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How extreme can unit discharge become in steep

Norwegian catchments?

Oddbjørn Bruland
ABSTRACT
This study presents results of observations and analysis of the flood event in Utvik on 24 July 2017.

Observations during and after the event, hydraulic simulations and hydrological modelling along with

meteorological observations, are used to estimate the peak discharge of the flood. Although both

observations and hydraulic simulations of flood extremes are uncertain, even the most conservative

assumptions lead to discharge estimates higher than 160 m3/s at culmination of the flood from the

25 km2-large catchment. The most extreme assumptions indicate it may have been up to 400 m3/s,

but there is also strong evidence for the discharge at culmination being between 200 and 250 m3/s.

Observations disclosed that the majority of water came from about 50% of the catchment area giving

unit discharges up to 18 to 22 m3/s,km2. If the entire catchment contributed it would be from 9 to

11 m3/s,km2. This is significantly higher than previously documented unit discharges in Norway and

in the range of the highest observed peak unit discharges in southern Europe. The precipitation

causing this event is estimated to be three to five times higher than a 200-year precipitation taken

from the intensity–duration–frequency curves for the studied region.
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INTRODUCTION
On 24 July 2017, the river Storelva in Utvik, Norway, grew

from less than 1 m3/s to extreme ranges, which led to

severe detrimental consequences within a 4-hour time

frame. The event was documented through onsite obser-

vations of the course of the flood by the author. The

purpose of this paper, besides documenting the event, is to

assess how extreme this flood was in a Norwegian and Euro-

pean context.

Flash floods are floods caused by heavy and excessive

rainfall of duration generally less than 6 hours or sudden

release of water from, for example, dam breaks or ice jams
(NOAA ). They are of the most dangerous and

common natural hazards (Barredo ) and, as such, the

threats that have the highest impact and likelihood of

occurrence (World Economic Forum ). In the period

1950–2005, 2,764 casualties were documented in southern

and continental Europe due to flash floods, representing

about 40% of all flood-related casualties in Europe (Barredo

). In Norway alone, the yearly costs due to floods

are close to 1 billion Norwegian krones (NOK) or

about 100 million € (Finans Norge ). This does not

include the rehabilitation cost of damage in water courses

and on public infrastructure. Over the last 50 years, there

has been an increase in the frequency and intensity of

short duration rainfall (Sorteberg et al. ) and climate

change will further enhance this. It is expected that
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precipitation-dominated catchments will experience an

increase of flood frequency of up to 60% and that the chal-

lenges will be particularly pronounced in small, steep rivers

and streams, as well as in urban areas (Hanssen-Bauer et al.

). This will have a significant influence on the design of

infrastructure and the risk level and the risk assessments all

Norwegian municipalities are required to carry out. Obser-

vations of floods in small, steep rivers are very sparse and

extreme local precipitation is rarely captured by a coarse net-

work of rain gauges, thus the basis for analyses and estimates

necessary to estimate the risk from floods in such areas are

very limited. As combinations of high water velocities and

water levels can increase the risk acceptance level from

a 200- to a 1,000-year return period (Ministry of the

Environment ), the risk related to steep rivers is particu-

larly relevant to study. In this context, extreme events like

the Utvik flood can provide useful insights into how extreme

such natural hazards can also be at these latitudes.

Can the observations carried out during and after the

flood in Utvik be used to estimate the discharge and can

this, based on a precipitation-runoff model, be used to esti-

mate the intensity of the precipitation and finally reveal

how extreme this event was in a Norwegian and inter-

national context?

Following Borga et al. (), there are several ways to

approach a post-event analysis of floods. Traces left by

water, such as erosion and deposition, images and reports

from eyewitnesses and other observations, not only along

the flooded water courses, but within the hit region, can pro-

vide valuable information for quantifying the peak discharge

and the extent of the flood, especially if these can be com-

bined with hydrodynamic 1 or 2D modelling of flow over

a dam or through a culvert. They also suggest use of radar

data and rain gauge observations in the region combined

with mesoscale meteorological modelling and distributed

hydrological modelling. They state that successful

implementation of such flash-flood response surveying

methodology could transform our understanding of extreme

floods and provide significant visibility for the scientific

community.

In this paper, several of the methods described by

Borga et al. (), adapted to the available observations,

are used to document and assess the magnitude of the

Utvik flood.
The aims of this paper are: to use the in-situ and post-

observations of the flood and flow over a dam crest together

with hydraulic 2D simulations to estimate the discharge at

culmination; to use rain gauge and radar observations

together with hydrological modelling, observed lightning

and eyewitness reports to assess how this event occurred,

how extreme it was and to recreate the flood hydrograph

and estimate the rainfall intensities causing the event;

finally, to compare the peak unit discharge estimate for

this flood to unit discharges of observed and reported

floods in Norway over the last decade and to floods reported

in southern Europe since 1950.

