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A B S T R A C T   

We apply a physical climate storyline approach to an autumn flood event in the West Coast of Norway caused by 
an atmospheric river to demonstrate the value and challenges of higher spatial and temporal resolution in 
simulating flood impacts. We use a modelling chain whose outputs are familiar and used operationally, for 
example to issue flood warnings. With two different versions of a hydrological model, we show that (1) the 
higher spatial resolution between the global and regional climate model is necessary to realistically simulate the 
high spatial variability of precipitation in this mountainous region and (2) only with hourly data are we able to 
capture the fast flood-generating processes leading to the peak streamflow. The higher resolution regional at-
mospheric model captures the fact that with the passage of an atmospheric river, some valleys receive high 
amounts of precipitation and others not, while the coarser resolution global model shows uniform precipitation 
in the whole region. Translating the event into the future leads to similar results: while in some catchments, a 
future flood might be much larger than a present one, in others no event occurs as the atmospheric river simply 
does not hit that catchment. The use of an operational flood warning system for future events is expected to 
facilitate stakeholder engagement.   

1. Introduction 

Between the 27th and 29th of October 2014, large amounts of pre-
cipitation - up to 300 mm in less than 5 days in some areas - fell over the 
West Coast of Norway, causing floods and damages in several valleys 
(Lussana et al., 2018). The towns of Flåm and Odda were particularly 
affected, with bridges destroyed and houses dragged into the river. The 
West Coast of Norway is the wettest region in Europe (e.g. Lussana et al., 
2018) and due to its steep topography (see SI Fig. 1), often experiences 
floods. Spring floods are usually associated with snow melt, summer 
floods with convective precipitation and autumn floods with atmo-
spheric rivers (Dyrrdal et al., 2016). The large amounts of rain in 
October 2014 were caused by the passage of such an atmospheric river 

(Lussana et al., 2018 and SI Fig. 2a). Atmospheric rivers are long and 
narrow regions of intense water vapour transport in the lower atmo-
sphere and Sodemann and Stohl (2013) and Azad and Sorteberg (2017) 
have shown how important they are to transport sub- and extratropical 
moisture to the West Coast of Norway. Benedict et al. (2019a) further 
showed that atmospheric rivers are associated with more than 85% of 
extreme precipitation in this region for the period September–March 
from 1979 to 2014. 

But even in a region used to heavy precipitation and floods, it is a 
challenge to decide what (and to what extent) adaptation measures 
should be considered for the future, when even more precipitation is 
projected by climate models (Whan et al., 2019). Making sense of and 
using probabilistic climate projections for extreme weather events is 
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challenging for most decision makers and end-users (Porter and Dessai, 
2017). One of the main issues is the coarse resolution, both in a space 
and time, provided by Global Coupled Models and Regional Coupled 
Models (GCMs and RCMs), which is often not adapted to the user needs. 
Another difficulty lies in the interpretation of the model output, espe-
cially the often large ranges of outcomes obtained when combining 
different GCMs and RCMs, while users seem often to prefer a single value 
with a probability attached to it. Probabilistic climate projections are 
certainly the basis of our knowledge on future climate change and its 
uncertainties, but there is a growing demand for climate change infor-
mation that is more relevant, useful and tailored to user needs, espe-
cially on the topic of climate impacts (Shepherd et al., 2018). Bottom-up 
approaches, where a study is designed with users and their needs dis-
cussed upfront, rather than climate scientists assuming what informa-
tion is useful, are to be favored (Dee et al., 2011). 

Storyline approaches, where “tales” about possible future weather 
events are created, are currently being advanced as a way to comple-
ment information from the more classic probabilistic assessments and to 
better feed the imagination of users (Hazeleger et al., 2015). Physical 
climate storylines are physically self-consistent unfolding of past events, 
or of plausible future events, which are conditioned on a set of as-
sumptions and built from causal arguments, but mainly inspired by 
observed or anticipated high impact events. They are particularly 
designed to improve risk awareness, to strengthen decision-making (e.g. 
proactive adaptation), to explore the boundaries of plausibility, and to 
provide a physical basis for partitioning uncertainty (Shepherd, 2019). 

Since in a physical climate storyline study, the focus is on specific 
events with limited spatial and temporal scope, the computational re-
quirements are smaller in terms of numbers of time steps, climate 
models and ensemble members used, and therefore higher resolution 
versions of a climate model can be more easily run. However, one needs 
to decide how to constrain the simulations for a specific event. The 
assumption is that by having a higher resolution in both time and space, 
and ideally, data formats already known by the user, or used opera-
tionally, will provide more relevant information for users as this level of 
detail cannot be achieved currently in a full probabilistic context given 
computing limitations (Hegdahl et al., 2020). 

A key aspect of a physical storyline is therefore the modelling chain 
used. Recently, studies have reported successful coupling of several 
models beyond the established GCM-RCM-hydrological model chain. 
For example, Felder et al. (2018) demonstrated the feasibility of a full 
and comprehensive model chain from the atmospheric to local scale 
flood loss models. In the context of probabilistic event attribution, 
Schaller et al. (2016) went from GCM simulations of the particular 
weather situation during the 2013/2014 winter over the North Atlan-
tic/British Isles to the count of properties at risk of flooding in the 
Thames catchment. While probabilistic event attribution compares 
extreme events in the present versus the same extreme event in an 
alternative present where there would have been no human influence, 
physical climate storyline approaches attempt to translate an extreme 
event that has happened and is of interest to users into the future, where 
some level of human activity is assumed in terms of anthropogenic GHG 
emissions and/or socio-economic changes (e.g. different management 
practices) (Shepherd et al., 2018; Sillmann et al., 2019). Both research 
fields, probabilistic event attribution and physical climate storylines, 
could benefit from the other by lessons learned as they develop. For 
example, in the case of flood events, it is key to at least use one hy-
drological model rather than stopping at the heavy precipitation event. 
Each river catchment has very specific properties that cannot be 
generalized, and in some cases, even if a signal is found from the GCMs 
and RCMs, it could be diluted at the hydrological model step, as in 
Schaller et al. (2016). 

