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Abstract. Using new high accuracy Light Detection and Ranging elevation data we generate coastal flooding maps for Norway.
Thus far, we have mapped ~80% of the coast, for which we currently have data of sufficient accuracy to perform our analysis.
Although Norway is generally at low risk from sea-level rise largely owing to its steep topography and land uplift due to glacial
isostatic adjustment, the maps presented here show that on local scales, many parts of the coast are potentially vulnerable to
flooding. There is a considerable amount of infrastructure at risk along the relatively long and complicated coastline. Nation-
wide we identify a total area of 400 km?, 105,000 buildings, and 510 km of roads that are at risk of flooding from a 200 year
storm-surge event at present. These numbers will increase to 610 km?, 137,000, and 1340 km with projected sea-level rise to
2090 (95th percentile of RCP8.5 as recommended in planning). We find that some of our results are likely biased high owing
to erroneous mapping (at least for lower water levels close to the tidal datum which delineates the coastline). A comparison of
control points from different terrain types indicates that the elevation model has a root mean square error of 0.26 m and is the
largest source of uncertainty in our mapping method. The coastal flooding maps and associated statistics are freely available,
and alongside the development of coastal climate services, will help communicate the risks of sea-level rise and storm surge to

stakeholders. This will in turn aid coastal management and climate adaptien-adaptation work in Norway.

Copyright statement. TEXT

1 Introduction

Higher sea levels driven by anthropogenic climate change present a large challenge for many coastal communities. There
are numerous negative consequences of sea-level rise, i.e., flooding, loss of life and land, damage and loss of buildings and
infrastructure, increased erosion, saltwater intrusion, changing ecosystems, and reduced biodiversity (see e.g., Nicholls, 2010;
Nicholls and Cazenave, 2010). The consequences of increasing sea level are large and-many-beeause-the-because coastal zones
are densely populated areas, have a large population growth, and are economically important.

Compared to many other coastal nations, Norway is at relatively low physical vulnerability to accelerating sea-level rise

(Aunan and Romstad, 2008). Norway has a very rugged coast with fjords, inlets, and many thousands of islands. The coastline
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is relatively long being around 103,000 km in length (Kartverket, 2019a) and is largely characterized by steep topography and
an exposed bedrock that is resistant to erosion. An important component of sea-level change for Norway is vertical land motion
(VLM) due to glacial isostatic adjustment. Regional differences in VLM essentially explain differences in observed sea-level
changes along the coast. Observations from Norway’s tide gauge network show that relative sea level fell over the recent period
1984-2014 around Oslo and in the middle of Norway, where VLM is largest. Whereas other parts of the coast experienced a
limited sea-level rise (Breili et al., 2017). Sea level is projected to increase along the entire coastline over the 21st century
albeit below the global mean change (Simpson et al., 2015, 2017). This means Norway will have to adapt to rising sea levels.

Despite these generally favorable conditions, the long and complicated nature of the coast means there are many areas,
often on local scales, which are potentially vulnerable to sea-level rise. Aunan and Romstad (2008) identified three low-lying
types of coastline which are at risk; (1) the strandflat which is a flattish erosional surface that fringes much of Norway; (2)
glaciofluvial deltas which are often situated at the head of fjords and; (3) the soft moraine coast in the southwest of the country.
Furthermore, many of Norway’s cities and population centers are located on the coast and have undertaken large coastal
developments in recent years. There are also important industries (oil, fishing, aquaculture, tourism), cultural buildings, an
extensive infrastructure, and many homes and cabins in the coastal zone which are potentially at risk. Cultural monuments that
are close to the sea includes Bryggen, the old harbor in Bergen, and the Vega archipelago which are both on the UNESCO
(United Nations Educational, Scientific and Cultural Organization) World Heritage List (UNESCO, 2019).

Coastal flooding due to storm surges have caused considerable damage along the Norwegian coast in the past. Generally
speaking, damages are limited to areas very close to the coastline owing to the steep topography. And the consequences of
these extreme events have been relatively minor when compared to other parts of the world (i.e., few severe consequences like
loss of life and property). There is no dataset available which allows for a complete assessment of the damage costs from these
past storm-surge events. However, a sense of the costs can be understood from insurance compensation data, which give costs
from building damage but not from, e.g., roads or agriculture. Insurance data from 1980 to 2018 show a total of €140 million
has been paid out owing to storm-surge damage (data from Norwegian Natural Perils Pool and Finance Norway, adjusted for
inflation). The years 1987 and 2011 stand out, with annual insurance compensations of €27 and €47 million due to storm
surges. Damages in 2011 were essentially caused by two storm-surge events, the storms Dagmar (24th December 2011) and
Berit (26th November 2011). Given that sea levels are now rising along parts of the Norwegian coast, how might these numbers
change in the future?

The potential consequences of future flooding can be assessed by combining sea-level scenarios with other types of geospa-
tial data like elevation data and registers over buildings, roads, and critical infrastructure. In addition, a detailed impact assess-
ment requires an analysis of the possibilities for adaptation, assessment of value, usage, and the expected life span of objects of
impaetat risk. To our knowledge, there exists no national socioeconomic study dedicated to sea-level rise and extreme sea lev-
els for Norway. However, Almas and Hygen (2012) looked at one aspect of the problem by examining the potential impact of
sea-level rise on Norwegian buildings. They identify approximately 110,000 buildings located within one meter above present
sea level (measured in the former Norwegian height system NN1954). More than 40 percent of the buildings are anticipated

of being of significant economic value, i.e., they are homes or cabins, industry, storages, hotels, restaurants, office buildings,
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shops etc. Their findings indicate that the west coast of Norway is the region most at risk from sea-level rise. In total, the costs
on constructional measures for adapting the existing buildings for higher sea level are estimated to €725 million. Norway is
also included as part of the European study by Vousdoukas et al. (2018a). They conclude that Norway is one of the countries
that shows the highest absolute increase in expected annual damage and expected annual number of people exposed to coastal
flooding towards the end of the century. They find that by 2100, annual damages will increase to between 1.7 and 5.9 percent
of GDP. The main driver of this increase is climate change, with changes in economic growth patterns as a secondary effect.
This result suggests that the costs of sea-level rise for Norway could be very significant.

In this study, we describe the methods and results from the first generation of nationwide inundation maps for Norway.
For the first time, sea-level projections are combined with new national high accuracy Light Detection and Ranging (LiDAR)
elevation data, tidal and storm-surge height information, and geospatial data in order to map coastal flooding in Norway. The
main difference between our approach and past analyses is that here we use new high accuracy LiDAR elevation data. The
resulting maps have been made available to end-users as part of the coastal climate service Se havniva i kart (in English: View
sea-level rise in maps) (see Kartverket, 2019c) created by the Norwegian Mapping Authority. The service provides a web tool
for visualizing the potential effects of coastal flooding and presents associated numbers over exposed objects.

The demand for sea-level projections in coastal climate services is driven by three main end-user needs (Titus and Narayanan,

1995; Le Cozannet et al., 2017):
1. Identifying research needs.

2. Mitigation: To examine the consequences and benefits of sea-level projections for different greenhouse-gas emission

scenarios.

3. AdaptienAdaptation: Understanding and communicating information that can help society adapt to present and future

sea-level rise.

Se havnivd i kart is primarily focused on providing information that can be used in climate adaptation work. The service
provides inundation maps for both present sea level and future sea level in 2090. These sea-level heights can be combined with
different return heights for storm surges which correspond to safety classes given in the current building acts and regulations
for Norway (TEK, 2019). In addition, there are inundation maps indicating exposed objects and areas at 1 m height intervals
set between 1 and 5 m above present Mean High Water (MHW). The service has been tailored to assist Norway’s coastal
municipalities with emergency preparedness, long-term planning decisions, and to help communicate the risks associated with
storm surge and sea-level rise to the public and other stakeholders.

In the following we describe the methods and data used for creating the inundation maps and associated numbers over
exposed objects. We show results for a variety of storm-surge heights and water levels. Furthermore, we show how these
results vary regionally for different categories of land use, buildings, and roads. The discussion examines the accuracy and

reliability of the maps and addresses some issues on how to interpret the results.



90 2 Methods and data

Our inundation maps and associated statistics are generated by combining sea-level projections and storm-surge return heights
with a digital elevation model (DEM) and map databases of buildings, land coverage, and roads. These data are referenced
to different vertical datums. Thus, to combine these data in a common vertical reference system requires knowledge of the
different vertical datums and how to transform between them. For example, to visualize the height of MHW in the national
95 height system NN2000 requires knowledge of these two vertical datums and also the relationship between them. Strauss et al.
(2012) stress that topographic vulnerability must be assessed with respect to local water levels, and not, e.g., a nationwide
definition of elevation zero. In Se havniva i kart, varying tidal heights along the Norwegian coast are considered by using water
levels above MHW and storm-surge heights that include the effect of the astronomical tides. The resulting water levels can
then be transformed to the present national vertical reference system of Norway, NN2000, by exploiting MHW’s known height
100 in NN2000.