Norwegian floods

Based on historical sources, Lars Roald () provides an

overview over major floods back to the 14th century. He

mainly describes impacts and not discharges. Only at a

few locations are flood discharges given. Thus, it is difficult

to use these in a quantitative analysis without further

knowledge and assumptions. Only since 2008, all floods

observed at gauging stations in Norway and with a return

period higher than ten years, have been systematically docu-

mented (Figure 1). In November 2009, south-western

Norway was exposed to high precipitation and several

rivers flooded (Haddeland ). The highest observed pre-

cipitation was 143 mm over less than 12 hours. The highest

unit discharge was 2.9 m3/s,km2. Locally reported damage

indicate that in some areas the intensity probably was

higher (Aftenposten ). In October 2010, a heavy rain-

fall event following several days of precipitation caused

flooding in numerous rivers in the south of Norway, and

the highest observed unit discharge was 3.04 m3/s,km2

(Pettersson ). A rain event of up to 110 mm in

24 hours affected central Norway in August 2011 and

caused, at some locations, 100-year floods (Pettersson

). The highest observed unit discharges was 1.3 m3/s,

km2. In June 2011, snowmelt combined with heavy rain

caused a flood with severe consequences in Kvam (NRK

). This event was not quantified, but is a major flash

flood in a Norwegian context. The same location experi-

enced a similar flood in 2013. Later in the summer of

2011, another event hit southern Norway with observed

precipitation up to 97 mm over 2 days, and caused flooding



Figure 1 | Scatterplot of unit peak discharge (m3/s,km2) from registered flood events in Norway since 2008 versus watershed area (km2) and grouped by region and year.
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in regions with the highest registered unit discharge of

0.95 m3/s,km2 (Haddeland ). In October 2014, precipi-

tations of 200 to 300 mm over 2 days caused severe

flooding in west Norway. Damage to over 1,000 properties

was reported and there was considerable damage to infra-

structure (Langsholt et al. ). The highest observed unit

discharge in this event was 3.2 m3/s,km2. In December

2015, south-western Norway was again exposed to floods

with severe consequences. Up to 190 mm of precipitation

over 24 hours was recorded and the highest observed unit

discharge was 4.0 m3/s,km2 (Holmqvist ). A precipi-

tation of 300 mm over 3 days and up to 173 mm over 24

hours in October 2017 caused flooding in south Norway,

with a unit discharge of up to 2.4 m3/s,km2 and damage
Figure 2 | Unit discharge in Norwegian catchments smaller than 50 km2, compiled from Steni
to 3,300 properties and reported repair costs of over 500

million NOK (Langsholt & Holmqvist ).

Stenius et al. () compiled the maximum observed

streamflow from Norwegian gauging stations with catch-

ments smaller than 50 km2 (Figure 2). The unit discharge

shows a wide variability, ranging from 0.15 m3/s,km2 to

5.3 m3/s,km2. The highest unit discharge is observed in

east Norway, but the highest average and variability is in

west Norway.

All these floods have been possible to study quantitat-

ively as they all cover gauged catchments. However, flash

floods are characterized by intense rainfalls affecting small

areas (Barredo ) and taking place very locally where

there are, in most cases, no observations, as in Utvik and
us et al. (2015).
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Kvam described above. Since the observation network of

precipitation and streamflow is usually too sparse to capture

local flash floods and the flood generating precipitation, it is

most likely that several of the events described above can

have been far more extreme locally than the documentation

indicates. In this respect, the event at Fulufjället in central

Sweden is a rare exception in Scandinavia, not only in extre-

mity, but also how well this was documented (Vedin et al.

). They investigated the meteorological situation causing

the event and found that the precipitation was close to

400 mm over 24 hours and that the event had a return

period of 10,000 years. Based on their observations, Lund-

quist () estimated the peak unit discharge for this

event to be 9 m3/s,km2.

European flash floods

Even in southern Europe, where flash floods annually cause

close to 60 casualties, flash floods are a poorly understood

and documented natural phenomenon (Gaume et al.

). Barredo () studied 47 major flood events from

1950 to 2006 in the European Union, Bulgaria and Romania

based on casualties and direct damage. Twenty-three of

these are characterized as flash floods. He concludes that

major floods have become more frequent and the damage

has increased in the last decades prior to the study.

Gaume et al. () compiled data to develop a catalogue

that includes the most extreme flash flood events registered

between 1946 and 2007. Their collection consists of 550

extreme flash floods affecting catchments smaller than

500 km2 in southern Europe. Based on these data, they

found envelope curves for the peak unit discharges as a

function of area that summarizes floods in the studied

regions. Building on this study, Marchi et al. () exam-

ined more closely the control of the watershed

physiography and channel network on the flood response

for a selection of the floods. In their study, they character-

ized initial soil moisture status, climate and the river

response to identified extreme flash flood events representa-

tive of different hydro-climatic European regions, and

characterized the morphological properties of the catch-

ments, land use, soil properties and geology. The unit peak

discharges they reported are in the range around 0.4 m3/s,

km2 to about 20 m3/s,km2. They found an envelope
curve that was in accordance with Gaume et al. ()

(Equation (1)):

Qu ¼ 97:0 �A�0:4 (1)

where Qu is peak discharge in m3/s,km2 and A is catchment

area (km2).

