored dashed lines give
their respective 95% confidence intervals.
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Distribution of annual max. instantaneous Q, VHM 51

E[Q]=a(A)" Eq.16

E[Q]=a(AP)" Eq.17
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Figure 1.2. Observed and estimated flood CDFs for annual marn instantaneous flood
at VHM-51. See caption of Fig. I.1.
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Figure 1.3. Observed and estimated flood CDFs for annual marn instantaneous flood
at VHM-92. See caption of Fig. I.1.
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Distribution of annual max. instantaneous Q, VHM 200
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Figure 1.4. Observed and estimated flood CDFs for annual marn instantaneous flood

at VHM-200. See caption of Fig. I.1.
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Distribution of annual max. instantaneous Q, VHM 45
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Figure 1.5. Observed and estimated flood CDFs for annual marn instantaneous flood

at VHM-45. See caption of Fig. I.1.
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Figure 1.6. Observed and estimated flood CDFs for annual marn instantaneous flood

at VHM-12. See caption of Fig. I.1.
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Figure I.7. Observed and estimated flood CDFs for annual marn instantaneous flood
at VHM-19. See caption of Fig. I.1.
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Figure 1.8. Observed and estimated flood CDFs for annual marn instantaneous flood

at VHM-38. See caption of Fig. I.1.
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Figure 1.9. Observed and estimated flood CDFs for annual marn instantaneous flood
at VHM-198. See caption of Fig. I.1.
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Figure 1.10. Observed and estimated flood CDFs for annualimar instantaneous flood
at VHM-204. See caption of Fig. I.1.
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Appendix Il. Observed and estimated flood cumulative dis-
tribution functions (CDFs) for annual maximum daily flood

using a regional growth curve and 6 different index flood
models
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Figure 11.1. Observed and estimated flood CDFs for annualimarn daily flood at VHM-
10. The solid black line represents the reference GEV/PVé¢liibution estimated with the
observed flood sample, the grey shaded region represen@#heonfidence interval and
the dotted black line the 95% bootstrap confidence inteiMag solid red line corresponds
to the GEV distribution estimated with Eq. (1), by the prddfche regional growth curve
gr(T) and an index flood estimated by the observed sample mgan(Eq. 4). The solid
green line corresponds to the GEV distribution estimateth Wiég. (1), by the product
of the regional growth curveg{T) and an index flood estimated by the linear model

—

E[Qi] = apxi®x%2x3%...x 3 (Egs. 16—21). The colored dashed lines give their respectiv
95% confidence intervals.

50



Q (m¥s)

Q (m¥s)

Q (m%s)

Distribution of annual max. daily Q, VHM 51

E[O]=a(A)’ Eq.16 E[QJ=a(AP)" Eq.17
o | T —— T T (years) o | T — T T T (years)
v — 1 2 5 10 20 50 100 ) — 1 2 5 50 100
— — —— Q(T)-obs
. — a(MEQI -
= =] — w®DEQ”
o— E — 7 g g
S | g
6 2 0 2 4 6
—In(-In(1-1/T)) (=In(-In(1-1/T))
E[Q]=a(AP|Z)" Egq.18 E[Q]=a(AQ,)" Eq. 19
o | T T T T L ean) o | T R — T T (years)
) — 1 2 5 10 20/ < 50 100 w — 1 2 5 10 20 5/ - IE)O
— —— Q(T)—obs . z — —— Q(T)—obs PRaRg
— @wMEQI .7 — — ar(MEIQ] Ur
S| — wDEQ =2 — w®EQ
= E=
.............. =4
I | | | [ I | | I [
-2 0 2 4 6 -2 0 2 4 6
—In(-In(1-1/T)) —In(-In(1-1/T))
E[O]=a(A/L)" Eq.20 E[O]=a(AS)" Eq.21
o | T T 1 — T (years) o [ T — T T T (years)
W — 1 2 ’ 5 10 50 100 W — 1 / 2 10 20 50 100
— —  Q(T)-obs g — —— Q(T)-obs
— @(TEIQ] — -+ qr(DE[
N 72} [22)
S g(EQ =4
] / E —
N S | e
I - | | I I I | | I I
-2 0 2 4 6 -2 0 2 4 6
“In(=In(1=1/T)) “In(=In(1-1/T))

Figure 11.2. Observed and estimated flood CDFs for annualimarn daily flood at VHM-
51. See caption of Fig. II.1.
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Figure I1.3. Observed and estimated flood CDFs for annualimarn daily flood at VHM-

92. See caption of Fig. II.1.
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Figure 11.4. Observed and estimated flood CDFs for annualimarn daily flood at VHM-

200. See

caption of Fig. II.1.
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Figure I1.5. Observed and estimated flood CDFs for annualimarn daily flood at VHM-

45. See caption of Fig. II.1.
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Figure I1.6. Observed and estimated flood CDFs for annualimarn daily flood at VHM-

12. See caption of Fig. II.1.
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Figure 11.7. Observed and estimated flood CDFs for annualimarn daily flood at VHM-

19. See caption of Fig. Il.1.
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Figure 11.8. Observed and estimated flood CDFs for annualimarn daily flood at VHM-

38. See caption of Fig. II.1.
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Figure 11.9. Observed and estimated flood CDFs for annualimarn daily flood at VHM-
198. See caption of Fig. Il.1.
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Figure 11.10. Observed and estimated flood CDFs for annuakimam daily flood at

VHM-204. See caption of Fig. II.1.
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