2.1 Sea level projections and storm-surge return heights

Official regional sea-level projections for Norway are based on science from the Fifth Assessment Report from the Intergov-
ernmental Panel on Climate Change (IPCC ARS5) (Taylor et al., 2012; Church et al., 2013). The projections show increasing
sea levels for the entire coastline over the 21st century, albeit below the global mean change (Simpson et al., 2015, 2017).
105 VLM due to glacial isostatic adjustment is an important component of sea-level change for Norway and observations indicate
it varies between 1 and 5 mm yr~—! along the coast (Kierulf et al., 2014; Vestgl, 2006). VLM therefore acts to mitigate sea-level
rise in Norway and essentially explains why rates of sea-level change vary from location to location. The VLM field used in
the projections is based upon permanent GPS observations and repeated levelling (see Simpson et al., 2015). The presence of
small-scale anomalies, e.g., urban subsidence or neotectonics (Olesen et al., 2013), may cause VLM to deviate significantly
110 from this field at the local level.

Guidelines from the Norwegian Directorate for Civil Protection (DSB) recommend that the upper 95th percentile of the
spread of the projections for RCP8.5 be used in coastal planning. The upper 95th percentile corresponds to the top of the likely
range in IPCC terminology. As projected sea-level rise varies considerably along the coast, the projections are given for each
coastal municipality (273 in total). Depending on location, therefore, the recommended sea-level increase for use in planning

115 varies between 0.40 and 0.82 m (Simpson et al., 2015), see Figure 1. These numbers are rounded to the nearest 0.10 m before
use in planning.

For RCP8.5, a high emission scenario, the projected likely global temperature increase is 3-5° C for the period 2081-2100
relative to 1986-2005 (IPCC, 2013). With a view to sea-level rise, the likely range of the model output is considered to cover 66-
100% of the total possible future outcomes (Church et al., 2013). Higher sea-level rise by 2100 can consequently not be ruled

120 out. There is especially large uncertainty associated with the projected contribution from the large ice sheets in Antarctica and
Greenland. Observations indicate that the ice sheet contribution has deubled-sinee 2003-(Nichols-and-Cazenave 2010,andreferences-there
nearly doubled from the period 2002-2006 to 2012-2016 (Bamber et al., 2018). DeConto and Pollard (2016) find that Antarc-
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tica has the potential to contribute more than a meter of sea-level rise by 2100 if emissions continue unabated, but this is only
one study and the physical processes required remain controversial (see e.g., Edwards et al., 2019). We also expect further
sea-level rise after 2100. Clark et al. (2016), for example, conclude that current emissions levels have committed Earth to a
further global mean sea-level rise of 1.2 to 2.2 m above present sea level. While Strauss et al. (2015) find that unabated carbon
emissions up to the year 2100 would lead to an eventual global sea-level rise of 4.3 to 9.9 m. To explore sea-level scenarios
above the likely range as recommended for coastal planning and for scenarios beyond 2100, we therefore also present numbers
for water levels 1, 2, 3, 4, and 5 m above present-day MHW. These levels can help stakeholders better understand the sensitivity
and vulnerability of the coast to different future scenarios.

Storm-surge return heights are calculated from tide gauge observations, i.e., we assume no change in extreme sea levels with
future climate change. Note that calculated return heights do not include the potential effects of wave setup and runup, and the
effects of river flooding are not explicitly included in the estimates of present and future extreme sea levels. The storm-surge
return heights used here correspond to safety classes in the current building acts and regulations for Norway (TEK, 2019),
i.e., water levels that on average arise once within a period of 20-, 200-, and 1000-years. The return heights were calculated
by analyzing observations from 23 permanent and several hundred temporal tide gauges along the Norwegian coast (Ravndal
and Sande, 2016). The Average Conditional Exceedance Rate (ACER) statistical method (N&ss and Gaidai, 2009; Skjong
et al., 2013) was used, which is a type of model that allows return heights for periods longer than the tide gauge records to be
estimated.

For each coastal municipality, the return heights have been calculated for one to three locations. To be able to predict
return heights at a point away from a permanent tide gauge, analysis of records from temporal tide gauges and oceanographic
knowledge have been used to divide the Norwegian coast into zones with similar tidal properties. For these zones, adjusted time
series of water level can be created by first calculating the astronomical tide according to the tidal zone. Then the meteorological
effect as observed by the closest permanent tide gauge is added and the ACER method is applied to the resulting time series.
Unfortunately, there exist areas along the Norwegian coast where the tidal zones cannot be determined, i.e., inside fiords, bays
and where narrow straits change the tidal properties over short distances. Along the southwestern coast, there is a lack of
meteorological observations, and the tidal properties are complex due to an amphidromic point off the coast. The adjusted time
series for these areas are not sufficiently accurate for tidal predictions, but can still be used to calculate return heights for storm
surges.

We present maps and associated numbers visualizing both present storm-surge return heights and return heights combined
with projected relative sea-level rise. The numbers for present storm-surge return heights represent today’s risk and are useful
for disaster preparedness, while storm-surge heights for 2090 are important for planning. Finally, in order to illustrate the
potential effects of a storm surge with a scenario of sea-level rise above the IPCC ARS5 based projections, we include numbers
for a 1000 year storm surge combined with a sea-level rise one meter above that recommended for use in planning, which may

be relevant if rapid Antarctic ice mass loss becomes reality.
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2.2 The digital elevation model

Having a DEM with high vertical accuracy and high horizontal resolution is an important prerequisite for producing reliable
inundation maps (Gesch, 2018). Gesch (2009) demonstrates that high accuracy elevation data with high spatial resolution from
LiDAR provide a more accurate delineation of inundation zones than other types of elevation data. In developed areas, where
small changes in the delineation of the sea may involve many objects, this can be critical.

We have used the national detailed height model of Norway (Kartverket, 2014) to estimate topographic vulnerability due
to increasing sea level (available to download at www.hoydedata.no). The DEM is primarily based on airborne topographic
mapping by LiDAR but also photogrammetric matching of aerial photos of resolution 0.25x0.25 m in mountain areas. It has a

spatial resolution of 1x1 m and is calculated from a point cloud of at least two points per square meter in the areas mapped by

LiDAR. Two methods are applied to interpolate the LiDAR data to a regular DEM. In a first try, natural neighbor interpolation

Sibson, 1981) was used. If this failed, empty spaces were binned with an average value. The vertical accuracy of the BPEM
LiDAR data has a production goal standard-deviationless-thanroot mean square error (RMSE) of 0.1 m for well-defined solid

areas observed-by-LiDAR-(Kartverket, 2014). The DEM was transformed from ellipsoidal heights to NN2000 by using the
height reference surface HREF (Solheim, 2000).

Presently, about 80% of Norway is covered by the DEM, and the entire country is expected to be mapped by 2023. We
assume no geomorphologic changes (e.g. erosion) or man-made landscape interventions take place over time, i.e., the same
elevation data are used to map sea-level rise and storm surge today and for 2090.

In order to identify flooded zones, we have followed a ’bathtub” approach similar to the one outlined in, e.g., Gesch (2009),

Rowley et al. (2007), and Poulter and Halpin (2008). The "bathtub” approach is favored for several reasons. Firstly, mapping
results from this approach are consistent with how current guidelines on coastal planning are applied in Norway. Secondly, the
approach is straightforward, computationally inexpensive, and has been widely used in large-scale coastal flooding analyses.
However, there are known limitations of the “bathtub” method. For example, the response of hydrodynamics, morphology, and
ecology as sea level rises is not accounted for (see Passeri et al. (2015) for a review). Some of these effects could be important

A particular cell in the DEM must fulfill two criteria in order to be classified as flooded. First, it must have a height below
the given sea-level rise scenario or storm-surge return height and, secondly, it must be in hydrological connection to the sea.
The latter is important to eliminate low-lying areas that are protected by embankments and barriers like elevated roadbeds with
heights above the sea-level scenario. The spatial extension of the sea for a given inundation level is then delineated by polygons
that surround the cells in the DEM classified as flooded. Note that these polygons are not isolines with constant heights. The
height of, e.g., MHW + 1 m in NN2000 varies along the coast.

2.3 Buildings, land cover, and road datasets

The inundation maps generated from the DEM are the basic product of Se havniva i kart. Objects affected by increasing sea

level can be identified by overlaying the polygons representing the flooded areas with datasets of buildings, roads, and land
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coverage. This approach makes it possible to map the consequences of coastal flooding for all types of geospatial data and
makes the analysis more flexible than an approach where the object’s height is-used-determine-determines whether the object
is exposed.

For roads and land coverage, we have used datasets that are customized for the scale range 1:25,000 to 1:100,000. These
datasets cover the mainland of Norway and have horizontal accuracy of 2 to 50 meters. The data are cartographically edited
for presentation on a scale of 1:50,000 and are named N50. To map affected buildings, the building register that is part of the
Norwegian database for basic maps was used (Geonorge, 2019; Kartverket, 2019b). The datasets have a horizontal accuracy
between 0.2 and 2 meters, depending on object type, location, and method used for surveying the objects. Affected buildings
are calculated by counting the number of objects inside or intersecting the polygons delineating the regions of inundation. For
roads and areas, the objects are clipped, i.e., only the parts of the object inside the polygons are included in the statistics. For
the roads, the length of the centerlines are summarized.