Moreover, Parajka et al. () studied floods across the

Alpine-Carpathian range (from France to Romania) and

found support for a spatial and temporal clustering of

floods. They suggest that extreme events in this region are

often produced by one main mechanism – extreme storms

during southerly circulation patterns. Bárdossy & Filiz

() found similar tendencies in the northern Alpine

region.
The study area and the flood event

Utvik is a small village of about 400 inhabitants located at

61.8�N, 6.52�E, with the river Storelva passing through the

centre of the village, flowing northwestwards and with its

tail waters in the fjord (Figure 3, left). Storelva has a water-

shed of 25 km2 ranging from 0 to 1,553 masl where about

25% of the landcover is forested, 62% is open alpine land-

scape, about 5% is marsh and 3% is glaciated. The soil

types are mainly moraine deposits (Figure 3, right). The

river is steep, with an average gradient of 12% and a maxi-

mum of 18%.

For the normal period 1961 to 1990, the average yearly

precipitation is estimated to be 1,300 mm with 430 mm

during the summer months (1 May to 30 September). The

average yearly temperature is 2.3 �C, with July being the

warmest month with an average of 8.7 �C. The average

flow in Storelva is estimated to be about 1.6 m3/s or

65.3 L/s,km2 (Nevina ).

It started to rain heavily from about 4 a.m. on the morn-

ing of 24 July 2017 and continued with varying intensity

until around 2 p.m. in the afternoon. The intensities were

highest in the morning and in the upper part of the catch-

ment. Following the warmest day of the summer, the

discharge in Storelva was initially very low, but grew rapidly

from 6 a.m. and culminated some time between 8 and 9 a.m.

During this period, Storelva shifted its course at several



Figure 3 | Storelva watershed and watercourses are presented in the left panel. Land surface types are pictured in the right panel (NGU 2019).

294 O. Bruland | Extreme unit discharge in steep Norwegian catchments Hydrology Research | 51.2 | 2020
locations, eroded away the county road, a bridge, and left

the village isolated (Figure 4).

The total cost of damage to private property due to the

flood was estimated to be at least 7 million € and the

repair cost of the affected road was estimated to be at

least 5 million € (Sunnmørsposten ). In addition,

there were large costs in rehabilitating and securing the

watercourse. Also, local businesses incurred the loss of

millions € due to the closing down of the road (Fjordingen

). A 100-year-old hydropower station was also

destroyed. The rebuilding of this and the loss of income

is severe. Additionally, comes all the intangible costs of

the devastation the flood caused to the local community,
Figure 4 | Overview picture showing the new watercourse and damage caused by the flood i
i.e., losing the historical value of several hundred-year-

old buildings.
METHODS AND DATA

Hydraulic modelling and data for estimation of the peak

flood discharge

Storelva is an ungauged river and, even though traces of the

maximum water level during the flood are visible at several

locations, it is challenging to estimate the culmination dis-

charge since the river is steep and the topography makes it
n Utvik (source: Hallgeir Vågenes, VG 2017).



Figure 5 | Drawing (left) and picture (right) of the dam crest showing the eroded area and areal extent of the flood.
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difficult to use hydrodynamic models. The best location to

estimate the discharge is a dam crest (Figure 5) at about

86 masl, where it can be estimated by Equation (2):

Qe ¼ L � C �H3
2
0 (2)

where Qe is estimated discharge in m3/s, L (m) is the length

of the dam crest, C is the crest coefficient and H0 (m) is the

water level upstream of the dam crest at negligible flow vel-

ocities. For this short section of the river it is also possible to

use a hydrodynamic model. During the flood, the main sec-

tion of the dam was overtopped, and both sides of the dam

crest were flooded as well. The water velocities over these

sections are estimated by a 2D hydrodynamic model.

As displayed in Figure 5 (left), the dam crest is 13.2 m

and observations showed that the river extended about

14 m to the right of the main crest and 9 m to the left. The

maximum water level behind the dam crest was estimated

based on the damage and traces of the flood on the wall

of the aforementioned building at the left side of the crest

(Figure 6) and traces in the terrain along the riverbanks

upstream of the crest (Figure 5).
Figure 6 | Illustrated water over the crest level, and picture of upstream of the crest and of t
At maximum discharge, the water velocity upstream of

the dam crest was significant. To account for this, the vel-

ocity has to be transformed into kinematic energy using

the relation v2/2 g ‒ where v (m/s) is the velocity upstream

of the crest and g (m/s2) is gravity, and added to the poten-

tial energy, H0, in Equation (2). The velocity upstream is

estimated using Manning’s equation for open channel

flow, v¼M · R2/3�· I1/2, where M is Manning number

(m1/3/s) and a measure for river bed roughness (often also

given as 1/n), R (m) is hydraulic radius and I (m/m) is

gradient of the river. As the picture in Figure 6 shows, the

flow over the crest is highly turbulent and together with a

high gradient, a river bed varying from bare rock, course

gravel and large stones, as well as with vegetation at the

banks at high water levels, this makes water velocities diffi-

cult to estimate (Yochum et al. ).

To validate the calculations, a 2D hydrodynamic model

was established for the site in Hec-Ras v5.0 (Brunner b).

