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1 Introduction

Flood frequency analysis is an important factor in flood risk assessment studies and for the
design of various hydraulic structures. Often, flood quantiles estimates are required at locations
where streamflow series are very short or where no data are available, making a direct flood
frequency analysis impossible. Regional flood frequency analysis such as the index flood method
(IFM) (Dalrymple, 1960) offers a solution to this problem and is widely used to estimate flood
quantiles in these situations, see for instance Burn (1990), GREHYS (1996a, 1996b), Hosking
& Wallis (1997), Jingyi & Hall (2004), Kjeldsen & D. Jones (2007), Das & Cunnane (2011),
Malekinezhad er al. (2011a and 2011b), Zaman et al., (2012) and many others. The idea is to
compensate for the lack of temporal data by spatial data, taken within a homogeneous region
with respect to flood characteristics, and transfer information regarding flood characteristics
from gauged sites to the target site.

The IFM has already been evaluated in northern Iceland (Crochet, 2012a,b). Results are very
encouraging but indicate that a limited number of gauged sites can be an obstacle to the method
development. The problem of data limitation has been addressed in Crochet & Pdérarinsdoéttir
(2014) by combining the use of the IFM with simulated streamflow series obtained with the dis-
tributed hydrological model WaSiM (Schulla & Jasper, 2007). First, WaSiM was calibrated on a
gauged catchment and used to simulate streamflow series at different locations within that catch-
ment, where no observed streamflow data were available. Then, flood statistics were extracted
from these simulated series and used to develop the IFM which was used to infer flood quantiles
at totally ungauged catchments located within the same region. The previous work has shown
that, in principle, this combined IFM method could be developed for an entire region even if
one site only was gauged, assuming that flood data were correctly simulated by the hydrologi-
cal model within the gauged catchment. This report is a continuation of the work of Crochet &
Poérarinsdottir (2014).

The capacity of the IFM to estimate design floods at ungauged locations on natural catchments
is now evaluated in eastern Iceland. The method is first developed with observed streamflow
series at available gauging stations. Next, the method is developed with simulated streamflow
series obtained with WaSiM on selected catchments, as described above. The report is organized
as follows. Section 2 presents the study area and data. Section 3 describes the methodology.
Section 4 presents the results of the proposed approach for estimating design floods at ungauged
catchments. Finally, Section 5 concludes the report.

2 Study area and data

2.1 River basins

The region under study is located in the East fjords and the surrounding area (Fig. 1). This region
is characterised by a complex topography along the coast, Vatnajokull ice cap in the southwest
and highlands in the interior. This leads to large precipitation and temperature gradients in the
region (Crochet et al., 2007; Crochet & Jéhannesson, 2011). Eight unregulated gauged river
catchments have been selected for this study. Table 1 summarizes their main characteristics.



2.2 Streamflow data

Daily flow series and monthly maximum instantaneous flow series were available at the gauging
stations for variable periods (Table 1). Uncertainties related to the validity of the rating curves,
used to convert observed water level into discharge, can lead to uncertainties in discharge calcu-
lations, especially for high discharge values. The daily flow series were only used for the cali-
bration of WaSiM at selected catchments. Annual maximum flow (AMF) series were extracted
for each hydrological year (1 Sept-31Aug), from the monthly maximum instantaneous flow se-
ries. Years with more than four missing months were omitted. These AMF series were used to
conduct the flood frequency analysis and develop the index flood method. Figure 2 presents the
time of occurrence of AMF for each catchment. One can see that for most catchments, the AMF
is mainly observed between July and November, i.e mainly caused by heavy rainfall, rather than
spring snowmelt.

2.3 Meteorological data

Gridded daily air temperature at 2 m above ground (Crochet & J6hannesson, 2011) and precipi-
tation (Crochet, 2013) calculated on a 1x1 km grid for the period 1961-2010, were used for the
development of the IFM and to simulate streamflow with WaSiM. The temperature data set was
obtained by gridding temperature observations at meteorological stations with a spline interpo-
lation after elevation correction, using a fixed lapse rate of 6.5 C/km. The precipitation dataset
was obtained by gridding precipitation anomaly at raingauge stations with a spline interpolation
and multiplying the resulting maps with the corresponding 30-year mean monthly precipitation
maps derived with an orographic precipitation model (Crochet et al., 2007).

2.4 Other data

A 1x1 km digital elevation model derived from a 500 m DEM (Icelandic Meteorological Office,
National Land Survey of Iceland, Science Institute, University of Iceland, and National Energy
Authority. 2004), a soil map from the Agricultural University of Iceland and a vegetation map
from the Icelandic Institute of Natural history were also used in this study.



Table 1. Main characteristics of river basins used in this study.