Owing to Norway’s steep topography, the horizontal location is critical for determining whether an object is exposed or not.

A weakness of the methodology outlined above is that objects located very close to the coast or directly above the sea surface,

may be erroneously mapped as exposed and bias the statistics.

Unfortunately, basic maps of Norway do not include attributes that allow these buildings to be sieved out and removed from

the statistics. As a consequence, the number of objects affected by coastal flooding for present MHW appear to be biased high.
Here we consider MHW as the water level at which objects are permanently inundated by coastal flooding. For present MHW,
therefore, the numbers of affected objects should be close to zero. However, we find an area of 152 km?, 40,072 buildings, and

180 km of roads mapped as permanently flooded for present MHW.
The‘ M o A 1A Ac N acc A hao A

are-large area identified as flooded for present MHW.
indicates that there is a misfit between the polygons that define the flooded area and the land tiles used in Norwegian maps. In
principle, the polygon and the coastline should match, but there are misfits due to different methods of mapping (LiDAR vs.
photogrammetric analysis of aerial photos) and inaccuracies in the methods and data used in the analysis. Inspection of detailed
maps and aerial photos indicates that many of the buildings erroneously mapped as flooded for present MHW are small boat
houses situated very close to the coast or buildings on piers or pillars above the water surface, see Figure 2. Roads erroneously.
mapped as flooded for present MHW include road sections on bridges and in underwater tunnels.

The numbers of affected objects for the storm-surge return heights (e.g., 200 year storm-surge height for 2090) are considerably
higher than those for present MHW. To some extent, these numbers will also be in error owing to the present MHW bias. In
order to reduce the effect of the MHW bias, we subtract the numbers calculated for present MHW for areas and roads where
available. This implies that the size of affected areas is calculated between surfaces mapped with consistent methods. For roads
itis unlikely that segments on bridges and in underwater tunnels will be affected, even for higher storm-surge return heights.

We can not, however, simply subtract the numbers calculated for present MHW from the numbers for higher water levels for
buildings, because an unknown number of these buildings will truly be affected by higher levels of flooding. We suggest that the
numbers of buildings erroneously mapped as affected will decrease for higher water levels. The numbers calculated for present
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MHW for buildings form a basis estimates for other water levels can be compared to. They can also be considered as a measure
of the precision of the current methods and data used in our analysis. Note that because the coastal climate service Se havniva
i kart presents numbers including the MHW-bias, the numbers for affected areas and roads given in Table 2 and 4 will differ

from those of Se havniva i kart. Furthermore, the maps and numbers presented in Se havnivd i kart will be regularly updated as
new knowledge and data (e.g. new elevation data, better understanding of vertical datums, error corrections) becomes available.

3 Results

Inundation maps and associated statistics are presently available for approximately 80% of the Norwegian coast; see Figure 3.
The maps and statistics cover the most densely populated areas and the larger coastal cities of Norway. We consider the
inundation maps as the prime result of our analysis, and we first present examples of maps for geographically different areas

of Norway. We go on to present national and regional statistics for objects at risk from coastal flooding derived from the maps.
3.1 Examples of inundation maps of Norway

Figure 4, 5, 6, and 7 show examples of inundation maps from Smgla, Laerdalsgyri, Randaberg, and Bergen (see Figure 3
for locations). These four locations represent the three types of coastlines (strandflat, glaciofluvial deltas, strandftat;-and soft
moraine coast) understood to be at particular risk from sea-level rise (Aunan and Romstad, 2008) and a large coastal city
(Bergen). Together, they provide examples of how different communities in Norway can be affected by coastal flooding. Four
water levels are illustrated in the figures: MHW and the 200 year storm-surge level, which are mapped both for today and for
2090.

The municipality of Smgla is located on the strandflat in the middle of Norway and consists of one larger island surrounded
by more than 3000 smaller islands. The strandflat is a shallow sea area with low lying land areas found typically at the mouth of
fjords and along the coast between fjords. The inundation maps from Smgla, see Figure 4, indicate that sea-level rise combined
with storm surge will affect low lying coastal areas as well as piers and buildings located close to the sea. Some roads that fringe
the largest island and also those which connect islands in the municipality will be flooded. The fishing village of Veiholmen
(see upper part of Figure 4), located near to the northernmost part of Smgla and with a population of ~200, appears to be at
particularly high risk with many buildings adversely affected. The maps also indicate that higher sea levels may cause saline
ocean water to flow into rivers and creeks, with potential effects on local ecosystems. Smgla is the municipality in Norway

with the second largest land area affected by a 200 year storm surge, both at present (1.29 m above MHW) and for 2090

(2.03 m above MHW), see Figure 12 and 13. Taking into account the municipalities total area, Smgla is the tenth and ninth
most affected municipality by a 200 year storm at present and for 2090, respectively.

Figure 5 illustrates the potential effect of coastal flooding in Leerdalsgyri, a small village (population ~1100) located on a
glaciofluvial delta (see photo in Figure 225). Many glaciofluvial deltas are found at the head of fjords in Norway. These deltas
are typically flat low lying areas, are densely populated, and are attractive areas for industry and businesses. As the deltas are

often surrounded by steep mountains, areas of development and agriculture are confined to the relatively flat river valley floors.
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In Leerdalsgyri, the combined effect of sea-level rise and a 200 year storm surge (1.00 m above present MHW, and 1.58 m
above MHW for 2090) will cause flooding in the center of the village and surrounding areas. Buildings of historic interest,
government offices, industry, businesses, and some residential areas are potentially at risk. Although levees that have been built
to protect the village from river flooding appear to help restrict flooding from storm surge in some areas. We find other towns
and villages located on glaciofluvial deltas show similar patterns of flooding, e.g., Lyngdal, Flam, Fjerland, Gaupne, Stryn,
Andalsnes, Fgrde, Surnadalsgra, Rognan, and Alta.

While the strandflat consists of bedrock resistant to erosion, the southwest of Norway is characterized by soft sediments,
sandy shores, and sand dunes{see-pheto-in-Figure-2?). These areas are sparsely populated, but provide good opportunities for
crop and livestock production. In general, the height of MHW is not known along the southwestern coast of Norway, except
around Randaberg illustrated in Figure 6. Despite the regions-region’s flat and low lying terrain, the inundation maps indicate
only small areas affected by coastal flooding. We find similar results along the entire southwestern coast, so these areas are at
low risk. However, as the shorelines largely consists of sand and soft sediments, increased erosion due to sea-level rise may
become a problem for the southwest coast of Norway.

Figure 7 shows how coastal flooding will affect the city of Bergen (population ~240,000). This municipality has the highest
number of buildings at risk from present and future coastal flooding (Figure 12 and 13). Although Bergen is characterized by
steep terrain that basically prevents large areas to be flooded, the area close to the coast is densely developed. Bergen is also
located in a part of Norway with a relatively high projected sea-level rise (0.71 m) as rates of glacial isostatic adjustment are
lower than elsewhere, see Figure 1 and 3. The inundation maps show that projected sea-level rise alone (changes in height of
MHW) will cause only small changes to the areas that will be permanently inundated. On the other hand, the combined effect
of sea-level rise and storm surges indicates many more buildings, roads, and piers will be at risk from coastal flooding in the
future. Other Norwegian city centers that will become more vulnerable to coastal flooding include Fredrikstad, Sandefjord,
Arendal, Mandal, Stavanger, and Tromsg. Oslo, the capital of Norway, is generally at lower risk from 21st century sea-level

rise.
3.2 National statistics for land areas, buildings, and roads at risk

For each coastal municipality, we have calculated the area of land, number of buildings, and length of roads affected by coastal
flooding. These categories are further subdivided in order to better understand the details of what is at risk, e.g., land areas are
divided into areas that are developed, nature, public facility, or primary industry (see Table 1 for more details). The numbers
of affected objects (i.e., nationwide totals for Norway, or at least for the ~80% of the coast where we have data) are given in

Tables 2-4 and illustrated in Figure 8. The percentage increase in exposed areas, buildings, and roads between 2017 and 2090

for different sea-level scenarios are listed in Table 5.
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Our results help quantify the risk of present-day coastal flooding for Norway and how that risk will increase with sea-level

rise. If we compare totals of what is exposed to a 200 year storm surge at present and for 2090, we can broadly see how that
risk will evolve nationwide. Total land area exposed will increase from around 400 to 610 km?, total number of buildings from
105,000 to 137,000, and total length of roads from 510 to 1340 km. A well recognized consequence of sea-level rise is that
present-day storm-surge levels will be reached or be exceeded far more frequently in the future (for Norway see Simpson et al.,
2017). This is also apparent from our statistics. For example, the numbers of affected objects for the 20 year storm-surge return
height in 2090 exceed the numbers for the 1000 year storm-surge height at present.