The terrain used in the model is based on high resolution

lidar measurements from after the flood (Høydedata ).

The 2D simulation flow area (Figure 7) was selected to

ensure stable inflow conditions. The gradient within the

area is lower than 10%, the selected grid cell size was
he flow over the crest during the event.



Figure 7 | 2D flow area in Hec-Ras (left). Longitude cross section and cross sections of the river stretch (right).
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0.5 m and the simulation steps were 0.1 second. This is

within the recommendations given by Brunner (a) for

stable simulation conditions. The upstream Manning num-

bers at the peak flow are not known but can be estimated

by Manning’s equation at known velocities and correspond-

ing water depths. Recently, after the flood, the mean

upstream surface velocity was measured (using floating

devices) to about 2.5 m/s at a discharge of about 10 m3/s

(using Equation (2)) and a water level over the dam crest

of 0.3 m and between 0.3 and 0.5 m upstream of the crest.

The width of the channel was from 10 to 12 m. The gradient

upstream of the dam crest is about 5% at normal discharges.

This gives Manning numbers of 18 to 25. During the flood,

the upstream depth was from 2.3 m at the dam crest to

about 4 m further upstream, and the width was 25 m to

30 m. The additional flooded area compared to the situation

at 10 m3/s will have a higher roughness due to vegetation

and structures at the riverbanks. Compared to suggested

roughnesses in Chow (), Barnes () and Yochum

et al. (), a Manning number for the simulated river sec-

tion should be between 10 and 20. A value of 7 is included in

the analysis, but this is extremely low and representative for

floodplains with high and dense vegetation. Even a value of

10 is very low for this river section, but due to high bed load

transport this is more likely than a value of 7. The different
Manning values are used in combination with different, but

stable inflows. According to Pappenberger et al. (), the

roughness parameter together with geometry has the highest

impact on the hydrodynamic simulation results. Using high

density lidar data for the geometry leaves the roughness par-

ameter as the most uncertain parameter. By varying the

Manning number for each tested inflow, it is possible to

test the sensitivity to the roughness parameter and, thus,

by comparing the simulated water levels at profile C1

(Figure 7) to the highest water levels during the flood, the

uncertainty of the estimated discharge.

Methods and data for estimating the precipitation

Observations from precipitation gauges and weather radar

show that the precipitation was very local (Figure 8). The

highest 24-hour precipitation measured in a rain gauge

was 87 mm at the NIBIO station (A) at Sandane (NIBIO

) about 18 km west of Storelva watershed and

55 mm at Innvik (B), about 5 km to the north-east.

Whereas Kroken station (C) in Stryn, 9 km further north,

observed 34 mm in the same period, 17 mm of these in

the morning.

The 24-hour accumulated radar observation shows that

the precipitation was concentrated over the upper part of



Figure 8 | Observed hourly precipitation from 3 a.m. to 6 a.m. by the radar in the three figures to the left and total observed over 24 hours by the radar and at meteorological stations in the

region (right). The graph is accumulated values at the location of the cross (data acquired from Met.no).
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the catchment (known as Utvikfjellet). Based on the values

of the radar pixels (each of 1 km2) covering Utvikfjellet, it is

estimated that 72 mm of rain fell over 4 hours in the most

intense areas. However, the rain gauge observations show

that the accumulated radar values are too low. Kroken

and the NIBIO station are the only ones with available

hourly observations. Both showed that most of the precipi-

tation occurred within 1 hour. The NIBIO station

recorded 44 mm within 1 hour, 55 mm within 4 hours and

87 mm from 5 a.m. to 6 p.m. (Figure 9), whereas the radar

pixel covering the same location gives 30 to 50 mm over

the same period. At Kroken, 34 mm of rain fell compared

to 10–20 mm from the radar. In Hornindal (D) and Olden

(E), precipitation was 51 mm and 40 mm, respectively,

while the radar shows 10 mm or less. The radar pixel cover-

ing Innvik shows 40 to 50 mm over 24 hours and this is in

better accordance with an observed precipitation of

55 mm. Station F, Myklebustdalen, 5 km south of Utvikfjel-

let, measured only 3 mm which is coherent with the radar
Figure 9 | Hourly observed precipitation at Nibio Sandane and at Kroken Stryn gauging station
observations. Even though this station might be located in

a rain shadow between high mountains and in a narrow

valley, this observation shows how extremely local the pre-

cipitation was during this event.

Based on registered lightning (Figure 10), Bjart

Eriksen, a meteorologist at Norwegian Meteorological

Institute (Met.no), found that three heavy storm centres

met at Utvikfjellet. The storm centres arrived at Utvikfjel-

let during the morning hours, first from west and north,

later from south east, merged and were stable for some

hours before dissolving. This indicates that the duration

of the event at Utvikfjellet was longer and produced

more precipitation than observations at stations in the

region alone suggest. Observed precipitation and wind

directions at meteorological stations in the region support

this finding.

Observations of erosion along streams in the catchment

and along the main river coincide with the radar observations

and indicate that the precipitation was not evenly distributed
s and at stations with representative corresponding observed wind directions in Figure 10.