Catchment Name Area Mean Mean annual Available period
/ (km?) elevation precipitation for
Gauging station (ma.s.l) (mm) (1961-2006) streamflow data
vhm148 Fossa 116 595 2415 1969-2014
vhm149 Geithellna 190 594 2692 1971-2013
vhm205 Keldua 269 731 1772 1977-2009
vhm206 Fellsa 128 710 1783 1977-2014
vhm221 Jokulsa i Fljotsdal 294 930 2051 1981-2014
vhm265 Hamarsa 224 679 2624 1991-2005
vhm277 Geithellnaa 100 720 2800 1992-2005
vhm278 Fossa 21 688 2246 1992-2005

Figure 1. Region under study and location of catchments. Catchment vim278 is embedded
within vhim148 and catchment vim277 is embedded within vhm149.
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Figure 2. Time of occurrence of the annual maximum flow. For time periods, see Table 1.
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3 Index flood method

3.1 General principle

The method has already been described in detail in Crochet (2012a,b) and Crochet & Pérarins-
déttir (2014) and so is only summarised here. The index flood method (IFM), proposed by
Dalrymple (1960) can be used to estimate the T-year flood quantile at ungauged locations or
at gauged sites with short records, using available flood data taken from gauged sites located
within the same homogeneous region. These catchments are assumed to be natural and without
flow alteration. The underlying assumption is that flood data within a homogeneous region are
drawn from the same frequency distribution, apart from a scaling factor. The method involves
two major steps: i) the identification of a group of homogeneous catchments (or a homogeneous
"region") with respect to flood characteristics and ii) a regional estimation method for estimating
the flood frequency distribution at each site of interest, called target site, gauged or ungauged,
within the homogeneous region.

Different techniques can be used to identify homogeneous groups of catchments, i.e. catchments
considered sufficiently similar to produce a similar hydrologic response with respect to extreme
flow. Two methods were used in this study: i) the cluster analysis and ii) the so-called region
of influence (ROI) approach (Burn 1990). With the cluster analysis, fixed homogeneous regions
are obtained whereas with the ROI, a potentially unique "region", is defined for each target
catchment. With both techniques, a set of physiographic and climatic catchment characteristics
available at all (gauged and ungauged) catchments are defined. Then, a distance metric is used
to measure the similarity of the different catchments according to these attributes. This means
that streamflow data cannot be used in this step as by definition, this information is unavailable
at ungauged sites. Once a homogeneous group of catchments has been preliminary identified
according to the selected technique, the degree of homogeneity of the candidate "region" with
respect to extreme flow statistics remains to be tested, using flood data available at the gauged
sites of that region. The H-statistics, proposed by Hosking & Wallis (1993) was used here for
that purpose.

Once the candidate region has been accepted as a homogeneous region, the flood frequency
distribution of the target site is estimated by rescaling a dimensionless regional flood frequency
distribution or growth curve, gg(D,T), common to all sites of the region, with the so-called
index flood, u;(D), of the target site:

~

Qi(D,T) = ui(D)qr(D,T), 9]

where Q,(D, T) is the estimated flood quantile, i.e. the T-year flood peak discharge averaged
over duration D, at site i. The regional growth curve, ggr(D,T), is the ratio of Q;(D,T) to the
index flood y;(D) and is derived by pooling the AMF series from all gauged sites belonging to
the homogeneous region (see for instance Hosking et al., 1985a; Hoskings & Wallis, 1997). The
mean of the AMF was used in this study to define the index flood y;(D). If the target site is
gauged, ;(D) can be estimated by the sample mean, whereas for ungauged target sites, u;(D)
needs to be indirectly estimated (e.g. Brath et al., 2001; Bocchiola et al., 2003). This step is
often performed by assuming that y;(D) is a function of catchment characteristics (C;x) (not
necessarily the same ones than those used in the identification of the homogeneous region):

11
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where k denotes the k™" catchment characteristic.

A power-form equation is often used:

~ 01 0 0 6,
ui(D) = GoCl.7iCl.é....CiJ"c...Ci,n. 3)
where 6; denotes the vector of model parameters. Multiple linear regression is used to infer the
model parameters after logarithm transformation (see for instance Grover et al., 2002), using
available information at gauged sites.

When too few gauged sites are available to develop Eq. (3), simple linear regression models
can be developed by combining several catchment characteristics into one single variable (e.g.
Crochet, 2012a):

(D) = 8oV 4)
where V; = g(C; ) is the variable and g() a function of several catchment characteristics C; .

3.2 Combined IFM and hydrological modelling

When too few gauged sites are available to develop Eq. (4) and estimate the index flood y;(D)
at ungauged sites, hydrological simulations can be used to generate streamflow series at various
locations within a gauged catchment, extract the corresponding AMF series and build an index
flood model (Egs. 3 or 4) with these simulated series (see Crochet & Pérarinsdéttir, 2014).

The distributed hydrological model WaSiM (Schulla & Jasper, 2007) was used to simulate daily
streamflow series at different locations within selected gauged catchments. A flood-duration-
frequency (QDF) model was then used to derive flood quantiles of any duration D, Q;(D,T)
from these daily streamflow simulations and develop the IFM for D = 0 (see Crochet, 2012c).
Fig. 3 summarizes the different steps of the IFM, when it is applied with WaSiM streamflow
simulations. The QDF model used here is based on the approach proposed by Javelle et al.
(2003).