The overall aim of this study is to investigate how a high-impact 
extreme event in the future would look like compared to one in the 
present climate, using a physical climate storyline approach and an 
operational modelling chain. 

As mentioned above, there is an assumption that physical climate 
storyline approaches, with their higher spatial and temporal resolutions, 
provide an added value compared to more standard probabilistic 
multimodel/multi-scenario approaches such as, e.g., the Coupled Model 
Intercomparison Project Phase 5 (CMIP5, Taylor et al., 2012) or the 
European Coordinated Regional Downscaling Experiment (EURO--
CORDEX, Jacob et al., 2014) (Hazeleger et al., 2015). This seems 
particularly relevant in the case of floods associated with extreme pre-
cipitation in a mountainous region such as the West Coast of Norway, as 
indicted in e.g. Müller et al., 2017; Prein, 2015. In addition, climate 
information can best be used by users when it is provided in a format 
they are familiar with. In this study, we are therefore using the opera-
tional modelling chain for flood forecasting in Norway to show the effect 
of having higher temporal and spatial resolution models on the simu-
lated streamflows. 

Section 2 describes the methods used for the event selection and 
model simulations performed. In Section 3, we compare the simulated 
and actual events, and put the differences between the present and 
future events into the context of global warming. Then we present and 
discuss the effect of higher spatial and temporal model resolution to 
simulate streamflows in specific catchments, and present conclusions in 
Section 4. 

2. Methods 

2.1. Stakeholder involvement and event selection 

The Norwegian Meteorological Institute and Statkraft (the largest 
energy provider in Norway) are stakeholders directly involved in the 
project and provided insights for the event selection. During the kick-off 
meeting of the project at the end of 2016, different extreme events that 
occurred in Norway in the recent past were further discussed with a 
larger group involving further stakeholders, such as municipalities, 
television channels and state authorities (https://www.cicero.oslo. 
no/en/posts/single/making-sense-of-future-climate). The events that 
sparked most interest were the September 2005 and October 2014 floods 
hitting western Norway, and particularly causing severe damages in the 
city of Bergen and the touristic fjord village Flåm, respectively (Iden 
et al., 2005; Lussana et al., 2018; Stohl et al., 2008). For this reason, the 
analogue event considered in this study is an October flood caused by an 
atmospheric river (AR). 

The premise of this study is to use an existing and operational 
modelling chain to ease the use of the results to the different potential 
users. The Norwegian Meteorological Institute uses the 6-hourly short 
range weather forecast from the ECMWF model, downscales them using 
the AROME-MetCoOp model for Scandinavia, and the output is used by 
the state meteorologists to issue weather forecasts, but also by the 
Norwegian Water Resources and Energy Directorate (NVE), to issue 
flood warnings. We run two different hydrological models that use 
different temporal and spatial input from the weather forecast to show 
the added value for the users of having high resolution climate and 
hydrological models. The rest of this section describes in more details 
the different types of models (i.e. global climate model, regional weather 
forecasting model and hydrological models) used to reproduce as closely 
as possible the operational setup for weather forecasts and flood warn-
ings in Norway. 

2.2. The EC-Earth high-resolution global climate model and AR events 

2.2.1. EC-Earth control simulations 
The global climate model used is EC-Earth v2.3 model (Hazeleger 

et al., 2010) at a resolution of T799 L91 (~25 km), which was the 
operational resolution at the European Centre for Medium Range 
Weather Forecasts (ECMWF). This spatial resolution is much higher than 
in any of the CMIP5 models (Taylor et al., 2012) and is able to resolve 
tropical cyclones (Haarsma et al., 2013). Different model runs were 
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performed for the present (2002–2006) and future (2094–2098) climate, 
which are referred to as EC-Earth PRESENT and FUTURE in the rest of 
the text. Each of these datasets consists of a 6-member ensemble span-
ning 5 years resulting in a 30-year dataset. In present simulations, 
observed greenhouse gas and aerosol concentrations were applied while 
future concentrations were derived from the RCP 4.5 scenario (van 
Vuuren et al., 2011). Only the atmosphere and land surface (HTESSEL; 
van den Hurk et al., 2000) are solved explicitly by the model to allow for 
the generation of high-resolution results spanning an extensive period of 
time. Therefore, sea surface temperatures (SSTs) were imposed using 
daily data at 0.25� resolution from NASA (http://www.ncdc.noaa. 
gov/oa/climate/research/sst/oi-daily.php) for the 2002–2006 period. 
An estimate of the SST for the other periods was made by adding the 
ensemble mean predicted change using ECHAM5/MPI-OM in the 
ESSENCE project (Sterl et al., 2008) which used the SRES A1B scenario. 
This is comparable to RCP 4.5 scenario, having a slightly larger global 
temperature increase by the end of the twenty first century (Rogelj et al., 
2012; Haarsma et al., 2013). The 5 independent ensemble members 
were generated by small perturbations of the atmospheric initial con-
ditions; for further details on this model setup and spin-up we refer to 
Haarsma et al. (2013) and Benedict et al. (2019b). The output data was 
stored on 5 pressure levels (850, 700, 500, 300 and 200 hPa) at 6-hourly 
intervals, surface fields were saved on 3-hourly basis. For each member a 
restart state was saved on the first of January of every simulated year, 
ensuring bit-exact reproducibility of the generated weather at the 
computing facility at KNMI. 