Figure 10 | Observed lightning on 24 July 2017. Arrows indicate wind directions at the location of the precipitation gauges in Figure 9. (Data from Frost.met.no and SeNorge.no).
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over the 25 km2 watershed, but rather was more concentrated

in the upper part of the catchment and that this part of the

catchment contributed the majority of the discharge.

Eyewitness observations in the hours between 8 and 10

a.m. revealed a 60 to 80 m-wide waterfall, not known to be

observed before, in a mountain slope in the upper part of

the catchment. This mountain is located where the storm

centres are assumed to have coincided.

Rainfall-runoff modelling and data for estimating the

peak discharge

A distributed hydrological model with a domain as shown in

Figure 11 and a resolution of 0.5 km by 0.5 km was used to
Figure 11 | Modelled region and a DTM with grid cells of 500 × 500 m overlapping the study a
estimate the precipitation causing the flood. When consider-

ing the observed precipitation during the event and the

topography, the observations at NIBIO Sandane and

Innvik are considered the most representative for this

event. These are interpolated to the domain using inverse

distance weighting and an increase of precipitation with

elevation of 5% per 100 masl. As the precipitation at

Innvik is only a daily value, this is distributed into hourly

values using the temporal precipitation distribution

observed at NIBIO Sandane and Kroken. The radar

images indicate that the precipitation came earlier and

lasted longer at Utvikfjellet than at the surrounding precipi-

tation stations. This is accounted for by extending the

duration of the rainfall at Utvikfjellet by 2 hours compared
rea (left) and initial soil saturation before the event ranging from 65% to 90% (right).



Figure 12 | Discharge (m3/s) at different upstream water velocities (m/s) and for the

different sections of the dam with main section depth of 2.36 m and 60% and

66% reduction of velocity at right and left sections, respectively. Box plot

shows sensitivity to variations in depth and to velocities at the side sections.
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to the durations at NIBIO Sandane and Stryn. The intensity

of the rainfall for these hours are tuned until the timing of

and discharge at culmination is in accordance with the esti-

mated peak discharge and the observed course of the event.

The hydrological simulation for each grid cell is based

on the principles summarized within the HBV model

(Bergstrøm & Forsman ). The runoff from each grid

cell is routed to and accumulated in downstream grid cells

based on the slope of the grid cell. As there are no cali-

bration data, only an estimated peak flow and a visually

observed development and duration of the flood, the

runoff parameters are based on previous regional model

calibrations and recommendations in Stenius et al. ().

The model was run on an hourly time step with a warmup

period of two months.
RESULTS

Calculated discharge at the dam crest

As the dam crest was severely overtopped and there were no

observations of the discharge, it was necessary to assume a

velocity distribution out of the dam in order to estimate

the peak discharge of the event. The assumption is based

on Hec-Ras 2D simulations with discharges ranging from

130 to 270 m3/s combined with Manning numbers ranging

from 7 to 20. The results of the Hec-Ras simulations show

that the velocities were reduced to 20% to 46% over the

9 m-long section at the left bank side and to 25% to 70%

over the 14 m-long section at the right bank, compared to

the velocities at the main section. The velocities at the

main section simulated by Hec-Ras ranged from 4 to

8.9 m/s on average over the cross section C1.

Manning equation with Manning numbers, M, of 10 to

20 gives velocities of 5.3 to 8 m/s for gradients of 5

to 10%. By using Equation (2) with velocities v from 4 m/s

to 9 m/s, depth d at the main section of 2.36 m and average

velocity reductions from the Hec-Ras simulations of 60%

and 66% velocity reduction at the right and left side sec-

tions, respectively, the discharges, Qe, will be from 165 to

380 m3/s (Figure 12). The sensitivity to uncertainties in

depth and velocity distributions are tested by varying the

depth at the main section with ±10% and the velocities at
three sections in accordance with the variations found by

the Hec-Ras simulations. This gave mean discharge values

ranging from 172 m3/s for the lowest estimated upstream

velocities to 390 m3/s for the highest and standard devi-

ations of 9% to 6%, respectively (Figure 12).

Figure 12 shows that the major volume passes the main

section when compared to the left and right sections and

thus, that the sum discharge is not strongly influenced by

uncertainty in the discharges at the side sections.

Hec-Ras gave simulated water levels at the left side of the

dam crest between 1.93 m and 2.86 m for discharges between

130 and 230 m3/s and Manning numbers between 7 and 20

(Figure 13). The right graph of Figure 13 shows that inflows

larger than 160 m3/s give water levels higher than 220 cm

and that Manning number of 20 will give water levels of

maximum 243 cm also for inflows up to 260 m3/s.

The simulated water surface profile along the crest

shows a significant variation between the different combi-

nations of inflow and roughness factor (Manning number).

The lowest roughnesses give the highest water velocities

(Figure 14) and most variable water surface levels, up to

1.5 m, along the crest. Except from the highest discharge

combined with the lowest roughness, the water levels over

the crest were stable over time in the simulations.