Qi(D,T) = ui(D)gqpi(T), (5)

where Q;(D,T) is the T-year flood quantile at site i, averaged over duration D, y;(D) is the
corresponding index flood, as defined above, i.e. the mean of the AMF series for duration D,
and ¢p;(T) is a dimensionless parent distribution with mean of unity, equivalent to a growth
curve. This parent distribution is estimated at each site i with the same method used to estimate
gr(D,T), but instead of pooling AMF series for a given duration D from different sites, the
estimation is made individually for each site i by pooling AMF series for different durations D.
The index flood, ;(D), is modelled at each site i as a continuous function of D, as follows:

12
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where y;, A; and A; are basin dependent parameters that have to be calibrated (see Crochet,
2012c). The parameter y; is the mean of the instantaneous AMF series, y;(D = 0). A regional
growth curve, gg(D,T), can then be derived from the parent distributions gp;(T) obtained at
all sites i belonging to the same catchment where WaSiM was used. Alternatively, the growth
curve derived from the observed AMF series at the gauged site used to calibrate WaSiM can
also be used to define ggr(D,T). Once y;(D) and gg(D,T) are known for D = 0, the IFM can
be developed to infer instantaneous flood quantiles at sites located in ungauged catchments, as
described in Section 3.1.

WaSiM ) QDF
mm)  AMF(i,D=24h) ) (Q;(0< D < A*24h,T)
i D=24h,T i D
Catchment 1 (a) Ei((D=24h) ) (b) #i(D)

(N sites: i=1,N)

IFM (D=0)
Catchment 2 (d) (€) (Cirs 8, qr(D,T))
(M sites: j=1,M)
—— (D =0)= gocfllcfﬁ---ff,f ij?;:

Q;(D=0,T) = {1;(D = 0)qx(D, T)

Figure 3. WaSiM-based IFM flow chart. Daily (D = 24h) AMF series simulated with
WaSiM at specific sites within a given gauged catchment are extracted (a). A Flood-
Duration-Frequency (QDF) model is applied to derive instantaneous (D = 0) flood quan-
tiles and index floods (b). This information is then used to develop the IFM (c), i.e. the
regional growth curve, qr(D,T), and the index flood model parameters (0). The IFM is
then used to estimate instantaneous flood quantiles at ungauged sites within catchments
belonging to the same region (d).
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3.3 Flood frequency distribution and parameter estimation method

The Generalized Extreme Value (GEV) distribution (Jenkinson, 1955) was adopted to model the
flood frequency distribution from the AMF series:

O K\  if 1¢:

Q,-(D7T):{ £,+E(1—[—ln(1—1/T)] ) ?lefO 7
Ei—OLiln(—ln(l — 1/T)) ifi;=0

where ¢€; is the location parameter, o; is the scale parameter and ¥; is the shape parameter.
The method of probability weighted moments (PWM) proposed by Hosking et al. (1985b) was
adopted to fit the individual GEV distributions at each site and the parameters of the regional
growth curve (qr(D,T)) were estimated with the GEV/PWM regionalization algorithm pro-
posed by Hosking et al. (1985a), as in Crochet (2012a,b) and Crochet & Pérarinsdottir (2014).

3.4 Evaluation statistics

In order to assess the capacity of the IFM to estimate flood quantiles at ungauged locations,
the method was developed and tested in cross-validation mode, considering instantaneous flood
quantiles only (D = 0). Each of the eight gauged sites presented in Fig. 1 was in turn considered
as the ungauged "target" site for which flood quantiles were required. The IFM was recursively
developed for each target site, without using the AMF data from that site, and applied at that
site, treated as ungauged. Estimated index flood and flood quantiles were then compared to the
reference index flood and flood quantiles calculated with AMF observations available at the
target site (see Sections 4.3.1 and 4.3.2).

The ability to predict the index flood at ungauged sites was evaluated by calculating the relative
root mean squared error (RMSE,,) between reference (u;(D)) and estimated (i;(D)) index floods.
The reference index flood was defined by the arithmetic mean of the observed AMF sample at
the target site and the estimated index flood was obtained by Eq. (4).

N . -
RMSE, (%) = \/zlv ; (’%)Zmoo ®)

Reference and estimated flood quantiles were compared at each target site, for average recur-
rence intervals T of 2, 5, 10, 20, 50 years. The quality of the estimation was evaluated by cal-
culating the relative root mean squared error of the quantile estimates for each site, and then the
average over all sites was calculated (RMSET):

N L , —0:
1 Ly <Q,(D,Tz> Ql<D»Tz>>2xloo )

RMSET (%) = — —
(%) N; L&~ 0,(D,T))

where Q;(D,T;) is the reference flood quantile at gauged site i and return period 7;, calculated
with the GEV distribution fitted to the observed AMF series and Q;(D, T;) is the estimated flood
quantile, calculated with the IFM (Egs. 1 and 4).