2.2.2. Selection of AR events in EC-Earth in present and future climate 
The sum of the large scale and convective precipitation fields pro-

duced by EC-Earth served as the basis for the analysis of extreme rainfall 
events. The daily cumulant of this quantity within the West Coast region 
provided the distribution of which the days above 99.98 percentile were 
selected. This translates to a lower bound of 77 mm/day for the present 
day and 89 mm/day for the future climate datasets. This percentile was 
chosen to yield two events for each period. Of the two events in the 
present, one occurred in October and the other in November, and in the 
future, one occurred in October and one in January. To avoid potential 
inconsistencies with precipitation falling as snow in November and 
January, we chose only the October events in both present and future. 

A brief model evaluation of these EC-Earth simulations for the month 
of October is presented in SI Fig. 2, since this is the month in which the 
selected events occur. Haarsma et al. (2013) however provide a more 
formal evaluation of the model. Whan et al. (2019) further found that 
EC-Earth has a good representation of the annual cycle of AR frequency 
compared to ERA-Interim (Dee et al., 2011), with most events occurring 
in September to January. The number of AR events per year in 
ERA-Interim and EC-Earth is also very similar. 

2.3.3. Perturbation of AR events in EC-Earth 
After the event selection described above, we have used the same EC- 

Earth binary to generate 10-member ‘forecast’ ensembles for each of 
these events (referred to as EC-Earth reruns in the following). From the 
existing restart states, we ran the model until 5 days before the precip-
itation peak and let it write a new restart state. Because we used the 
exact restarts on the same machine, we were able to identically recreate 
the selected events. Then, from these snapshots 10 ensemble members 
are created using stochastically perturbed parametrization tendencies 
(SPPT) in the Integrated Forecasting System. This method adds multi-
plicative noise to the model physics tendencies, representing the arbi-
trariness of the model’s subgrid parametrization schemes:  

Xtot ¼ Xdyn þ (1þρ)Xphys                                                                       

where Xtot denotes the total tendency, Xdyn the tendency from explicit 
dynamics and Xphys arises from vertical model physics such as radiation, 
clouds, convection and turbulence. All prognostic variables (wind 

components, temperature and humidity) are subject to this randomiza-
tion and ρ are random numbers on a latitude-longitude grid of 2.5͒ x 2.5͒ 
which are re-generated every 5 time steps, i.e. 50 min. Within each of 
these grid boxes, the multiplicative noise on the physics tendencies is 
uniformly distributed within the interval � 0.5 < ρ < 0.5. For these 
members we used the same SST and aerosol and greenhouse gas forcings 
as for the original datasets. The procedure results in an ensemble of 10 
global runs which all give rise to atmospheric rivers and high precipi-
tation rates at the selected event dates. These members were run for 7 
days to capture the full event and all prognostic fields were saved on all 
model levels for downscaling purposes. Because we chose a moderate 
perturbation of the tendencies and started only 5 days before the 
occurrence of the extreme event, the members are correlated and display 
all high precipitation rates at the event date. 

2.3. The regional operational weather forecast model AROME-MetCoOP 

The regional weather prediction system AROME-MetCoOp (Müller 
et al., 2017) used for the operational weather forecast in Norway, is used 
here to downscale the atmospheric simulations from EC-Earth. The 
AROME-MetCoOp model covers large parts of the Nordic countries with 
a horizontal resolution of 2.5 km, on a 750 by 960 grid, and with 65 
layers in the vertical where the lowest level is at 12 m. The model has 
non-hydrostatic dynamics, semi-Lagrangian advection and two-time 
level semi-implicit time stepping using a 75 s time step. Parameter-
isation of physical processes are described in Bengtsson et al. (2017). 
AROME-MetCoOp is a particular configuration of the HARMONIE sys-
tem suited for the highest resolutions. HARMONIE (Hirlam Aladin 
Regional/Meso-scale Operational NWP In Europe) is a cooperation 
including Meteo-France and their Aladin partners, the Hirlam group and 
also ECMWF with their IFS (Integrated Forecasting System) model. The 
configuration used in this study (harmonie-40h1.1.rc.1) is very close to 
the operational weather forecasting version used in MetCoOp in early 
2018. 

The AROME-MetCoOp operational weather prediction system 
(referred to as AROME in the following) has been evaluated in detail in 
Müller et al. (2017) and they showed that forecasting of precipitation is 
strongly improved compared to the global ECMWF weather prediction 
system (horizontal resolution T1279, approx. 16 km), which is used as 
input for AROME in the operational weather forecast for Norway. 
Especially, during extreme events of large-scale precipitation, the 
magnitudes and locations of maximum precipitation are more consistent 
with observations. 

For this study, AROME is forced by 3-hourly EC-Earth simulations at 
the lateral and upper boundaries. The model is initialized by the EC- 
Earth fields 36 h before the extreme event and forecasts up to a lead 
time of 144 h (6 days) are performed. 

2.4. The operational flood forecasting model HBVlump 

The Hydrologiska Byråns Vattenbalans (HBV) model (Bergstr€om, 
1976) as described in Sælthun (1996) and Beldring (2008) is used by the 
operational flood forecasting service in Norway. The operational HBV 
model (in the following referred to as HBVlump) uses daily catchment 
average values of temperature and precipitation as input. The upstream 
area of a streamflow measuring point defines the catchment area. Each 
catchment is divided into ten equally large elevation zones, and the 
average temperature and precipitation is elevation adjusted to each 
elevation zone. The model consists of a vertical structure with a soil 
moisture routine, a snow routine, and response functions for quick and 
slow runoff. 

The HBVlump is calibrated for the 1996–2012 period, and thereafter 
validated for the 1980–1995 period, using temperature and precipita-
tion from the seNorge v1.1 dataset (Mohr, 2008, 2009) as observed 
input, and the measured streamflow from the NVE database as a refer-
ence. Nash-Sutcliffe efficiency (Nash and Sutcliffe, 1970) and volume 
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bias are the chosen calibration metrics. In this study, we focus on two 
catchments, Flåm, which flooded in October 2014, and Røykenes, a 
catchment representative for the September 2005 flood that affected the 
city of Bergen. Røykenes has a Nash-Sutcliffe efficiency of 0.82 for the 
calibration period and 0.81 for the validation, with a volume bias of 
10%, whereas Flåm has Nash-Sutcliffe efficiency of 0.82 for the cali-
bration and 0.71 for the validation, with volume bias of 7%.. 