The simulated flooded area in Hec-Ras for inflows

from 150 to 230 m3/s with roughness of M¼ 10 is shown

in Figure 15. With some exceptions, the simulated water-

covered area was in coherence with the area where traces

of the flood and erosion due to high water velocities were



Figure 13 | Resulting water depths at dam crest from Hec-Ras simulation with discharges from 130 to 250 m3/s and Manning number from 7 to 20. Left graph shows results that are within

±15 cm of observed water levels and maximum and minimum water levels for all simulations as the dotted grey line. The centre graph shows an enlargement of the marked

segment. The right graph shows the relation between simulated depth at the left side of the crest, inflow in m3/s and Manning number.
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evident. The upper part of the simulated section is a narrow,

tree-covered gorge (particularly at the left bank), that is not

fully captured in the digital terrain model. This can explain

the discrepancies at the left bank of the upper part of the

river section.

At the right bank, there is an elevation where the ero-

sion was significant. It is not likely that the water level in

the dam was this high, but that an increasing upstream

water level diverted a part of the flow in this direction

which caused this erosion. None of the simulations were

able to recreate this as erosion was not included, but the

water level and velocities must have been high around this

elevation. Simulations with Q¼ 200 m3/s to 230 m3/s gives

about 50 to 80 cm higher water level around this elevation

than simulations with Q¼ 180 m3/s and lower.

Simulated precipitation and discharge

To reconstruct the hydrograph of floods in the range found

plausible by the calculations and the Hec-Ras simulations,
Figure 14 | Water velocities (left) and longitudinal profile of water surface profiles from Hec-R
the areal precipitation needed to be from 80 to 140 mm in

total over the three most intense hours (Figure 16, right).

In the simulations, this was achieved by increasing the

observed precipitation the hour before and the hour after

the observed maximum. The base case with no increase of

the precipitation gave a peak discharge of 143 m3/s. A

total increase of the precipitation from 14 to 50 mm over

the 3 hours gave discharges from 164 up to 243 m3/s. The

increased duration of the rainfall is coherent with the indi-

cated intensities and duration observed by the radar

(Figure 8). The accumulated estimated 3-hour precipitation

at Utvikfjellet is up to two times higher than precipitation

accumulated from the radar data, but the difference is less

than the difference between precipitation observed by rain

gauges and by the radar. The gauges showed 1.5 to 5 times

higher 24-hour precipitation than estimates from the radar

pixels (1 × 1 km2) covering the gauge locations.

The runoff generation and accumulation from grid cell

to grid cell and finally to the water courses within the

region is also coherent with field observations and where
as simulations. Type of line indicates Manning number used in simulations.



Figure 15 | Simulated water-covered area in Hec-Ras compared to areas with significant erosion observed.
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damage due to flooding occurred. In addition to the damage

along the main course of Storelva, there was significant

damage along the two rivers, denoted a and b, east of Stor-

elva catchment and along the tributary river (c) to Storelva

(Figure 16, centre).

The damage was of the same order in the upper part of

these rivers as further downstream. This indicates that dis-

charge was relatively higher in the upper part of their

catchments than the simulation shows. Another observation

supporting the indication of locally very high rainfall inten-

sities and runoff generation, is the observed presence of the

waterfall in the mountain slope in the upper part of the

catchment. The watershed generating the runoff for this

waterfall is 0.15 km2, with mostly bare rock and areas with

thin soil layers. Visibility of a waterfall depends on how it

is cascading and the discharge in L/s per meter waterfall

(Simensen et al. ). The database of waterfalls (World

Waterfall Database ) provides pictures, average dis-

charge and width for different waterfalls and gives thereby

an indication of discharge per meter waterfall versus visi-

bility. The average discharge of some selected waterfalls
Figure 16 | Precipitation distribution (left) at maximum intensity (5–6 a.m.), maximum runoff (7

corresponding hydrographs (right).
comparable to the one observed at Utvikfjellet is about

200 L/s per metre width. To create discharges like this in

this waterfall, it is necessary to have a precipitation of

over 100 mm prior to the event over the concentration

time of the drainage area. According to the definition of con-

centration time given by Stenius et al. (), this is less than

an hour for this watershed. This indicates that the rainfall

intensities in this area must have been extremely high.

This can explain the severe local damage in the upper

parts of these rivers.

Observations along the Storelva river and in its catch-

ment indicate that the upper part of the catchment

contributed to most of the discharge also for Storelva

(Figure 17, left). Based on these observations and the accu-

mulated radar observations, the major contributing area is

estimated to be about 50% of the catchment. A discharge

of 200 m3/s and a contributing area in the range of 100%

to 50% of the catchment, gives a unit discharge of this

event from 9 m3/s,km2 to over 17 m3/s,km2. In the most

intense areas, the unit peak discharge can have been as

high as 20 m3/s,km2.
–8 a.m.) (centre), and precipitation intensities for different simulated peak discharges with



Figure 17 | River stretches with high erosion and the estimated contributing area are presented on the left-hand side, and peak unit discharge (m3/s, km2) depending on the contributing

area (%) for culmination discharges of 180, 200 and 250 m3/s on the right-hand side.
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DISCUSSION

There are several uncertainties related to the calculation of

the unit peak discharge for the flood in Utvik in July 2017.