For all water levels, Table 2 indicates that the vast majority of flooded land areas fall into two categories; nature and primary
industries (see Table 1 for a more detailed description of subcategories). Only a small fraction is categorized as developed
or public facility. This reflects the fact that 94.8% of Norway’s total land area is nature and undeveloped land areas, 3.4% is
agricultural areas, and only 1.7% is developed (SSB, 2019). However, we note that developed areas exposed to a 200 year storm
surge will increase by 200% in size between now and 2090 (increasing from 6 to 19 km?, see Table 2 and 5). A majority of the
affected buildings are private homes and private industry, while the fraction of public buildings is small (see Table 3). We have
also identified some exposed buildings categorized as critical infrastructure (see Table 1 for definition). These buildings must
function during crises because their failure may cause vital public services to break down. It is therefore especially important
to identify these buildings so that climate adaptation measures can be taken. Table 3 and 5 show that the number of buildings

categorized as critical infrastructure at risk from coastal flooding will more than double due to projected 21st century sea-level

10
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rise (from 30 to 80 for the 200 year storm-surge level). For roads that are exposed, there is an approximate balance between
private and public roads (Table 4).

There are noticeable differences in the statistics between the different present-day storm-surge return heights (see Table 6).
The increases from the 20 year to the 200 year present-day storm-surge height are 12 and 22% for the number of affected
buildings and the size of flooded land areas, respectively. The increase from the 200 year to the 1000 year present-day storm-
surge return height is 7 and 11% for buildings and areas. For roads, the increase is a lot larger, i.e., the length of roads flooded
increases by 72% between the 20 year and the 200 year present-day storm-surge return heights, and by 31% from the 200-year
to the 1000 year return height. Taking into account projected sea-level rise for 2090, the increases in affected objects between
the different storm-surge return heights show a similar pattern to the present day. That is, the increases for higher water levels
are more rapid for roads compared to buildings and land areas.

Table 2-4 also includes numbers for present MHW plus 1, 2, 3, 4, and 5 m, as well as the 1000 year storm-surge return
height plus one meter for present and 2090. Global sea-level rise will continue after 2100 and these numbers are therefore of
use when assessing the consequences of long-term sea-level rise. The numbers for MHW plus 5 m represent the lower limit of
the range of eventual global sea-level change, suggested by Strauss et al. (2015). In this scenario, more than 1700 km?, 263,000
buildings, and 6800 km of roads would be permanently flooded if no adaptive measures are taken. The numbers for a 1000 year
storm surge plus one meter sea-level rise are though smaller than those for MHW+5 m, but are still significantly higher than
those for 200 year and 1000 year storm surge for 2090. The consequences of long-term sea-level rise for Norway are profound,
will lead to large changes to many coastal cities and to the nature of the coastline, and will require extensive climate adaptation

measures.
3.3 Regional statistics for land areas, buildings, and roads at risk

Here we present results for each coastal municipality in Norway. Regional differences are useful for identifying areas of the
coast that are most vulnerable to sea-level rise and storm surges. We focus on the 200 year storm-surge return height but note
that the pattern of impacts are broadly similar for other return heights. Figure ??-and-22-9, 10, and 11 show for each coastal
municipality the area of land, number of buildings, and length of roads that are affected by coastal flooding at present and for
2090, respectively

The municipalities with the largest land areas that are at risk of flooding are located in the middle of Norway (between
Trondheim and LefotenTromsg) and in the outer part of Oslofjorden. This is also evident by the upper left panels of Figure 12
and 13, which summarize results for the ten municipalities that have the highest number of affected objects. For the present-day

200 year storm-surge return height, nine of these ten municipalities are located in the middle of Norway and one (Fredrikstad) in

outer Oslofjorden. When considering flooded land area as a percentage of the total municipality area (lower panels of Figure 9)

we find that six of the ten municipalities with the highest percentages are located on the west coast. For 2090, the size of the
flooded area increases and the order of the municipalities changes slightly, but the general pattern of regional impacts does not

change.
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The regional pattern of land areas affected by coastal flooding closely corresponds to regional differences in the storm-surge
return heights, although regional differences in topography and projected sea-level rise also plays a role to some extent. The
exposure of land areas to coastal flooding is one measure of the impacts of 21st century sea-level rise and storm surge. As
mentioned above, the majority (> 80%) of these land areas are classified as nature. Several of the municipalities in the middle
of Norway, where the largest land areas are flooded, are sparsely populated. This is also evident from the maps visualizing the
distribution of affected buildings (middle-part-ofFigure-22-and-2?Figure 10), which have quite different spatial patterns. For
buildings, the consequences of storm-surge flooding is particularly large in two counties, Hordaland and Rogaland, which are
on the west coast of Norway. Moreover, many buildings are exposed along the outer parts of Oslofjorden, along the southern
coast, around Trondheimsfjorden, in Lofoten, and in Tromsg. These regions stand out as they are densely populated and include
several of the largest cities in Norway.

The pattern of exposed roads (right-panet-of Figure-22-and-2?Figure 11) is similar to that for land areas, but the ten most

exposed municipalities also inetudes-include some locations along the southernmost part of the coast.

4 Discussion

4.1 Uneertainties-Accuracy of mappingthe DEM

an—The project goal uncertainty (RMSE) of the
LiDAR data, from which the DEM is interpolated, is 0.1 m (Kartverket, 2014). This is ensured by comparing and fitting the

point cloud of LiDAR measurements to control-fields and road tracks with heights observed by Global Navigation Satellite
Systems (GNSS). Both control-fields and road tracks must be considered as favorable LiDAR targets. The actual accuracy of
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the interpolated DEM depends on the slope of the terrain, terrain surface complexity, target reflectivity, canopy coverage and
near ground vegetation, the density and distribution of the ground returns, the accuracy of the LiDAR system, the interpolation
algorithm used to create the DEM from the source data, and the spatial resolution of the DEM (e.g., Reutebuch et al., 2003; Li,
1992). Furthermore, transforming ellipsoidal heights to the national height system NN2000 may introduce additional errors.
As heights observed by both GNSS and LiDAR are transformed to NN2000 using the same HREF model, any errors in the
transformation will not be detected by comparison to the GNSS control measurements. We therefore consider the project goal

RMSE-uncertainty of the LIDAR data as an optimistic error estimate for the eoastal-zene-DEM in the coastal zone.

4.2 Aeceuraey-of-the DEM

The accuracy of a DEM can be assessed by comparing it to surveyed control points located in various types of terrain. For
example, Gesch (2009) assessed elevation data over eastern North Carolina, USA, by comparing it to 489 control points the
National Geelogical-Geodetic Survey uses for gravity and geoid modeling. These points were surveyed by GNSS. Poulter and
Halpin (2008) followed a similar approach that also focused on North Carolina, but used 3480 quality control points surveyed
by real time kinematic GNSS.

We assess the quality of Norway’s DEM using two independent sets of control points surveyed by GNSS. The first dataset
includes about 10,000 points that are part of the Norwegian national geodetic network (NGN). These points are spread through-
out Norway in various types of terrain and topography, and are in locations suitable for making GNSS measurements (i.e. sites
are chosen where obstacles that could interrupt the GNSS signals are avoided). An adjustment of baselines and 3D positions
of individual benchmarks was used to compute final heights with typical standard errors of less than 1 cm. The second data
set consists of 132 points observed with the Norwegian real time kinematic GNSS network service, known as CPOS (Ouassou
et al., 2015). The test field covered an area of approximately 0.2 km? and was located in typical Norwegian coastal terrain
including selid-exposed bedrock, slopes, and beaches covered with boulders. As these points were surveyed with CPOS, we
expect that the heights in the test field have some lower accuracy compared to the NGN, approximately 2 to 3 cm. All heights
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observed by GNSS were transformed to NN2000 by use of HREF. For both groups of control points, we estimated the maxi-
mum, minimum, and mean difference as well as the RMSE. Table 8 summarizes the results of the comparison.

Comparing the nationwide DEM to the heights of the NGN reveals large differences ranging up to ~62 m. Many of the
largest differences are for control points located on the roofs of high buildings or in open-pit mines where the terrain has
changed due to human activity. We therefore opt to eliminate these outliers, and focus on control points within =1 m from the
DEM only. For these remaining points, the mean difference is -0.12 m and RMSE is 0.26 m. The negative bias indicates that
the DEM has systematically lower heights than the NGN. Benchmarks located at high points in the terrain may partly explain
this bias. For instance, many of the benchmarks in NGN are placed on small concrete pillars with horizontal dimensions of
0.5x0.5 m and a height of approximately 0.25 m above its local surrounding terrain. Such features are not picked up by the
DEM because the area of the pillars amounts to only one forth of a cell in the DEM. Also the algorithm used to convert the
LiDAR data from a point cloud to a regular grid may contribute to the bias. The generalization can be considered as applying
a low pass filter to the terrain, with the effect of filtering out the finest details in the terrain. The RMSE of 0.26 m is similar to
that calculated by Poulter and Halpin (2008) for a 6x6 m DEM covering North Carolina, but significantly higher than 0.14 m
estimated by Gesch (2009) for the 3x3 m USGS National Elevation Dataset also covering North Carolina.