2.5. The hydrological model HBVdist 

A platform for distributed hydrological modelling, wflow_hbv, is 
used to set up the distributed HBV model (Schellekens et al., 2017). This 
version of the model, using gridded input data rather than 
catchment-averaged values, can incorporate geographical information 
(e.g. elevation, geology and land-use) and solves the water balance for 
each grid cell. The water balance is solved in the same way as previously 
described for HBVlump and the resulting quick and slow runoff are 
forced into a kinematic wave routing model. Pre-processing of the input 
data is performed in Delft-FEWS (Werner et al., 2013). 

The distributed HBV model is calibrated on 1 � 1 km spatial and 
hourly time resolution. A gridded hourly version of the seNorge v.2.0 
dataset (seNorge2 in the following, Lussana et al., 2018) is used to 
provide observed temperature and precipitation input and hourly 
streamflow measurements are used as reference. Because the hourly 
temperature and precipitation series are much shorter than the daily 
version, the calibration was performed over the period 2010–2013 and 
the years 2014–2016 were used for validation. No streamflow obser-
vations were available for the year 2015 in Flåm because the measure-
ment station was destroyed during the flood in 2014, meaning that there 
are only two years of data for model validation for this catchment. In 
consultation with NVE, the parameters representing field capacity 
(‘FC’), snowmelt (‘TT’), snow/rainfall partitioning (‘TTI’), seepage 
through the soil layer (‘BetaSeepage’), and recession coefficients influ-
encing the slow and quick runoff (‘K4’ and ‘KHQ’) were selected as most 
representative of the dominant characteristics in the Norwegian catch-
ments. These parameters were selected for calibration with similar 
ranges for the parameters as previously reported in Nordic studies 
(Swedish Meteorological and Hydrological Institute, 2014).. The python 
package for parameter estimation (SPOTPY) is used to perform the 
calibration, with 400 Monte Carlo samples, assuming uniform distri-
bution of the parameters and a spin-up period of two months (Houska 
et al., 2015). Because of its focus on peaks, Nash-Sutcliffe efficiency is 
used as objective to compare simulations with observations (Nash and 
Sutcliffe, 1970). For Flåm, the Nash-Sutcliffe efficiency is 0.67 for the 
calibration phase and 0.69 the validation period. For Røykenes, the 
Nash-Sutcliffe efficiency is 0.82 for both the calibration the validation 
phase. 

2.6. Initial hydrological conditions 

The HBV model has storages for groundwater, soil-moisture and 
snow, where especially snow and soil-moisture are important for the 
development of floods in Norwegian catchments. Since streamflow 
response depends on the water storage within a catchment, there is 
consequently not a unique relationship between precipitation intensities 
and flood sizes (Beldring et al., 2008). To spin up the hydrological 
models and thereby define the hydrological states the models are run 
using the seNorge2 interpolated temperature and precipitation obser-
vations. The states at the end of the spin-up period are used as initial 
hydrological conditions for all present and future event simulations. 

HBVlump was run with daily observations 1 year prior to 25th 

October 2014. The states from October 2014 are chosen for two reasons: 
in October 2014 there were a situation with AR induced floods (Lussana 
et al., 2018) and in addition, the weather in October 2014 was wet and 
mild (small snow storages), and therefore similar to what is expected to 
occur in a future climate in western Norway (e.g. Hanssen-Bauer et al., 

2017). 
In the HBVdist setup, ten initial conditions are sampled to incorpo-

rate variability arising from plausible autumn initial hydrological con-
ditions other than the 2014 event. The HBVdist model was run over the 
years 2010–2014 and the hydrological model states are selected on the 
10th of September and 10th of October. Note that in this approach the 
same initial conditions are used for the present and future climate, 
whereas a reduction in the snow reservoir in the future is very likely 
(Hanssen-Bauer et al., 2017). However, in autumn in Norway, extreme 
precipitation is the dominant driver of floods (Beldring, 2008) and the 
amount of snow is still building up and is relatively small, so therefore 
the overestimation of future initial snow conditions is assumed to be of 
little importance for the flood magnitude. 

3. Results and discussion 

3.1. The event - as observed and simulated 

The event on the 27th and 28th of October 2014 in Flåm, is shown in 
SI Fig. 2 using the ERA-Interim reanalysis in terms of integrated water 
vapour transport (IVT). ARs are objectively identified by applying a 
detection algorithm based on the IVT field, as described in Whan et al. 
(2019). The two selected modelled events are shown in SI Fig. 2 b-c. 10 
reruns are then performed for each of these two present and future 
events. As expected, all the reruns also have an AR, however, the loca-
tion and intensity in terms of IVT varies. SI Fig. 3 further shows that 
EC-Earth has a small positive bias in terms of IVT over the North Atlantic 
Ocean in general compared to ERA-Interim but is generally able to 
represent ARs statistics properly (Whan et al., 2019). 

SI Fig. 3 shows that the October climatology in EC-Earth reproduces 
well different percentiles of daily accumulated precipitation along the 
West Coast region compared to seNorge2. Despite having different 
horizontal resolutions (25 km and 2.5 km), both EC-Earth and AROME 
(see Müller et al., 2017) perform well in terms of precipitation in the 
West Coast of Norway and are therefore appropriate models to perform 
this storyline study. 