The dam crest is not ideal for the estimation as it is not per-

pendicular to the flow and, due to the high water level, the

flow passes through sections without a defined crest. As

the picture in Figure 6 shows, the flow was very turbulent,

which makes it difficult to define maximum water levels

and water velocities and as Figure 12 shows, the discharge

estimates are dependent on the upstream water velocity.

In addition, unknown Manning numbers and a significant

sediment load and bed load at peak discharge influences

also the estimates of water velocities (USDA ). How-

ever, even though the river stretches far outside its original

course and the bed load is significant, with a Manning of

10 which is low for a river with a clear defined channel,

some pools and a rough bed (Chow ; Barnes ;

Yochum et al. ), an upstream slope between 5 and

10% and a depth of more than 2 m, it is not likely that the

water velocity was any lower than 5 m/s. Even if there are

uncertainties regarding the flow through the side sections,

the calculations show that more than 70% of the flow is

where the crest is well defined and, and even with very con-

servative assumptions on the upstream water level and

water velocities, the discharge would need to be higher

than 200 m3/s.

The calculations using the dam crest formula (Equation

(2)) give discharges that are coherent with the Hec-Ras
simulations. According to Pappenberger et al. (), the

uncertainties of hydrodynamic simulations are mainly

related to the representation of the topography and the

roughness, and according to Brunner (a), the 2D simu-

lation in Hec-Ras is reliable at slopes lower than 10%. The

slope is between 5 and 10% for the actual river section,

the topography is detail mapped by lidar and the sensitivity

to roughness is tested with Manning numbers from 7 to 20.

For inflows of 160 to 250 m3/s Hec-Ras gave water levels of

±15 cm compared to the observed depth at the same section

of the river. As Figure 6 shows, there is significant damage

higher up at the wall than the indicated maximum water

level during the flood. Furthermore, the erosion extends

higher up at the riverbanks than the simulated water

levels. It is therefore likely that the water level at culmina-

tion used to determine the discharge is conservative.

Compared to pictures of reference rivers for roughnesses

(Barnes ; Yochum et al. ), the roughness of the

simulated river section is most likely in the range 10 to 20,

which gives upstream velocities higher than 5 m/s. Hec-

Ras gives velocities from 5.39 to 6.25 with these rough-

nesses. From Figure 12 this gives discharges from 223 to

267 m3/s. The sensitivity to water level and velocity

reductions at the side sections indicate that these estimates

can vary with up to ±9%. As the water level estimate used

in the dam crest formula and comparison with Hec-Ras

simulations is conservative, the upper range of the confi-

dence interval, indicated in Figure 12, is more likely than

the lower, at least for the lowest probable discharges.



303 O. Bruland | Extreme unit discharge in steep Norwegian catchments Hydrology Research | 51.2 | 2020
Also, the rainfall-runoff simulation supports a peak dis-

charge higher than 200 m3/s. The radar images show that

the duration and intensity of the rainfall was higher at

Utvikfjellet than anywhere else in the region. The regis-

tered damage in the region due to flooding also indicates

this. Based solely on the observations at rain gauges and

a normal increase in precipitation due to elevation, the

peak discharge reached 143 m3/s. A rainfall duration and

intensity more coherent with site observations and in

accordance with the radar observations, give peak dis-

charges higher than 200 m3/s. To give a peak discharge

over 200 m3/s and a duration in accordance with the

observed course of the event, the areal precipitation had

to be at least 60 mm in the most intense hour and

114 mm over 3 hours. In the upper part of the catchment,

the intensity was up to at least 144 mm over 3 hours. For

the simulations giving peak discharges of 230 m3/s, the

areal precipitation was over 130 mm and the highest inten-

sities up to 170 mm over 3 hours. Field observations and

observed damage along rivers show that the rainfall and

runoff generation was more concentrated than the simu-

lations suggest. This indicates that the rainfall intensity in

the area giving the major contribution to the flood, can

have been even higher than the highest simulated

intensities.
Figure 18 | Sea surface air pressure at 3 a.m. in the morning on 24 July 2017 prior to the Utvik fl

et al. (1999) to the right. The black dots indicate the location of Utvik and Fulufjäl
According to the IDF curves for the region (Norsk

Klimaservicesenter ), intensities between 114 and

170 mm over 3 hours is about three to five times higher

than a 200-year return period rain event (P200) for similar

duration. How this extreme precipitation could occur is a

question open for discussion, but it is reasonable to believe,

based on wind directions in the region and observations of

lightning in the hours prior to the flood, that three storm

centres, each producing rainfalls of 40 mm/hour or more,

merged at Utvikfjellet. This can explain the longer duration

and higher intensities here than in the surrounding areas.

Furthermore, post-processed rerun from MetCoOp Ensem-

ble Prediction System shows a southerly located low

pressure meeting a high pressure in the north and north-

east (Figure 18), somewhat similar to the pattern reported

by Parajka et al. () and Bárdossy & Filiz () that

caused extreme floods across the Alpine-Carpathian range.

This was also the case for the event at Fulufjället in 1997

(Vedin et al. ). The weather as they described it, with

very warm humid air prior to the event, was also compar-

able to the weather prior to the event in Utvik.