14



4 Results

4.1 Delineation of homogeneous regions

Both cluster analysis and ROI techniques were used to identify homogeneous regions prior to
applying the IFM with observed AMF series (see Section 3.1). For the cluster analysis, different
clustering techniques provided by the R software were tested. In order to develop the index flood
models (Eq. 4), six catchments at least were arbitrarily required to form a homogeneous region
(excluding the target catchment). The following catchment characteristics (calculable anywhere
in Iceland) were considered for the identification of these regions with both methods:

e Logarithm of catchment area (Log(A))

e Mean catchment altitude (Z)

e Catchment perimeter (L)

e Ratio between actual catchment area and area of circular catchment of perimeter L
e Percentage of glaciated area (G)

e Mean annual precipitation (1961-2006) (P)

e Mean annual maximum snowpack (1961-2006) (SWE,,)

e Mean annual maximum daily input water supply (1961-2006) (W S,,)

e Normalized mean monthly input water supply (1961-2006) (NWS(j),j=1,..,12)
e Mean snow cover fraction on May 1st (1961-2006) (SCF)

e Logarithm of saturated hydraulic conductivity (Log(Kj))

Daily precipitation was split into rain or snow according to a temperature threshold. A simple
temperature-index melt model that relates air temperature to snow and ice melt rates was used
to estimate the snowpack evolution and glacier melt. Input water supply was estimated as the
sum of rain and snowmelt (and ice melt). Fig. 4 presents the normalized mean daily input water
supply and discharge seasonalities. The normalisation is defined by dividing each series by its
respective mean. The normalized mean discharge seasonality is well described by the seasonality
of the normalized mean input water supply. This indicates that the input water supply can be used
to capture some insights into the hydrological characteristics of the catchments of the region.

Fig. 5 presents the dendrograms showing the hierarchy among catchments according to the clus-
ter analysis. Different groups emerge, depending on the specific technique used. All results indi-
cate that vhm221 stands out, while the other catchments define a more homogeneous group. This
is not surprising as vhm221 is located in the interior of the region and is 50% glaciated. For sake
of simplicity, it was decided to form one single candidate region with all catchments, according
to the cluster analysis. Table 2 presents the homogeneous groups of catchments obtained with
the ROI technique, associated to each target catchment. The catchments are ordered from most
similar to least similar.

15
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Table 2. ROI technique: homogeneous groups of catchments associated to each target
catchment.

Target catchment ROI

vhm148: vhm149, vhm265, vhm278, vhm206, vhm277, vhm205
vhm149: vhm148, vhm265, vhm277, vhm206, vhm278, vhm205
vhm?205: vhm206, vhm278, vhm265, vhm277, vhm148, vhm149
vhm?206: vhm?205, vhm278, vhm148, vhm265, vhm277, vhm149
vhm?221: vhm?277, vhm265, vhm205, vhm206, vhm278, vhm149
vhm?265: vhm277, vhm149, vhm148, vhm206, vhm278, vhm205
vhm?277: vhm?265, vhm149, vhm148, vhm278, vhm206, vhm205
vhm?278: vhm206, vhm148, vhm265, vhm205, vhm277, vhm149

4.2 Regional growth curves

The validity of the candidate regions identified by cluster analysis and ROI technique was ver-
ified by studying the homogeneity of the associated regional growth curves derived from ob-
served AMF series, through the calculation of the H-statistics (Hosking & Wallis, 1993). The
growth curves associated to the region defined by cluster analysis (i.e. all catchments) are pre-
sented in Fig. 6. Table 3 gives the H-statistics obtained after excluding one catchment at the
time (target catchment). The H-statistics confirm that all eight catchments can be considered
sufficiently homogeneous to form a single region (H < 2). A first IFM (IFM-CLU) was defined
using one single homogeneous region identified by cluster analysis, and all available observed
AMF series (excluding the target site). Table 4 presents the H-statistics obtained when the ROI
method was used to define homogeneous groups of catchments, with and without target site.
Appendix I presents the corresponding growth curves. Results confirm the homogeneity of the
ROI-based homogeneous regions with respect to flood statistics. A second IFM (IFM-ROI) was
defined with observed AMF series corresponding to gauged sites identified by the ROI tech-
nique.

Table 3. Cluster analysis: H-statistics without target catchment.

H-statistics
Target catchment  without target catchment

vhm148 0.95
vhm149 1.46
vhm?205 1.01

vhm?206 1.28
vhm221 0.9

vhm265 1.16
vhm?277 0.87
vhm278 -0.12
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Figure 6. Individual and regional growth curves from the homogeneous region defined by
cluster analysis. Grey region corresponds to the 95% confidence interval of the regional
growth curve.

Table 4. H-statistics associated to the ROI of each target catchment.

H-statistics H-statistics
Target catchment  without target catchment ~ with target catchment
vhm148 0.52 0.84
vhm149 1.45 0.91
vhm205 0.91 0.84
vhm206 1.14 0.89
vhm221 0.57 0.85
vhm265 1 0.91
vhm277 0.91 0.87
vhm278 -0.14 0.87

4.3 WaSiM model simulations

Results from the cluster analysis mean that in principle, any of the eight catchments used in the
study can be selected to estimate the regional growth curve of that region, if a long enough AMF
series is available at the gauging site in question. WaSiM was used to simulate long daily dis-
charge series at different locations within three selected gauged catchments (vhm148, vhm149,
and vhm206) and AMF series were extracted.