The observed accumulated precipitation in the West Coast region 
(defined as 60⁰-61⁰N, 5.2⁰-7.5⁰E) over a 6-day period, from 25th until 
30th of October 2014, using seNorge2 is shown in Fig. 1. In the present, 
the 10 ensemble members from EC-Earth reruns and AROME show 
similar accumulated precipitation amounts, although the time evolution 
of the events differs slightly, especially in the first 30 h. The reason for 
this is that the October 2014 event was characterised by two peaks in 
precipitation, whereas the events selected in the EC-Earth simulations 
had a single peak. 

Fig. 1 further shows how a future heavy precipitation event also 
caused by an AR in October could look like in the West Coast region. 
Overall, the accumulated precipitation after 6 days is larger in these 
future events compared to the present events, with a few ensemble 
members in both the EC-Earth reruns and AROME having similar or 
lower amounts compared to the 2014 event. Especially in the present 
events, EC-Earth appears wetter compared to AROME. SI Figs. 5 and 6 
show maps of 6 days accumulated precipitation for the present and 
future events in all ensemble members. From these maps, it is clear that 
AROME does simulate higher local peaks, but also many areas in- 
between with very little precipitation, whereas EC-Earth is wet in 
every grid cell. This is likely the reason why, when looking at a larger 
area such as the West Coast region defined here, a coarser resolution 
model might appear wetter. This result shows that using a high- 
resolution regional atmospheric model such as AROME is beneficial to 
give a more realistic and more complete picture of the chance of a 
catchment being hit. Using a high-resolution GCM will indicate that the 
passage of an atmospheric river leads to precipitation in each grid cell, 
which is not according to observations. The localised nature of precip-
itation is something that users experience every day, so using a higher 
resolution regional model that reproduces this characteristic should give 
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more trust in the story. 
To put these results in context, extreme and mean precipitation are 

expected to increase both during the cold and warm season in Northern 
Europe according to the CMIP5 models (Hodnebrog et al., 2019; Sill-
mann et al., 2013). However, when using a higher resolution model 
(WRF driven by CESM1-CAM4), Hodnebrog et al. (2019) finds that 
June–September mean precipitation decreases by the end of the century 
(RCP8.5 scenario) in south-east Norway, but slightly increase along the 
West Coast of Southern Norway. EC-Earth shows a very similar pattern 
for October precipitation changes (see Fig. 2a, changes in 2 m temper-
ature and IVT are shown in SI Fig. 7). Understanding precisely what 
drives this future precipitation change pattern is beyond the scope of this 
article, but we briefly attempt to quantify whether there are some 
changes in dynamics that could explain this drying in particular, since 
the CMIP5 models, and the Clausius-Clapeyron relationship, hint rather 

to a wettening (Hodnebrog et al., 2019). 
Using the Weather Types (WT) classification from Otero et al. 

(2018), we quantify the changes in frequency of these WT for October in 
EC-Earth between present and future simulations. Haarsma et al. (2013) 
however provide a more formal evaluation of the model. 

SI Fig. 8 shows that there are indeed some significant changes in WT 
occurring in our region of interest. The increase in Westerly flow is in 
line with an increase in precipitation along the northern side of the West 
Coast (perhaps strengthening the wettening expected from thermody-
namics). Interestingly, there seems to be a strong increase in anticy-
clonic conditions in southern Norway at the same time, which is 
consistent with the drying in this region. The strong decrease in cyclonic 
conditions is more difficult to relate to the increase in precipitation in 
the northern part of the West Coast. However, precipitation does not 
only occur under cyclonic conditions hence this result is not necessarily 

Fig. 1. Cumulative distribution of precipitation during the October 2014 event in seNorge2 (black) and each of the ten ensemble members of AROME (blue) and EC- 
Earth (orange) in the present (left) and future (right), for the region in 60⁰-61⁰N, 5.2⁰-7.5⁰E. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 2. Maps of the difference in a) 30 years October precipitation averages between PRESENT and FUTURE EC-Earth simulations, b) 144 h accumulated precip-
itation averaged over 10 ensemble members of the present and future EC-Earth reruns of the event and c) 144 h accumulated precipitation averaged over 10 
ensemble members of the present and future AROME simulations of the event. 
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contradicting the other findings and more research would be needed to 
provide a proper interpretation. The results of the Westerly flow and 
Cyclonic conditions weather types are in line with Otero et al., 2018 
(Fig. 5 in Otero et al., 2018) shows a similar pattern for SON in CMIP5), 
although the increase in Anticyclonic conditions is less pronounced in 
the southern part of Norway in CMIP5, potentially explaining why these 
models do not show a drying there. 

The future precipitation event in this storyline study is wetter 
compared to the present one in both the EC-Earth reruns and AROME 
simulations over the western and northern parts of the West Coast of 
Norway, as shown in Fig. 2b and c. This is in line with both the facts that 
the intensity and frequency of ARs reaching the West Coast of Norway 
are expected to increase in the EC-Earth FUTURE simulations (Whan 
et al., 2019) and that most extreme precipitation events in the cold 
season are associated with ARs (Benedict et al., 2019a). It is also in line 
with the fact that despite the overall response of mean (or median) 
precipitation in the region being drying for October (see Figs. 2 and SI 
Fig. 4a, the higher percentiles of the distribution (95th, 99th and 
99.99th) show more precipitation everywhere in the region in the future 
(shown as transects between 60�-61�N in SI Fig. 3b–d). We therefore 
seem to have captured this general response of extreme precipitation to 
global warming in that region with the present and future events we 
selected, as well as the fact that generally less precipitation reaches 
inland in the future in the case of ARs (Sandvik et al., 2018). 

3.2. Influence on the spatial resolution of the driving model 

The Norwegian operational flood-forecasting model (HBVlump) is 
used first to evaluate the effect of meteorological input data with higher 
horizontal resolution, i.e. an expected added-value of using AROME 
compared to EC-Earth, for the estimation of floods in the non-managed 
catchments of Norway. In this study, we focus on the Røykenes and Flåm 
catchments as discussed with stakeholders (see SI Fig. 1). The two 
catchments are interesting because they show a different response to the 
present and future AR’s. 