Comparing the DEM to the points in the coastal test area, we calculate a mean difference of 0.11 m and RMSE of 0.28 m.
The coastal test field also has points with differences larger than one meter, these points are located in steep terrain close to the
sea. Using observations from flat terrain only, the mean difference and the RMSE reduce to -0.01 m and 0.10 m, respectively.
We repeat the calculations by replacing the nationwide DEM with a DEM with a finer spatial resolution (0.5x0.5 m) that
covers most of the test field. Using a finer spatial resolution acts to reduce the overall RMSE by 44% and several of the
largest differences also become smaller (see Table 8). This indicates that the vertical accuracy of the DEM can be significantly

improved by increasing the spatial resolution to above 1x 1 m, and especially in steep terrain.

Our tests suggest that the project-goal-of-the-interpolated DEM used to calculate the inundation maps, only achieve the

roject goal uncertainty of the LiDAR data (RMSE<0.1 m) is-enly-achieved-in flat terrainand-considerably-. Considerabl
lower accuracies must be expected in steep areas and along much of the coast. The comparison to control points in the national

geodetic network indicates a RMSE of 0.26 m to be a more realistic error estimate. As the control points in NGN are located
in different types of terrain, which broadly reflect Norway’s varying physical geography, we believe they provide a more
appropriate DEM quality indicator rather than comparisons to measurements at idealized control surfaces and road tracks as
used to determine the project goal RMSE.

Any error in the DEM translates into horizontal errors when mapping the extent of a water level, or flood surface. For a
particular section, the overall horizontal deformation can be written €/ tan(«a.), where € is the uncertainty of the DEM and « is
the slope of the terrain. In steep terrain, we expect that the DEM has its largest errors, but the horizontal deformation due to a
large vertical error will be small. In flat terrain, it is opposite; the DEM is typically more accurate, but a smaller vertical error
may introduce larger horizontal deformations. For example, a DEM error of 0.26 m will deform the line that delineates a flood
surface by 2.97 m and 0.71 m for a 5 and 20° slope, respectively. From this we can summarize that, although Norway has a

generally steep coastal topography, the relative large DEM errors here will not introduce large horizontal errors when mapping
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flood levels. However, given the length of the coast, and large amount of infrastructure located very close to the coastline, the

DEM errors may be critical for determining which objects are at risk.

4.2 Comparison-to-other-werkUncertainties of mapping

A number of different factors determine the accuracy of the inundation maps and associated statistics of exposed objects.
Although the uncertainties attached to these factors are not accounted for in our analysis, we discuss their relative importance
to_the results. Factors determining the accuracy of our results include uncertainties related to (1) the DEM, (2) the vertical
reference frame NN2000, (3) the transformation of ellipsoidal heights to the national height system (HREF), (4) the height
determined for mean sea level and MHW, (3) the estimated storm-surge return heights, (6) the sea-level projections. (7) the
horizontal position of buildings and roads, (8) inaccurate polygons defining land cover, and (9) the effect of, e.g., buildings
on pillars and piers. We note that these factors and their uncertainties are inherently different. Furthermore, not all of these
factors are relevant for all of the water levels we have mapped. Uncertainties related to storm-surge heights are, for example,
not relevant when mapping MHW.

When assessing future flood risk the largest uncertainty probably relates to the sea-level projections (see Table 7). The
sea-level projections have uncertainties related to the future emission scenario and the ability of models to simulate the future
sea-level response. For the mapping method approach taken here, however, where sea-level rise is considered a fixed number
95th percentile of RCP8.5), the uncertainty associated with the sea-level projections can be ignored. In this situation,
policy dictates which sea level number to use, but there will nevertheless be mapping uncertainties related to, e.g., the accuracy.
of the DEM and tidal datums. Given the accuracy of the DEM used in this study (0.26 m RMSE), each water level will be
mapped with a different level of confidence because the lower levels are close to the inherent noise level of the DEM.

In Norway, MHW corresponds to the height of the M2 tidal constituent above mean sea level. The uncertainty of MHW
therefore depends on the definition of mean sea level, the uncertainty of the estimated amplitude of M2, and the height
difference between MHW and NN2000. In addition, other tidal constituents give small contributions to the mean high tide
that the present definition of MHW does not include. Unfortunately, there are no assessments of the uncertainty of MHW.
along the Norwegian coast, But what we can say is that the tidal datums, storm-surge levels, and their heights with respect to

NN2000 are well known in areas close to the tide gauges. Along other parts of the coast, they are less well defined. Uncertainties
associated with the tidal datums and storm-surge levels may therefore exceed the project goal uncertainty (RMSE<0.1 m) of

lannin

the elevation data in some areas.

There are also effects that are not included in our analysis; for example, wave setup and runup, changes in tides due to
sea-level rise, coastal erosion, and the effects of river flooding close to the coast. We have assumed no future changes to the
storm-surge return heights but note that a recent study projects areas of increase, areas of decrease, and also areas of model
disagreement along the Norwegian coast (Vousdoukas et al., 2018b).

In summary, a preliminary assessment indicates that the elevation model (RMSE 0.26 m) is the largest source of uncertainty
in our mapping method. There are also smaller errors associated with different vertical datums and transformations between
datums that have not been assessed for the entire coast. However, we believe that the sum of these mapping errors are generally
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smaller than the projected sea-level rise, which gives us confidence in our results. Future work should look at how these

495 uncertainties can be incorporated into our mapping and web tool (Gesch, 2013, 2018; Cooper and Chen, 2013; Cooper et al., 2013

4.3 Comparison to other studies and future work

As an alternative to our approach where affected objects were identified by overlaying inundation polygons with geospatial data
like buildings, the height of the objects themselves can be used to identify what is exposed to future sea-level rise and storm
500 surges. Almas and Hygen (2012) followed this approach and used a DEM (unknown spatial resolution but likely 10x10 m
horizontal resolution with at best 2-3 m vertical error) to determine heights of buildings in the coastal zone. In their study,
approximately 110,000 buildings were found nationwide with a height less than one meter above elevation zero in the former
national vertical reference system of Norway, NN1954, which at Norwegian tide gauges has its zero height within -0.09 m
and 0.17 m from mean sea level. Unfortunately, a straightforward comparison of the findings of Almés and Hygen (2012) with
505 our results (Table 3) is not possible. Firstly, this is because we have not analyzed affected buildings for a fixed height, but
have taken into account tidal variations. This will likely make a significant difference because MHW ranges from a couple of
centimeters to 1.1 m above mean sea level in Norway. If not taken into account, the flooding risk will be underestimated in areas
with mean high tide elevation exceeding 0 m, and comparisons across regions with different tidal levels will be compromised
(Strauss et al., 2012). Secondly, we have used NN2000 as vertical reference frame instead of NN1954. At the tide gauges along
510 the Norwegian coast, the difference between these two vertical reference frames varies between -15 cm and 12 cm (Simpson
et al., 2015). Thirdly, the numbers in Table 3 are based on data that cover 80% of the coast, while the study by Almas and
Hygen (2012) covers the entire coast. If we still attempt to compare numbers, the water level MHW + 1 m is perhaps the most
similar to the height used in their analysis. For MHW + 1 m our results show 86,944 affected buildings, which is significantly
less than the ~110,000 reported by Almas and Hygen (2012). Note that MHW+1 m in most areas will be higher than height
515 1 min NN1954.

The present stuey-"bathtub” approach applied in the present study results in maps that are consistent with national guidelines
on how to account for future sea-level change and storm-surge in coastal planning. Currently, there are no regulations for
modelling the effects of waves, which may increase mean sea level during a storm and introduce geomorphological changes due
to erosion and transport of sediments. Modelling the effects of waves should be addressed in future work and will require a more

520 advanced framework than provided by the "bathtub” approach. A more advanced framework is provided by the open-source
numerical model XBeach (Roelvink et al., 2009), which is developed to simulate the effects of storms on sandy coasts with
domain size of kilometers. The XBeach model is not a tool for analyzing the entire Norwegian coast, but is suitable for case
studies of vulnerable areas like beaches and coasts covered by soft sediments (e.g., southwest of Norway).

The present study does not aim at being a socioeconomic analysis of coastal flooding for Norway as the climate service
525 includes no information on value of property or the population in the coastal zone. Our inundation maps, however, could
be used as input to a socioeconomically analysis. In their analysis, Vousdoukas et al. (2018a) caution that the accuracy of

their modeled extreme sea levels for Norway may be affected by the presence of many bays, islands and steep complex terrain.

16



530

535

540

545

550

555

Furthermore, they indicate that elevation data of higher spatial resolution are required to achieve the same accuracy for Norway
as for flatter parts of Europe. This suggests that high accuracy national coastal flooding maps must be used to achieve results
that are useful for planners and stakeholders. We believe that the methods and data used for mapping sea levels in the present
study, especially the use of a 1 x1 m DEM and accounting for regional differences in MHW, storm-surge heights and sea-level

rise, represent significant progress compared to the methods used by Almas and Hygen (2012) and Vousdoukas et al. (2018a).