First, a multi-objective calibration method was used to calibrate WaSiM, as in Crochet (2014),
but with an objective function more adapted to the simulation of AMF. A set of seven model
parameters were calibrated: 1) recession constant of direct runoff, 2) drainage density, 3) satu-
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rated hydraulic conductivity, 4) temperature threshold for snowmelt, 5) temperature dependent
melt factor, 6) fraction of snowmelt which is direct flow and 7) storage capacity of snow for
water (see Schulla & Jasper, 2007). The recession constant of interflow was arbitrarily set to the
recession constant of direct runoff. Other parameters were fixed according to previous studies.
An ensemble of 500 parameter-sets was formed by randomly generating the values of each pa-
rameter from a uniform distribution. The corresponding 500 model runs were completed for the
calibration period, including a spin-up period of three years. Each model setup was then ranked
from worst to best according to the following criteria:

1. NS—AMF: worst=Min(NS — AMF); best=Max(NS — AMF)
2. NS — Qy;: worst=Min(NS — Q,); best=Max(NS — Qy)

3. NS —E[Qd]: worst=Min(NS — E[Qd]); best=Max(NS — E[Qd])

Where NS is the Nash-Sutcliffe efficiency (Nash & Sutcliffe, 1970) applied to AMF, daily dis-
charge (Q,) and discharge seasonality (i.e. mean discharge on each calendar day, E[Qd]).

Then, a weighted rank was calculated and each model setup sorted accordingly:

WR = 0.5Rank(NS — AMF) + 0.3Rank(NS — Q4) + 0.2Rank(NS — E[Qd]) (10)

Next, the best model run was selected and validated on a different period than the calibration pe-
riod. Results of the calibration and validation periods are summarized in Tables 5 and 6 and Ap-
pendix II. Overall, WaSiM model simulations compare quite well with observations. Discharge
resulting from spring snowmelt was generally well simulated, but some discrepancies were ob-
served in some years in late spring or early summer, due to a snowpack under estimation. The
magnitude of annual maximum daily flow was often underestimated, especially at vhm148 and
vhm?206, partly because of difficulties to capture flood-triggering precipitation, partly because
of modelling uncertainties and partly because of uncertainties in the rating curves for the most
extreme discharge values. The best model parameterisation identified in the calibration period
was found to be similarly acceptable in the validation phase and selected to conduct the hy-
drological simulations on the three catchments. Daily discharge series were then simulated at
different locations on the three catchments (Fig. 7), over the period 1961-2006 for vhm148 and
vhm149 and 1961-2010 for vhm206.

Instantaneous AMF statistics were derived by QDF modelling of the simulated daily AMF series
(see Appendix 3). The underestimation of daily AMF with WaSiM led to the underestimation of
instantaneous AMF statistics ( y;(D = 0) and Q;(D = 0,T)) at vhm148 and vhm206, whereas
ui(D =0) and Q;(D = 0,T) were observed to be within the reference 95% confidence interval
(CI) for vhm149. Therefore, simulations made within vhm149 only were used to develop the
IFM based on WaSiM (IFM-WaSiM), to be applied in the region. The regional growth curves
derived from IFM-CLU, IFM-ROI and IFM-WaSiM are presented in Fig. 8. One can see that the
regional growth curve derived from WaSIM is relatively close to the ones derived from observed
AMF series.
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Figure 7. Location of simulated sites within catchments vhim206 (top), vhm149 (bottom-
left) and vhm148 (bottom-right).
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Table 5. Verification of WaSiM simulations in the calibration period.

Gauging station vhm148 vhm149 vhm?206
NS (daily discharge) 0.624 0.541 0.53
Mean error (daily discharge) (m? /s) -0.81 2.1 -0.82
Mean error (annual discharge) (m3 /s) | —0.81 2.2 -0.73
Mean error (AMF) (m3 /s) 346  -195 317

Table 6. Verification of WaSiM simulations in the validation period.

Gauging station vhm148 vhm149 vhm206
NS (daily discharge) 0.456 0.453 0.452
Mean error (daily discharge) (3 /s) -1 -6 -0.62
Mean error (annual discharge) (m? /s) | -0.95 -6.4 -0.52
Mean error (AMF) (m? /s) -20.4 -30.1 -14.7
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Figure 8. Regional growth curves derived from cluster analysis (IFM-CLU) and from
the ROI associated to each catchment (IFM-ROI), using observed AMF series, and from
WaSiM simulations made within catchment vhmi149 (IFM-WaSiM).
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4.3.1 Index flood modelling

Twelve relationships between the index flood, y;(D = 0), and various physiographic and climatic
catchment characteristics were defined in order to estimate the index flood at ungauged sites
(j(D = 0)). Given the few gauged sites available in the region, the models were defined by
combining several characteristics into one single variable (cf. Eq. 4). The model parameters
were estimated by ordinary least squares (OLS) regression after logarithmic transformation:

model no. 1: Gi(D =0) = 0p(4;)! (11)
model no. 2: 0i(D = 0) = 0 (L;)* (12)
model no. 3: Gi(D =0) = 09(A;/L)® (13)
model no. 4: 0;(D=0) = 00(4;/Z)% (14)
model no. 5: u(D=0)= 60(A,~P,-)el (15)
model no. 6: ui(D=0)= Go(A,-Pi/Z,-)el (16)
model no. 7:  G;(D =0) = 8(A;P;/L;)% (17)
model no. 8: (D =0) = 00(A;P;/(Z:L;))® (18)
model no. 9:  G@;(D = 0) = 0y (A;Pi)®! (19)
model no. 10: (D =0) = 09(AiPni/Z)% (20)
model no. 11:  [5;(D =0) = 69(AiRn)? 1)
model no. 12: (D = 0) = 00(AiRyi/Z)®! (22)