While considering the larger West Coast region defined in the pre-
vious section, EC-Earth’s events were wetter compared to AROME (see 
Fig. 1), but when focusing on smaller catchment scales, this does not 
always hold. Whereas the precipitation is represented as one value over 
the entire catchment when using EC-Earth as input, valleys within the 
catchment can be either hit or not hit by precipitation when using 
AROME as input, as illustrated in SI Figs. 5–6 (lower 10 panels). For the 
two catchments selected in this study, we find that the precipitation and 
the resulting peak streamflows appears usually wetter for AROME than 
for EC-Earth (see Figs. 3–4). Another aspect is the difference in catch-
ment average temperature between AROME and EC-Earth. For the 
present event in Flåm (see SI Fig. 9), the temperature modelled by 
AROME is about 1 �C warmer compared to EC-Earth. Whether the 
modelled temperature is below or above the melting point, as is the case 
in the present event in Flåm, will strongly affect the streamflows. The 
small streamflow response to precipitation of day 5 and 6 in Røykenes 
(Fig. 3) is clearly due to the low temperature (SI Fig. 9). In addition, with 
the steep topography of the region, differences in modelled precipitation 
and temperature at different elevations complicates the total estimations 
of streamflow. 

In Røykenes, the future event is larger than the present one (see 
Fig. 3), which is in line with what one would expect for an extreme 
precipitation event in this region in a future climate (see previous sec-
tion). For Flåm, however, the future event contains less precipitation 
and lower streamflow peaks than the present event for both the EC-Earth 
and the AROME (see Fig. 4). The Flåm catchment is not severely hit by 
the selected events, whereas the case of Røykenes exemplifies how the 
near coastal areas experience the highest increase in precipitation, 
which is in line with Sandvik et al. (2018). An evaluation of historical AR 
events shows that the development of the events and the area most 
severely hit varies between the events (e.g. Iden et al., 2005; Lussana 
et al., 2018; Stohl et al., 2008). Hegdahl et al. (2020) applied the AR 
events of this study to multiple catchments in the West Coast region and 
show that the future AR events cause more intense floods in more 
catchments than the present events. The overall impact is therefore 

Fig. 3. Present (left) and future (right) events in the Røykenes catchment. The top panels show daily precipitation and the bottom ones, the streamflow. The shaded 
area represents the range of the 10 ensemble members for both EC-Earth (orange) and AROME (blue), with the lines within showing the median of the ten ensemble 
members. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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higher for the future events than for present events, even though not all 
catchments are affected, as is the case for Flåm. 

Figs. 3 and 4 further exemplify how combining AROME with a hy-
drological model is important to model the highest estimates of possible 
AR induced floods. AROME resolves the small-scale atmospheric pro-
cesses, gives a better representation of orographic precipitation, and 
thereby provides an improved estimate for precipitation in relatively 
small and steep catchments, typical for the West Coast of Norway. The 
hydrological model describes the hydrological land process and esti-
mates the hydrological initial conditions of the catchments that are 
important for the flood development. Besides precipitation, both 
snowmelt and soil moisture excess are drivers for floods (Beldring et al., 
2008; Hegdahl et al., 2020; Sharma et al., 2018). Uncertainties related to 
the initial hydrological conditions are therefore discussed in the next 
section. 

3.3. Influence of the higher temporal resolution 

In this section, we are comparing streamflow simulations form the 
operational hydrological model set-up (HBVlump) to an alternative 
higher resolution distributed HBV model (HBVdist). HBVlump runs 
using daily temporal resolution, and precipitation and temperature data 
are averaged over the river catchment (268 km2 for Flåm and 50 km2 for 
Røykenes). HBVdist runs using hourly temporal resolution, and the 
input data are interpolated on a 1 � 1 km grid. A hydrological model 
running on a higher temporal resolution enables a better utilization of 
the available high-resolution temperature and precipitation data from 
AROME. From a theoretical perspective, the spatial distribution of pre-
cipitation is important because precipitation that falls in the upper areas 
of the catchment will take a longer time to contribute to the streamflow 
response than precipitation in the downstream area of the catchment. 
Similarly, the temporal resolution can influence the streamflow peak as 
higher intensity precipitation events can result in a quicker streamflow 
response. 

Initial hydrologic conditions, such as the soil moisture or the snow 

depth, are important factors that influence the streamflow peak (e.g. 
Bengtsson et al., 2017). To sample the hydrological uncertainty of the 
flood simulations, HBVdist is rerun with 10 different initial conditions. 
Additionally, to sample hydrological parameter uncertainty, 10 
parameter sets are selected during the calibration phase. Note that the 
uncertainty ranges in Figs. 5 and 6 represent this hydrological uncer-
tainty, while the uncertainty range in Figs. 3 and 4 represented the 10 
different ensemble members of each simulation. 

To test this model framework, we run the HBVdist for the October 
2014 flood, forced with temperature and precipitation from seNorge2 
observations and from AROME simulations (Fig. 5). Note that the 
AROME simulations used here are the actual archived forecasts for 2014 
and not the AROME climate simulations downscaling EC-Earth. Fig. 5 
shows that the measured peak streamflow in Flåm is within the range of 
the streamflows modelled by HBVdist using both seNorge2 and the 
AROME actual forecasts. For the Flåm catchment, the streamflow 
simulation using both seNorge2 and AROME are similar and the 
measured streamflow is within the simulated hydrological uncertainty 
range, giving confidence in the ability of the modelling chain used in this 
study to simulate flood events. 

We can only present this validation for HBVdist for the Flåm catch-
ment, because seNorge2 hourly data does not extend back to 2005 and 
AROME was not operational in 2005. Thus, it is not possible to produce a 
similar validation for the September 2005 event in Røykenes. 