The radar observations support that the most intense

area of precipitation covered a limited part of the catchment

and that the total rainfall during the event was at least

70 mm in this region. Comparing the radar images with
ood to the left (Met.no 2019) and prior to the Fulufjället flood on 30 August 1997 from Vedin

let.
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local observations confirms that the radar is underestimat-

ing the precipitation. Although the radar underestimates

the intensity of the precipitation, it is able to locate the

event quite well. The radar observations and the suggested

extent of the contributing area based on observed extent of

erosion along the river coincide quite well and reinforces

the assumption of a contributing area down to 50% of the

entire catchment. With a peak discharge between 200 and

250 m3/s, this gives an estimated unit discharge from 9 to

13 m3/s,km2 if the entire area contributed up to 17 to

23 m3/s,km2 if the major contribution came from 50% of

the catchment. In the most intense area, it will have prob-

ably been higher. This is significantly higher than any

documented peak unit discharges in Norway so far and

even higher than the peak unit discharge reported for the

22 km2-large catchment at Fulufjället in 1997 (Lundquist

) that was estimated to be a 10,000-year event. Both

these events are in the same range as peak unit discharges

for extreme floods documented for southern Europe

(Figure 19).

Even when taking the identified uncertainties into con-

sideration, the findings from the flood in Utvik in 2017

suggest that previous observed peak unit discharges in

Norway are low compared to what can, in fact, be expected.
Figure 19 | Unit peak discharges observed in Norway compared to the estimated most likely ra

Marchi et al. (2010).
Although extraordinary claims require extraordinary evi-

dence, all observations during and after the event indicate

that this event is, beyond doubt, very extraordinary. Traces

of the flood give a strong indication of the maximum flood

level. Even with conservative estimates of this and the Man-

ning coefficients, the peak discharge estimates become

higher than 200 m3/s and the corresponding peak unit dis-

charge is in the range from 9 to 17 m3/s,km2. Hydraulic

simulations support this conclusion. The most conservative

estimate possible of the water level and velocity distributions

would give discharges down to 160 m3/s. Even this would

give significantly higher unit discharges than previously

observed in Norway. Radar images of the precipitation com-

pared to rain gauge observations support the conclusion that

the accumulated precipitation must have been at least 1.5

times higher than the 70 mm the radar gives at the most

intense area of the catchment.

In a post-event flood frequency analysis, Q200 for Stor-

elva in Utvik is suggested to be 140 m3/s (5.68 m3/s,km2)

and increased to 193 m3/s (7.95 m3/s,km2) when including

climate correction (Leine b). However, an estimate of

the areal precipitation causing a flood of this size is, accord-

ing to the IDF curves for the region, at least two to three

times higher than a 200-year return period rain event
nge of unit peak discharges for the Utvik flood, including the envelope curve suggested by
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(P200) for similar duration. This indicates that the Utvik

flood event was significantly higher than a 200-year event.

Prior to this event, Q200 for a neighbouring, hydrologically

similar, catchment was estimated to be 2.82 m3/s,km2, and

3.95 m3/s,km2 including climate correction (Leine a).

Besides exposing the uncertainty of the Q200 estimates,

this indicates also that the suggested Q200 for Storelva in

Utvik is too high. Flood frequency analysis has significant

impact on dimensioning and thus the cost of future infra-

structure and also where people can live. Uncertainties

like those identified in this case, illustrate the need of

more information to base these analyses on to make them

more reliable.
CONCLUSIONS

The Utvik flood is one of very few flash floods in Norway

that are documented and quantified based on onsite obser-

vations during and after the flood combined with

hydraulic and hydrological modelling. Analysis based on

these observations and presented in this paper, shows that

the discharge at the culmination of the Utvik flood most

likely was in the range between 200 and 250 m3/s corre-

sponding to a unit discharge of 9 m3/s,km2 to 11 m3/s,

km2. Assuming that the main contribution of the flood

came from 50 to 100% of the catchment area, the peak

unit discharge was from 9 m3/s,km2 to 22 m3/s,km2. Hydro-

logical analysis based on gauge and radar observations

tuned to the estimated peak discharge and observed flood

propagation, shows that the areal precipitation causing the

event probably was higher than 114 mm over 3 hours and

between 140 and 170 mm in the most intense areas of the

catchment. It is also found that the peak unit discharges

for the Utvik flood are significantly higher than for previous

floods observed at gauging stations in Norway and compar-

able to the most intense flash floods observed in southern

Europe.

Floods like this have a high societal impact and this

paper documents how extreme they can also become at

these latitudes. Their impact is not only through the

damage they cause, but also indirectly as they influence

design criteria for infrastructure. In respect to how impor-

tant but uncertain estimates of design floods (Q200) are in
rivers like Storelva, as also documented herein, this paper

tries to point out that there is clearly a need for more infor-

mation about floods in small, steep and fast responding

catchments in order to have a better basis for future

decision-making in regard to infrastructure and societal

and economical optimized mitigation measures.

This paper may also indicate that we are experiencing a

new hydrological regime that makes previous observations

less relevant and thus new ones are more urgently needed.
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