Where 6 = (0¢,0;) is the vector of regression parameters, i is the catchment index, P, the
catchment averaged annual maximum daily precipitation for the period 1961-2006, and other
catchment characteristics are defined in Section 4.1. Models no. 1-4 (Egs. 11-14) include phys-
1ographic catchment characteristics only, whereas models no. 5-12 (Egs. 15-22) combine phys-
iographic and climatic characteristics.

In total, three sets of twelve models were developed and then used to estimate y;(D = 0) at
each of the eight gauged sites (cf. Fig. 1), recursively treated as ungauged, and for which the
catchment characteristics are known (see Section 3.4). The first set was developed using the
homogeneous region identified by cluster analysis (IFM-CLU). The second set was developed
using the homogeneous regions identified by ROI (IFM-ROI) (cf. Table 2). These two set of
models were calibrated with the index flood y;(D = 0) calculated by the sample mean of ob-
served AMF series. The third set of models (IFM-WaSiM) was calibrated with the index flood
ui(D = 0) derived by QDF modelling of simulated AMF series within catchment vhm149. IFM-
CLU and IFM-ROI were recursively developed without using any information from the target
site in question, treated as ungauged. IFM-WaSiM was developed once for all with all simu-
lated sites within vhm149, so that when IFM-WaSiM is applied at gauged site vhm149, this site
cannot be considered ungauged.

Figs. 9-12 summarize the results of the comparison between reference and estimated index
floods. The reference index flood is defined by the arithmetic mean of the observed AMF sample.
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For each IFM set, one can see that several index flood models perform relatively similarly (Fig.
9). One can also see that for each set, there usually is one model at least providing an acceptable
estimate of y;(D = 0) for each catchment, i.e. close to or within the 95% CI of y;(D = 0).
However, as one cannot know a-priori which model will perform best at ungauged catchments,
one of the twelve models has to be selected a-priori on the basis of results obtained at gauged
catchments, through the cross-validation procedure.

Different factors can contribute to a poor index flood model, leading to poor estimates of y;(D =
0) at ungauged catchments. Firstly, the model may be inappropriate to describe the spatial varia-
tions of y;(D) in the region under study. Secondly, the degree of hydrological similarity between
the target catchment and the homogeneous region is too poor. Thirdly, the index flood model is
applied to a catchment whose characteristics are beyond the range of characteristics for which
the model was developed. Finally, sampling variability can affect the quality of the index flood
model. As an illustration, g;(D = 0) was calculated for vhm148 considering 15-year moving
windows (Fig. 10). The effect of sampling variability on the estimation of y;(D = 0) appears
very clearly. The observed AMF series at the eight gauged sites are of different lengths and do
not always overlap in time, which adds uncertainty to g;(D = 0) and to the models development
and therefore their validity.

The best index flood model is different for each IFM set (Fig. 11). According to the relative
RMSE (RMSE,,), the best IFM-CLU is no. 11 (Eq. 21) (RMSE, = 52%), the best IFM-ROI is
no. 5 (Eq. 15) (RMSE,, = 44%), and the best IFM-WaSiM is no. 4 (Eq. 14) (RMSE,, = 31%).
Overall, the best results are obtained with IFM-WaSiM, followed by IFM-ROI and IFM-CLU.
In other words, the IFM developed with simulated series performs slightly better than the ones
developed with observed AMF series.

When the best index flood model is considered for IFM-CLU and IFM-ROI, respectively, results
indicate that ;(D = 0) is usually within or close to the 95% CI of the reference u;(D = 0) for
catchments vhm148, vhm205, vhm206, vhm265 and relatively biased for catchments vhm149,
vhm?221, vhm277 and vhm278. Catchment vhm221 is the largest and highest and appeared rel-
atively isolated from the others in the cluster analysis, which could explain the difficulty for
the different models to estimate y;(D = 0) at that site with available information at other sites.
The poor estimation at vhm149 by most models cannot be explained by the fact that catchment
characteristics are out of range. This result could be related to sampling variability discussed
above. For this catchment, AMF data are available for the period 1971-1981, whereas for the
other catchments, AMF data are available after 1988. Note also that the H-statistics obtained for
the ROI of vhm149 is the highest (cf. Table 4), which could indicate potential heterogeneity with
respect to flood statistics and partly explain the difficulty of estimating y;(D = 0) with the IFM at
that site. Estimates obtained with [IFM-WaSiM are relatively unbiased at most catchments except
at vhm265 and vhm277. Fig. 12 presents the scatter plot of y;(D = 0) vs. g;(D = 0) obtained
with the best index flood model of each IFM-set.
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Figure 9. Index flood estimation, u;(D = 0), at each gauged site treated as ungauged,
using models 1-12 (Egs. 11-22). The solid red line corresponds to the reference index
flood, estimated as the arithmetic mean of the observed AMF sample and the dashed red
lines the 95% CI. Large symbols indicate overall best model for each IFM set.
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Mean instantaneous AMF for 15-year windows (vhm148)
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ering 15-year moving windows (black line). The solid blue line corresponds to u;(D = 0)
estimated on the entire AMF sample and the dashed blue lines the 95% CI.
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11. Top-right: IFM-ROI with model no. 5. Bottom-left: IFM-WaSiM with model no. 4.
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4.3.2 Flood quantiles estimation