Fig. 6 shows the streamflow simulations of HBVdist and HBVlump for 
Flåm and Røykenes. The same AROME temperature and precipitation 
input data is used for both hydrological models. For clarity, only the 
AROME ensemble member that causes the highest streamflow simula-
tions is shown in Fig. 6, while again the range represents the uncertainty 
of the initial conditions and hydrological model parameters. 

For the observed 2014 event, we find that the flood was building up 
over three days, with the highest peak generated over 5 h: from 12 to 
17pm on October 28th. To realistically describe the responses of the 
catchments, hydrological models on sub-daily resolution are required. 
As expected, HBVdist simulates higher streamflow peaks than HBVlump 

Fig. 4. Present (left) and future (right) events in the Flåm catchment. The top panels show daily precipitation and the bottom ones, the streamflow. The shaded area 
represents the range of the 10 ensemble members for both EC-Earth (orange) and AROME (blue), with the lines within showing the median of the ten ensemble 
members. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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for both the present and future events in both catchments. The simula-
tions are 3–4 (Flåm) and 1 to 2 (Røykenes) times higher for HBVdist than 
HBVlump. The streamflow simulations show clearly the influence of 
hourly input in HBVdist showing more temporal variability than the 
HBVlump with daily input. For example, for Røykenes, the streamflow 
between the 2nd and 3rd day of the event is similar for HBVdist and 
HBVlump, whereas the peaks, occurring around 2.5 days, are much 
higher for HBVdist. The hourly peak compared to the daily peak for 

Røykenes is within the expected values when looking up the factor used 
to estimate the flood culmination value based on the daily flood value. 
For Flåm, however, the difference between hourly and daily peak is too 
large and therefore it is difficult to compare the results directly. The 
large discrepancy between the HBVdist and HBVlump could be caused 
by the fact that the models are calibrated on different versions of the 
seNorge dataset. The hourly data are available for a shorter period and 
less quality checked than the daily data and different interpolation 

Fig. 5. Measured and HBVdist simulated streamflow for Flåm. The uncertainty range represents hydrologic uncertainty for the ensemble member with the highest 
peak streamflow. 

Fig. 6. The simulated streamflow for Røykenes (top) and Flåm (bottom), in the present (left) and future (right), using HBVlump and HBVdist. The HBVlump 
streamflow simulations are the same as in Fig. 5, but only the AROME present and future ensemble member resulting in the highest streamflow peak is shown. 
Similarly, for HBVdist, only the AROME present and future ensemble member that results in the highest streamflow peak are selected, and the uncertainty range 
represents hydrologic uncertainty (section 2.4). 
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methods are applied that affect the precipitation (v2.0 has less precipi-
tation amounts than v1.1). Both can have a large effect on the tuning of 
hydrological model parameters (connected to precipitation) and thereby 
the estimation of floods. 

In the previous section it was shown that the local, catchment-scale 
impact can be less in future events compared to present events 
depending on the catchment. This effect was predominantly found for 
the AROME events, because the high-resolution weather forecast model 
shows more spatial variability than the higher resolution EC-Earth 
model. The fact that some catchments might and others might not be 
hit by a precipitation event is consistent with streamflow observations of 
the 2014 event, which show that Flåm was hit but Røykenes, among 
others, was not (SI Fig. 10). As mentioned before, Fig. 6 shows only the 
AROME event resulting in the highest streamflow rather than the 
average of the 10 events, but leads to the same conclusions drawn from 
Figs. 3 and 4. That is, peak streamflows in Røykenes are higher in the 
future compared to present, whereas in the Flåm catchment, the future 
event is weaker than in present. The future event in Røykenes shows an 
almost two-fold increase in streamflow at peak-time in addition to 
extending over a longer period of time (Fig. 6). The peak streamflow of 
ca. 180 m3/s1 of this event is ca. 20% higher compared to the largest 
flood event ever measured in this catchment, a flood in 1953 with a 
streamflow peak of ca. 140 m3/s1 (Væringstad, 2014). 

4. Conclusions 

After consulting a range of users and stakeholders, the autumn floods 
of September 2005 and October 2014, both caused by an atmospheric 
river hitting the West Coast of Norway, were chosen as a typical event 
for this physical climate storyline study. In particular, we investigate the 
impact of having higher spatial (from 25 km in EC-Earth to 2.5 km in 
AROME) and temporal resolution (daily vs. hourly) for the simulation of 
peak flows in two catchments. In addition, we are using a modelling 
chain that mimics as closely as possible the operational modelling chain 
for flood warnings in Norway. 

We first show that the present event is realistically simulated by both 
EC-Earth and AROME when looking at a larger region in the West Coast 
of Norway. EC-Earth’s events are also slightly wetter than in AROME, 
but this is likely an artefact of the different resolutions. AROME shows 
stronger local peaks in precipitation but also some locations appear to 
receive almost no precipitation during the event, which is plausible in 
such a mountainous area. EC-Earth, in contrast, shows more homoge-
nous precipitation amounts for the larger grid cells and misses the fact 
that extreme precipitation actually falls in a more localised manner. The 
high resolution of the EC-Earth simulations (compared to e.g. CMIP5 
climate models) allow for more realistic atmospheric circulation pat-
terns (e.g. van Haren et al., 2015), but for applications studied here, the 
resolution is insufficient. Downscaling with AROME is necessary to 
obtain more realistic precipitation distributions. In both EC-Earth and 
AROME however, there are differences between the 10 ensemble 
members, which can likely be traced back to where the atmospheric 
river is located, and how intense it is in the perturbed EC-Earth reruns. 
The difference between present and future events follow overall the 
expectation that extreme precipitation will mostly increase in this region 
in Autumn (Hanssen-Bauer et al., 2017), while mean precipitation is 
expected to decrease in the south and increase on the northern West 
Coast. Whan et al. (2019)’s results suggest that this increase in extreme 
precipitation is caused by more intense and frequent atmospheric rivers 
hitting the region in the future in October–March, which should be taken 
into account in future adaptation planning in the region. 