5 Conclusions

Using new high accuracy LiDAR elevation data we have generated coastal flooding maps for Norway. Thus far, we have
mapped ~80% of the coast, for which we currently have data of sufficient accuracy to perform our analysis. Our mapping
method accounts for regional variations in tidal datums, storm-surge levels, and projections of sea-level rise. Nationwide we
have identified a total area of 400 km2, 105,000 buildings, and 510 km of roads that are at risk of flooding from a 200 year
storm-surge event at present. These numbers will increase to 610 km?, 137,000, and 1340 km with projected sea-level rise to
2090 (95th percentile of RCP8.5 as recommended in planning). If sea-level rise exceeds the projections by 1 m, then an area
of 1060 km?, 189,000 buildings, and 3490 km of roads would be exposed to 1000 year storm surge. This gives an indication of
how vulnerable Norway is to a scenario of rapid ice melt from Antarctica. Notably, we also find that the numbers of affected

objects for a 20 year storm-surge return height in 2090 will exceed the numbers for the 1000 year storm-surge at present.

Indicating that an increasing number of objects will be at risk of more frequent flooding.
Examining the categories of what is at flooding risk shows the vast majority of areas are classified as nature. However, the

fraction of total area classified as developed, public facility, or primary industry increases for higher water levels. Developed
areas at flooding risk from a 200 year storm surge will increase more than three times in size between now and 2090 due to
sea-level rise (increasing from 6 to 19 km?). For buildings, around 80% of those at risk are private (homes, cabins, garages, or
boat houses) for all mapped water levels. The fraction of buildings classified as private industry, public, or critical infrastructure
increases for higher water levels. Critical infrastructure buildings at risk from a 200 year storm surge will increase from 30 to
80 between now and 2090. For roads, the percentage of public roads at risk will increase for higher water levels. Thus, while
sea-level rise leads to more objects to be at risk of flooding, our results also indicate an increasing fraction will be objects of
higher value.

Regional differences indicate that the west and southern coast of Norway, outer parts of Oslofjorden, areas around Trond-
heimsfjorden, and Tromsg have the largest numbers of buildings at risk of coastal flooding. For land areas and roads, it is the
middle of Norway and outer Oslofjorden that are most at risk. Regional differences in the number of objects exposed to flood-
ing can largely be explained by regional differences in population density. Inspection of the inundation maps shows that, across
much of Norway, the typically steep topography restricts flooding to areas immediately adjacent to the coast. Of the examples
we have examined, we find cities, island communities, and in particular towns and villages located on glaciomarine deltas are

at risk from coastal flooding. The flooding risk at glaciomarine deltas can be exacerbated by the effect of river flooding.
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A number of different factors determine the accuracy of the mapping and associated statistics of exposed objects. A com-
parison of control points from different terrain types indicates that the elevation model has a RMSE of 0.26 m and is the
largest source of uncertainty in our mapping method. There are also smaller errors associated with different vertical datums
and transformations between datums that have not been assessed for the entire coast. However, we believe that the sum of
these mapping errors are generally smaller than the projected sea-level rise, which gives us confidence in our results. Despite
the generally steep nature of the coastline, where any mapping errors introduce only small errors in the horizontal extent of
flooding, the sheer length of the coast means that small errors can accumulate. A lot of infrastructure is located very close to
the coast and may therefore be erroneously mapped as exposed (or not at risk). Furthermore, objects situated directly above the
water surface, e.g., buildings on pillars and roads over bridges, will be erroneously mapped as exposed and cannot be sieved
from our results. Owing to this, some results will be biased high. For example, we find 40,000 buildings and 180 km of roads
erroneously mapped as exposed to present MHW, when the true number should be zero.

Although Norway is generally at low risk from sea-level rise largely owing to its steep topography, the maps presented
here show that on local scales, many parts of the coast are potentially vulnerable to flooding. Norway is a well developed
country, with expensive infrastructure, properties of high commercial value, and buildings of high standards. These factors
raise the potential costs of flooding but make climate adaptation measures more cost effective. Our coastal flooding maps and
associated statistics are freely available, and alongside the development of the coastal climate service Se havniva i kart, will
help communicate the risks of sea-level rise and storm surge to stakeholders. This will in turn aid coastal management and
climate adaption-adaptation work in Norway. Users should keep in mind that our maps help identify areas of potential risk,
rather than provide exact answers, and that there are uncertainties related to the mapping method and physical processes (e.g.

waves) not included here. For planning decisions, a site visit and additional analysis may therefore be appropriate.
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Table 1. Overview of categories and subcategories of objects potentially exposed to coastal flooding.

Category

Sub category

Examples of object types

Buildings

Private

Private indust;

Public

Critical infrastructure

homes, cabins, garages, boat houses

factories, workshops, storage halls

power plants, transformers

agricultural buildings, fish farming facilities
offices, bank buildings, post offices, TV buildings
shopping centers, petrol stations, parking houses
hotels, restaurants, canteen buildings, rental cabins
administration buildings, town halls

waste handling, water supply, pump stations
railway and subway stations, freight terminals
universities, schools, student homes

galleries, libraries, sport halls,

buildings for religious activities

clinics, medical centers, living and service centers
lighthouses, monuments, public toilets

hospitals, ambulance stations, nursing homes

prisons, fire stations

Areas

Developed
Nature
Public facility

Primary industry

cities, residential estates, industry areas, airports
forests, wetlands, fields, glaciers
sports facilities, cemeteries

agricultural areas, quarries

Roads

Private

Public

privately owned roads

European routes, highways, county roads, municipality roads
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Table 2. Affected areas [km?] in Norway under different water levels at present and for 2090. Numbers in parentheses indicate the percentage

share of the total for each subcategory. Note that the areas for present MHW have been subtracted from the numbers for higher water levels.

Scenario Year Total Developed Nature Public Primary

facility industry
MHW 2090 128.5 1.0 (0.8) 121.0 (94.2) 0.0 (0.0) 6.6 (5.1)
20 yr present 330.5 39(1.2) 294.6 (89.1) 0.3 (0.1) 31.8(9.6)
20 yr 2090 530.6 13.6 (2.6) 453.6(85.5) 1.0(0.2) 62.5(11.8)
200 yr present 402.0 6.4 (1.6) 351.0(87.3) 0.6 (0.1) 44.0 (11.0)
200 yr 2090 610.3 19.3 (3.2) 514.5(84.3) 1.2(0.2) 75.3 (12.3)
1000 yr present 446.8 8.5(1.9) 386.8 (86.6) 0.7 (0.2) 50.7 (11.4)
1000 yr 2090 660.6  23.6(3.6) 551.2(83.4) 1.4(0.2) 84.4 (12.8)

MHW+1 m present 273.9 3.1(1.1) 246.6 (90.0) 0.2 (0.1) 24.0 (8.8)
1000 yr+1 m  present 851.3  40.5(4.8) 687.8 (80.8) 2.1(0.2) 120.8(14.2)
1000 yr+1 m 2090 1056.8  54.0(5.1) 840.0 (79.5) 2.8(0.3) 160.1(15.2)
MHW+2 m present 6472  24.4(3.8) 540.6 (83.5) 1.5(0.2) 80.8 (12.5)
MHW+3 m present 10325  52.5(5.1) 8243 (79.8) 2.6(03) 153.0(14.8)
MHW+4 m present 1379.7  69.8(5.1) 1082.8 (78.5) 3.8(0.3) 223.2(l16.1)
MHW+5 m present 1719.4  84.4(49) 1337.7(77.8) 4.9(03) 292.5(17.0)
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share of the total for each subcategory.

Table 3. Affected buildings in Norway under different water levels at present and for 2090. Numbers in parentheses indicate the percentage

Scenario Year Total Private Private Public Critical

industry infrastructure
MHW present 40072 32677 (81.5) 6891 (17.2) 448 (1.1) 6 (0.01)
MHW 2090 61252 51436 (84.0) 9122 (14.9) 606 (1.0) 7(0.01)
20 yr present 93566 78721 (84.1) 13512 (14.4) 1137(1.2) 22 (0.02)
20 yr 2090 125904 101665 (80.7) 21227 (16.9) 2457 (2.0) 65 (0.05)
200 yr present 105180 87370 (83.1) 16007 (15.2) 1505 (1.4) 30 (0.03)
200 yr 2090 137313 109983 (80.1) 23614 (17.2) 2980 (2.2) 80 (0.06)
1000 yr present 112286 92523 (82.4) 17623 (15.7) 1763 (1.6) 35 (0.03)
1000 yr 2090 143684 114359 (79.6) 25120 (17.5) 3362 (2.3) 89 (0.06)
1000 yr+1 m present 166158 129875 (78.2) 30369 (18.3) 4641 (2.8) 151 (0.1)
1000 yr+1 m 2090 189155 147591 (78.0) 34322 (18.1) 5602 (3.0) 191 (0.1)
MHW+1 m present 86944 72999 (84.0) 12735 (14.6) 1037 (1.2) 12 (0.01)
MHW+2 m present 141649 112137 (79.2) 25255(17.8) 3391 (2.4) 91 (0.06)
MHW+3 m present 185175 144329 (77.9) 33804 (18.3) 5441 (2.9) 192 (0.10)
MHW+4 m present 223396 175011 (78.3) 39345 (17.6) 6926 (3.1) 258 (0.12)
MHW+5 m present 263494 208126 (79.0) 44777 (17.0) 8047 (3.1) 331 (0.13)

24



Table 4. Affected roads [km] in Norway under different water levels at present and for 2090. Numbers in parentheses indicate the percentage

share of the total for each subcategory. Note that the lengths of affected roads for present MHW have been subtracted from the numbers for

higher water levels.