The different variations of the IFM proposed in this study, i.e. [IFM-CLU, IFM-ROI and IFM-
WaSiM, developed with twelve index flood models (Eq. 11-22), were used to estimate instanta-
neous flood quantiles at each target site treated as ungauged. The relative RMSE (RMSE7, see
Section 3.4) calculated on five quantiles (7=2, 5, 10, 20 and 50 years) summarizes the overall
quality of these estimates (Fig. 13) and gives a comparison of their respective performances.
According to RMSET, the best results are obtained with index flood model no. 5 (Eq. 15) when
IFM-ROI is applied, index flood model no. 9 (Eq. 19) when IFM-CLU is applied and index-flood
model no. 4 (Eq. 14) when IFM-WaSiM is applied. The best overall results are obtained with
IFM-WaSiM applied with index-flood model no. 4 (Eq. 14). The flood quantile estimation error
depends on the quality of: 1) the index flood model (Eqs. 11-22), ii) the regional growth curve,
gr(D = 0,T), and iii) the hydrological simulations made within vhm149, for IFM- WaSiM.
As a consequence, the best results are not systematically obtained with the best index flood
model (see Fig. 11 and Fig. 13 for a comparison), because of compensating errors such as an
over- (under-) estimation of the catchment growth curve (¢;(D, T)) by the regional growth curve
(qr(D,T)) and an under- (over-) estimation of the index flood (u;(D = 0)) by the index flood
model. However, the dominating source of error is often the quality of (D = 0). Appendix
IV presents the reference and estimated flood frequency distributions obtained at each gauged
site, treated as ungauged, considering the best index flood models for IFM-ROI, IFM-CLU and
IFM-WaSiM respectively (see Fig. 11). When these models are used, the estimated quantiles are
relatively unbiased in average and are usually within the 95% CI of the reference quantiles in
a majority of target sites. Poor quantile estimates are obtained for catchments where z;(D = 0)
is most biased. The corresponding RMSE7 varies between 28% of the reference quantiles with
IFM-WaSiM to 39% with IFM-CLU (Fig. 13).

28



100
|

—e— IFM-ROI
IFM-CLU
—e— JFM-WaSiM

© ] / ’ . ,//:

80
|
\.
=

40

N
"
.
\
4
N

20
|

IFM no.

Figure 13. Estimated instantaneous flood quantiles with the IFM, at gauged sites treated
as ungauged. Mean relative quantile RMSE (RMSET ) for the different IFM sets and corre-
sponding twelve index flood models (Eqs. 11-22). Large symbols correspond to the model
giving the best results for each set.

5 Conclusion and future research

Lack of data is the most difficult challenge that hydrologists and engineers face in the design
of hydraulic structures. The IFM offers a solution to this problem by pooling flood data from
different gauged sites belonging to a homogeneous region, in order to estimate flood quantiles at
ungauged locations or at gauged sites where streamflow series are very short. The primary goal
of this study was to test the applicability of the IFM in the East fjords and the surrounding area,
using available streamflow data. Results are conclusive and indicate the potential for this method
in that region when design floods are required on catchments with no known flow alteration.

However, the development of a robust method is challenging when few gauged sites are available
or when sampling variability affects the method development, because flood data from different
sites do not correspond to the same period. For this reason, a secondary goal was to investigate
the possibility to develop the IFM with simulated streamflow series obtained with the distributed
hydrological model WaSiM, followed by QDF modelling. This hybrid method could offer an al-
ternative solution for estimating flood quantiles in regions where the limited number of gauged
sites could prevent the development of the [IFM with streamflow observations. In principle, this
method could be developed for an entire region even if one site only was gauged. This scenario
was tested in this study, similar to what was done in northern Iceland (Crochet & Pérarinsd6t-
tir, 2014). Results indicated the difficulty to simulate AMF with WaSiM for two of the tested
catchments. The best AMF simulations were obtained within vhm149 and the IFM was devel-
oped with these data (IFM-WaSiM). This method gave slightly better results than those obtained
with the IFM developed with observed AMF series (IFM-CLU and IFM-ROI). The drawback
of using WaSiM however is the additional data requirement and effort needed to calibrate the
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hydrological model, so this solution is more to be used if observed AMF series are too few to
develop the traditional IFM.