We then investigate the local impact on two catchments at the West 
Coast of Norway: Flåm and Røykenes. Whereas EC-Earth appears overall 
wetter when considering the larger region of the West Coast of Norway, 
we find that AROME produces more precipitation (in terms of intensity 
and quantity) for the two studied catchments. Translating this to phys-
ical impacts, the AROME simulations result in higher peak streamflows 

compared to EC-Earth. The difference between present and future events 
shows a future increase in streamflow for Røykenes, and a decrease for 
Flåm. This result is consistent for the two hydrological model versions 
analysed, with the higher resolution model simulating even larger peak 
streamflows. Previous studies also showed that for the West Coast, 
autumn peak streamflow is expected to become stronger with precipi-
tation increases in a warmer climate (Beldring, 2008; Hanssen-Bauer 
et al., 2017; Lawrence and Hisdal, 2011; Sorteberg et al., 2018; Vor-
moor et al., 2015). The unexpected result that the future events in Flåm 
have less physical impact (i.e. less streamflow) is likely due to the fact 
that the future event did not hit Flåm. Even though the streamflow peaks 
are on average higher in a future climate, not every future event will hit 
every catchment. We attempted to take into account the uncertainty 
regarding which catchments are hit by perturbing each selected event 
ten times (see section 2). Our selected cases cannot span the entire range 
of possibilities where an AR reaches the coast of Norway or its passage 
over land, but we can go into much more detail for a specific case. 
Physical climate storylines should be viewed as “what if” scenarios that 
can provide insights, for instance for emergency preparedness, even if 
the probability of that event is unknown or very unlikely, and to study 
possible impacts associated with such an event. Physical climate story-
lines can be used to reveal complexity and uncertainties in the system 
that cannot be revealed in a coarser, more probabilistic focused 
approach. 

Overall, Hegdahl et al. (2020), found that the future events cause 
larger floods coinciding in many more catchments compared to the 
present events, which underlines that the severity of an event may not 
necessarily be captured in a single catchment analysis. We find that 
hourly timescales (instead of daily) represent the fast flood-generating 
processes in these catchments better and therefore provide a more 
realistic temporal evolution of the flood event, capturing higher peak 
flood intensities. We conclude that especially in a mountainous region 
such as the West Coast of Norway, higher spatial and temporal resolu-
tions in both the climate and hydrological models lead to more realistic 
estimations of the potential peak floods, which is important information 
for users, such as NVE. Another valuable aspect of physical climate 
storylines is the familiarity of the operational setup and data format for 
the users. NVE and Statkraft could both easily use the data produced. 

When considering individual events as is the case in a storyline 
approach, it is obviously impossible to make any statements about their 
probability of occurrence. It is however possible to put them in context 
of expected future climate change from other GCM ensembles such as 
CMIP5 or from the literature, as we did here. Also, it is possible to study 
the dynamics of the event and possible compounded effects in detail, 
which are often obscured in probabilistic projections. At the same time, 
it is also key to communicate that each event is unique, and no general 
“projection” can be obtained from a storyline approach. In addition, 
communicating different outcomes for different catchments to the users, 
and in our case, the counterintuitive results that the future event in Flåm 
is weaker compared to the present one, is not an easy task. The com-
munity needs to be aware that physical climate storylines studies might 
not always lead to the expected results, but having the users involved 
from the design of the storyline until the interpretation of results can 
support mutual understanding of the process and challenges involved. 
Further studies are needed to better understand the added value of a 
physical climate storyline approach for users, such as municipalities 
challenged with making decision for adaptation measures for future 
climate change (Bremer et al., 2019; Cortes Arevalo et al., 2018; de 
Bruijn et al., 2016). 

Physical modelling supporting a storyline approach is a relatively 
new field of research in the physical climate change community and a lot 
of research is ongoing and needed (Sillmann et al., 2019). We briefly 
summarise here a few key aspects discovered in this study that require 
further research: 
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1) As in probabilistic event attribution, the definition of the event is 
highly important (Otto et al., 2015). For example, in hindsight it is 
clear that the selection criteria for the event in the EC-Earth PRE-
SENT and FUTURE simulations (i.e. 24 h accumulated precipitation) 
could have been optimized by considering longer event duration (e. 
g. 3 days) which will likely affect the results obtained further down in 
the modelling chain. Sensitivity analysis could be done given suffi-
cient computational resources that were not available for this study. 
However, our study was able to show that high spatial resolution 
throughout the model chain (including the global climate model) is 
needed for realistically simulating the magnitude of AR events and 
associated floods.  

2) As Felder et al. (2018) also discuss, there is no guarantee that the 
chosen event in the GCM will correspond to an extreme event once 
downscaled. The catchment of Flåm is clearly not much affected in 
the future event, leading to the fact that the present event appears 
stronger, which is not trivial to communicate with the users.  

3) We performed 10 re-runs with the driving GCM before doing the 
downscaling, using one way of perturbing the initial conditions, but 
more research should be done on this to know how important in-
ternal variability is. We chose 10 ensemble members as a trade-off 
between computing capacity and representation of internal vari-
ability, but there is no physical or statistical reason beyond this.  

4) In our region of interest, the West Coast of Norway, temperature is 
important for the partitioning between snow and rain, and snowmelt 
when there is snow in the catchment. The flood development during 
cold seasons are therefore also depending on temperature. If pre-
cipitation falls and is stored as snow, it will not contribute to 
streamflow. In this study we focussed on October when temperatures 
are usually still above the freezing point. The impact of a future 
change in temperature is not only important to the amount of pre-
cipitation reaching western Norway, but also for the phase of the 
precipitation (Poschlod et al., 2020). A winter AR which today de-
posits snow at higher elevations can in a warmer climate cause floods 
(Whan et al., 2019). 
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