Scenario Year Total Private Public
MHW 2090 36.0 24.4 (67.8) 11.5 (31.9)
20 yr present 297.7 203.7 (68.4) 93.9 (31.5)
20 yr 2090 999.8  521.9(52.2)  477.8 (47.8)
200 yr present  511.1 318.6 (62.3) 192.3 (37.6)
200 yr 2090 1340.8  653.6(48.7)  687.0(51.2)
1000 yr present 670.3 393.0 (58.6) 277.2 (41.4)
1000 yr 2090 1569.0  740.5 (47.2) 828.4 (52.8)
1000 yr+1 m  present 2506.0 1060.8 (42.3) 1445.1 (57.7)
1000 yr+1 m 2090 34909 1382.2(39.6) 2108.6 (60.4)
MHW+1m  present  215.4 148.4 (68.9) 66.9 (31.1)
MHW+2 m present  1582.6  742.2 (46.9) 840.3 (53.1)
MHW+3 m present  3436.9 1358.5(39.5) 2078.4 (60.5)
MHW+4 m present 5172.7 1901.5(36.8) 3271.0 (63.2)
MHW+5m  present 68322 2433.3(35.6) 4398.8 (64.4)
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Table 5. The percentage increase in exposed areas, buildings, and roads between 2017 and 2090 for different sea-level scenarios.

Category  Sub category 20yr  200yr 1000 yr 1000 yr+1 m
Area Total 61 52 48 24
Developed 249 202 178 33
Nature 54 47 43 22
Public facility 233 100 100 33
Primary industry 97 71 66 33
Buildings  Total 35 31 28 14
Private 29 26 24 14
Private industry 57 48 43 13
Public 116 98 91 21
Critical Infrastructure 195 167 154 26
Roads Total 236 162 134 39
Private 156 105 88 30
Public 409 257 199 46
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Table 6. The percentage increase in exposed areas, buildings, and roads between different storm-surge return heights at present and for 2090.

Category ~ 20—200yr 200—1000 yr  20—200yr ~ 200—1000 yr

present present 2090 2090
Area 22 11 15 8
Buildings 12 7 9 5
Roads 72 31 34 17

27



Table 7. Quantitative assessment of effects contributing to the accuracy of the mapping.

Contributor to uncertainty Uncertainty [m]  Comment/Reference
HREF 0.01-0.10 Personal communication Olav Vestgl

at the Norwegian Mapping Authority

Height of MSL in NN2000 0.02-0.10 Simpson et al. (2015)
Height of MHW in NN2000 Unknown
Mean range of 95% confidence 0.15 Simpson et al. (2015)

intervals for 20-year storm surges

along the Norwegian coast

Mean range of 95% confidence 0.21 Simpson et al. (2015)
intervals for 200-year storm surges

along the Norwegian coast

Mean range of 95% confidence 0.25 Simpson et al. (2015)
intervals for 1000-year storm surges

along the Norwegian coast

Projections of future sea level for 2090 >0.5 Range of models, assessed to be 66% of

the total possible outcome for the pathway

Horizontal position of buildings 0.2-2 Effect depends on slope of terrain

Horizontal position of roads and areas 2-50 Effect depends on slope of terrain

28



Table 8. Comparisons of heights from DEMs and heights observed by GNSS. Two DEMs have been assessed, i.e., a nationwide DEM with

a spatial resolution of 1.0x 1.0 m and a regional DEM with a spatial resolution of 0.5x0.5 m covering a smaller test field.

Data set

Surveying method- Minimum  Maximum Mean RMSE  Number of
‘method difference  difference  difference observations
(m] (m] [m] [m]

hnoN — hi1.0x1.0 (overall) Network -61.772 4.866 -0.338 1.92 10301
hnoN — h1.0x1.0 Network -1.000 1.000 -0.116 0.259 9703
hcpos — h1.0x1.0 (overall) CPOS -0.577 1.104 0.108 0.282 132
hcpos — h1.0x1.0 (flat terrain)  CPOS -0.255 0.395 -0.008 0.096 75
hcpos — ho.5x0.5 (overall) CPOS -0.21 0.884 0.011 0.158 134
hcpos — ho.5xo0.5 (flat terrain)  CPOS -0.21 0.349 -0.031 0.088 73
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Figure 1. Projected RSL change for the period 2081-2100 relative to 1986-2005 (a), 200-year storm-surge return height above MHW (b),

and the sum of these two (c). For all figures the unit is meter.
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Figure 2. Buildings on piers or pillars above the water surface, like here at Ormgya close to Oslo, are erroneously mapped as flooded for

present MHW (violet). Photo: Kristian Breili.

31



70°N

Oslo
Fredrikstad
Sandefjord
Arendal
Mandal
Lyngdal
Stavanger
Randaberg
Bergen

: Fldm

: Leerdalsgyri
: Gaupne

: Fjeerland

66°N

WoOoNIULEWNE

o
= o

o
w N

58°N

NHHHRRRB
CWVW®ONO U

213

2

N

235

: Ferde

: Stryn

: Andalsnes

: Surnadalsera
: Smela

: Trondheim

: Rognan
Lofoten

: Tromsg

Alta

28°E

Figure 3. Red lines indicate areas covered by the inundation maps per December 2018. Information for all water levels is not available for
all mapped zones due to a lack of knowledge on ocean tides for parts of the coast. In these zones, only the storm-surge return heights can be

calculated because they are not referenced to MHW. The green markers indicate locations discussed in the text.
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Figure 4. Stack of inundation maps covering the northern part of the island Smgla (lower panel) and the fishing village of Veiholmen (upper
panel) located on the strandflat in the middle of Norway. Violet: Present MHW. Green: MHW for 2090 (0.74 m above present MHW).
Orange: Present 200-year storm surge (1.29 m above present MHW). Red: 200-year storm surge for 2090 (2.03 m above present MHW).
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Fodnesvegen

Figure 5. Stack of inundation maps covering the village Lardalsgyri located on a glaciofluvial delta at the head of Sognefjorden. Violet:

Present MHW. Green: MHW for 2090 (0.58 m above present MHW). Orange: Present 200-year storm surge (1.00 m above present MHW).
Red: 200-year storm surge for 2090 (1.58 m above present MHW). Inset: Photo of the village Lardalsgyri (Photo: Magnhild Aspevik

The-villase Lesdalsavii Photo: Magnhild "
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Figure 6. Stack of inundation maps covering Randaberg located on soft moraine in the southwest of Norway. Violet: Present MHW. Green:
MHW for 2090 (0.79 m above present MHW). Orange: present 200-year storm surge (0.99 m above present MHW). Red: 200-year storm
surge for 2090 (1.78 m above present MHW). Inset: Soft sand dunes at Sandestranda close to Randaberg. Photo: Oda R. Ravndal.
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Figure 7. Stack of inundation maps indicating areas affected by coastal flooding in Bergen. Violet: Present MHW. Green: MHW at 2090
(0.71 m above present MHW). Orange: present 200-year storm surge (0.96 m above present MHW). Red: 200-year storm surge for 2090
(1.68 m above present MHW).
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Figure 8. The bars indicate the size of areas (left), the number of buildings (middle), and the length of roads (right) affected by sea-level

rise and storm surge in Norway. For each water level, the left and right bars indicate affected objects at present and for 2090, respectively.

Percentages on top of right bars indicate total’s change from now to 2090 due to sea-level rise.
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Figure 9. Affected land areas due to a 200 year storm-surge hazard at present (left figures) sbuildings-and for 2090 (middleright figures):-.

The radius of the bubbles is for each municipality proportional to the size of flooded land area (upper figures) and reads-flooded land areas

as percentage of the municipality’s total area (rightlower figures).
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Figure 10. Affected buildings due to a 200 year storm-surge hazard at present (left) and for 2090 (right). The radius of the bubbles are
proportional to the st : areas;-the-number of exposed buildings;-and-tength-ofroads.
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Figure 11. Affected roads due to a 200 year storm-surge hazard at present (left) and for 2090 (right). The radius of the bubbles are proportiona

to the length of exposed roads.