Whether the IFM is developed with observed or simulated series, the main difficulty is related
to the estimation of the index flood y;(D) for catchments whose characteristics are far outside
the range of characteristics used to develop the index flood model. In such a case, the model is
extrapolated beyond the range for which it was developed and the index flood estimate, 1;(D),
may be quite uncertain. An important under- or over-estimation of y;(D) will have a strong
impact on the estimated flood quantiles Q\i(T) , even if the regional growth curve is well estimated
and representative for the catchment of interest.

The IFM methodology needs to be further assessed in other regions, with different geological
environments and flow regimes. Furthermore, more effort needs to be made in improving flood
simulations with WaSiM. Finally, the assessment of the uncertainties associated to the hydro-
logical modelling and the QDF modelling and their inclusion into the calculation of the flood
quantile uncertainty needs to be investigated.
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Appendix I - Identification of homogeneous groups of catch-
ments obtained with the ROI technique and associated growth
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Figure I.1. Homogeneous groups of catchments identified with the ROI technique, asso-
ciated to vhml148 (top-left), vim149 (top-right), vhm205 (bottom-left), vhm206 (bottom-
right) and corresponding regional and individual growth curves.
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Figure 1.2. Homogeneous groups of catchments identified with the ROI technique, asso-
ciated to vhm221 (top-left), vham265 (top-right), vhm277 (bottom-left), vim278 (bottom-
right) and corresponding regional and individual growth curves.
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Appendix II - WaSiM daily flow simulations: Best run veri-
fication for the calibration and validation periods
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Figure Il.1. vhm148: Streamflow seasonality in the calibration period (left), and validation
period (right).
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Figure I1.2. vim148: Observed vs. simulated streamflow in the validation period. Annual
streamflow (left) and daily streamflow (right).
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Figure I1.3. vam148: Observed vs. simulated annual maximum flow (AMF) in the valida-
tion period (top-left). Observed vs. WaSiM AMF time of occurrence (top-right). AMF vs.
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vhm149 : Observed and simulated mean daily hydrographs
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Figure I1.4. vhm149: Streamflow seasonality in the calibration period (left), and validation

period (right).
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Figure I1.5. vim149: Observed vs. simulated streamflow in the validation period. Annual
streamflow (left) and daily streamflow (right).
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Figure 11.6. vam149: Observed vs. simulated annual maximum flow (AMF) in the valida-
tion period (top-left). Observed vs. WaSiM AMF time of occurrence (top-right). AMF vs.
time of occurrence (Obs:black circles, WaSiM: red triangles) (bottom-left).
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vhm206 : Observed and simulated mean daily hydrographs

1997 - 2009
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Figure I1.7. vhm206: Streamflow seasonality in the calibration period (left), and validation

period (right).
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Figure I1.8. vam206: Observed vs. simulated streamflow in the validation period. Annual
streamflow (left) and daily streamflow (right).
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Figure I1.9. vam206: Observed vs. simulated annual maximum flow (AMF) in the valida-
tion period (top-left). Observed vs. WaSiM AMF time of occurrence (top-right). AMF vs.
time of occurrence (Obs:black circles, WaSiM: red triangles) (bottom-left).
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Appendix III - Instantaneous index flood u;(D = 0), flood
frequency distribution and growth curves, derived by QDF
modelling of WaSiM daily flow simulations
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Figure IlI.1. vhm148: (D) vs. D. Grey lines correspond to QDF model derived from AMF
observations. Black lines correspond to QDF model derived from WaSiM simulations at
gauging station viml148. Coloured lines correspond to QDF models derived from WaSiM
simulations on sub-catchments (see Fig. 7).
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Figure II1.2. vhm148: AMF frequency distribution, Q(D = 0,T) vs. T, (left). Growth
curves, q(D =0,T) vs. T, (right). Grey shaded region corresponds to the reference 95%
CI. IFM-REF=IFM-CLU where u;(D = 0) is estimated by the arithmetic mean of the ob-
served AMF sample at vhm148.
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Figure I11.3. As Fig. IlI-1 but for vhm149.
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Figure 111.4. As Fig. I1I-2 but for vhm149.
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Appendix 1V - Estimated flood frequency distributions at
target sites treated as ungauged, using the best IFM for each
set
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Figure IV.1. AMF frequency distribution (Q(D = 0,T) vs. T) at target sites treated as
ungauged, using best IFM-CLU and IFM-ROI (left) and IFM-WaSiM (right): vhm148 (top)
and vhm149 (bottom). Grey shaded region corresponds to the reference 95% CI. Coloured
dashed lines correspond to the IFM-based 95% CI (See Crochet, 2012a). IFM-REF=IFM-
CLU where u;(D = 0) is estimated by the arithmetic mean of the observed AMF sample
at target site. For IFM-WaSiM, hydrological modelling uncertainties and QDF modelling
uncertainties are not taken into account for the calculation of the CI.
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Figure IV.2. As Fig IV-1 but for vhm205 (top) and vhm206 (bottom).
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Figure IV.3. As Fig IV-1 but for vhm221 (top) and vhm265 (bottom).
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Figure IV 4. As Fig IV-1 but for vhm277 (top) and vhim278 (bottom).
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