40

66°N

62°N

1



Vikna

Smgla

Fredrikstad

Vestvagay

Végan
Froya
Branngy
Nezeray
Ledingen

Bodg

Bergen
Fjell
Bomlo
Karmay
Tromsg
Arendal
Kragerg

Lindas

Askay

Kvinnherad

Figure 12. The ten municipalities with most land-areas, buildings, and roads affected by a 200-year storm-surge hazard at present sea level.
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Figure 13. Similar as Figure 12, but for 2090. The percentages indicate total’s change from now to 2090 due to sea-level rise.
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General comments

This is a generally well-written, informative description of a new dataset and suite of tools for coastal management activities for
the country of Norway. Thank you for affording me the opportunity to review! The analysis is thorough and description of input
data, results, and related uncertainties is sufficient. I, however, would prefer to see this presented as a brief communication, as I
believe the major contribution of this work lies more in its presentation of the dataset and availability of management tools and
less so in any analyses of coastal risk, adaptations, or impacts. For example, I feel like the conclusions section (L450 — 473)
can mostly represent the results section without any significant loss of interpretative value, and the remaining lines (to L.493)
appropriately represents sufficient discussion of uncertainties and overarching themes.

This opinion is not strong enough, however, to merit a major revision or rejection. I believe it’s still an important contribution.
Additionally, the assigned editor has looked over the manuscript and deemed it appropriate as a research article, so I will defer

to their judgement here.

Author comment: Firstly, many thanks for your review which has improved the quality of our manuscript. We don’t
agree that the work should be presented as a short communication. It is certainly true that one of the main contributions
of this work lies in the presentation of the dataset and availability of online management tools. However, there are also
important results showing Norway’s vulnerability to coastal flooding; including specific examples, regional differences,
and detailing what is at risk. There is also an important assessment of the DEM accuracy. We feel there is more than
enough analysis here to warrant keeping this paper as a research article. Reducing the work to a short communication (2-
4 pages) would mean so much of the analysis would be lost. Furthermore, much of this analysis and the results go above
and beyond what is available from our online tool SeHavniva. It is also the case that this work aims to document Norway’s
present vulnerability to coastal flooding. As this work is, therefore, an important benchmark. As new knowledge and data

sets become available then the numbers of what is at risk will change - including what is available online. We will keep
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this work as a research article, as long as the editor does not require a complete rewriting of the manuscript to a brief

communication.

Other general notes
For the uncertainty analyses

e With confidence intervals (or upper/lower limits of uncertainty) expressed for 9 of 10 metrics in Table 7, I'm not sure
why there was no utilization of these in the results. At the least, one figure could have shown the difference in inundation
extent using an upper and lower limit, and at most, all results could have been expressed as their appropriate ranges

incorporating all relevant uncertainties

Author comment: This is a preliminary assessment of the uncertainties - the purpose of which is to indicate that
the uncertainties are generally smaller than the projected sea level rise. Also, to give the reader an idea of the
different uncertainties involved in the mapping method. There are also smaller errors associated with the different
vertical datums and transformations that have not been assessed for the entire coast.

We agree that it would be very useful to show confidence intervals. However, as the other reviewer suggests, this
could be highlighted as something to be addressed in future work. We therefore had added the following text to
show that we will aim, in future, to perform a more complete uncertainty analysis, and to try and build that into our
mapping.

Text added at line 369: ’In summary, a preliminary assessment indicates that the elevation model (RMSE 0.26 m)
is the largest source of uncertainty in our mapping method. There are also smaller errors associated with different
vertical datums and transformations between datums that have not been assessed for the entire coast. However, we
believe that the sum of these mapping errors are generally smaller than the projected sea-level rise, which gives us
confidence in our results. Future work should look at how these uncertainties can be incorporated into our mapping
and web tool (Gesch, 2013, 2018; Cooper and Chen, 2013; Cooper et al., 2013).”

e One of the greatest sources of uncertainty as discussed was the bias introduced by engineered structures over water. 'm
curious as to why the authors did not attempt to crop out these structures using a coastline mask. Was it because of

discussed issues with the coastline not agreeing between datasets?

Author comment: This is a problem we have struggled with but unfortunately there is no obvious solution. Lines
266 onwards already explain the issue: ”We can not, however, simply subtract the numbers calculated for present
MHW from the numbers for higher water levels for buildings, because an unknown number of these buildings will
truly be affected by higher levels of flooding. We suggest that the numbers of buildings erroneously mapped as
affected will decrease for higher water levels. The numbers calculated for present MHW for buildings form a basis

estimates for other water levels can be compared to. They can also be considered as a measure of the precision of



the current methods and data used in our analysis. Note that because the coastal climate service Sehavniva i kart
presents numbers including the MHW-bias, the numbers for affected areas and roads given in Table 2 and 4 will
differ from those of Se havniva i kart.”

Using a coastline to crop out engineered structures over water will not solve this problem. We do not know the
height of these structures, and, as explained in lines 266 onwards, many of them will be affected by coastal flooding
for water levels above MHW. In our work, we have chosen to include structures over water in the numbers for
present MHW, for reasons explained above. But it is clearly something the reader should keep in mind when

interpreting the results.

o A DEM accuracy of <0.1m (Table 7) is not really true, is it? That refers to the accuracy of the processed lidar point data,
and not the interpolated DEM. As stated in the text, an accuracy of 0.26m is more appropriate. So why is it presented as

such in the table, and elsewhere in the text?
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Author comment: Yes, it is correct that the project goal standard deviation applies to the laser data and not the
interpolated DEM. To make this clearer, we have changed the order of Section 4.1 (deals with all uncertainties)
and Section 4.2 (deals specifically with the DEM) and made several minor changes to the text to distinguish more
clearly between accuracy of LiDAR data and interpolated DEM.

Updates to manuscript:

e Table 7: 0.26 m is added as DEM’s estimated RMSE

e Line 162: The vertical accuracy of the LiDAR data has a production goal root mean square error (RMSE) of
0.1 m for well-defined solid areas (Kartverket 2014).

e Line 348: The project goal uncertainty (RMSE) of the LiDAR data, from which the DEM is interpolated from,
is 0.1 m (Kartverket, 2014).

e Line 351: The actual accuracy of the interpolated DEM depends on...

e Line 356: We therefore consider the project goal uncertainty of the LIDAR data as an optimistic error estimate
for the DEM in the coastal zone.

e Line 406-407: Our tests suggest that the interpolated DEM used to calculate the inundation maps, does only
achieve the project goal uncertainty of the LiDAR data in flat terrain. Considerably lower accuracies must be
expected in steep areas and along much of the coast.

For the figures:

e [ would like to have seen combination figures — pictures inset, side-by-side, or multi-panel with the representative inun-

dation maps (e.g. 5 & 6, 7 & 8). Larger, too.

Author comment: Figure 6 and 8 are now insets of Figure 5 and 7. Figure 4, 5, 7, and 9 will be two-column figures

in order to make the maps larger and easier to read. Cross references and figure-captions are changed accordingly.



e Clear graphs showing the results from tables 2-6 more clearly would increase the impact of these findings. The bar
graphs in Figures 10, 13, 14 are informative, but I can’t help but feel like more data could be incorporated into larger line

graphs for more interpretive power, and showcase the infrastructure challenges facing Norway in the RCP8.5 scenario.

Author comment: We agree that more could be made of these graphs. To address this, we have changed figure 10
90 to include the percentage increase between present and 2090. Figure 13 and 14 now show that percentage of the
total area of the municipality affected. Figure 14 also shows the percentage increase from present to 2090. See new

figures in supplementary document.

e Figures 11/12 are hard to interpret, too much overlapping data. Perhaps colour-magnitude hexagons might more clearly

convey the spatial patterns (e.g. see Figure 2, https://www.nature.com/articles/s41467-019-10762-4)

95 Author comment: As long as the exact positions of the affected objects are not part of our data sets, we do not see
how colour-magnitude hexagons can be used to map the impact of each municipality. So we have kept the bubbles,
but made the figures larger and used small bubbles with a fixed size for municipalities with few structures affected.
We have also reorganized the figures: in the revised manuscript Figure 11 and 12 are replaced by Figure 9, 10, and
11 that separately show the affected land areas, buildings, and roads for a 200-year storm surge at present and for

100 2090. This allows each theme to be visualized in larger figures and we believe they now are easier to interpret. See

new figures in supplementary document.

e References are minimal, and several are non-peer reviewed reports. A more thorough examination of the literature,

particularly with regards to inundation mapping and DEM analyses/uncertainties, would really benefit this manuscript

Author comment: We have added the following references to address this issue:

105 Section 2.1: Olesen et al. (2013)
Section 4.1: Gesch (2013), Gesch (2018), Cooper and Chen (2013), Cooper et al. (2013)
Section 2.2: Sibson (1981), Passeri et al. (2015), and Roelvink et al. (2009)

Line by line comments as follows
e [.13 - Adaption and adaptation are used interchangeably throughout the manuscript. Please pick one for readability.
110 Author comment: OK, adaption changed to adaptation throughout manuscript

e L19 - The sentence beginning "The consequences ...” is awkward. Maybe remove ”and many” as well as the “’the” before

coastal.

Author comment: OK, done.



e 124 - is GIA the only component of VLM at play? No tectonics? I ask because I don’t know and a cursory look turned

115 up no information. Just curious!

Author comment: This is somewhat addressed on line 105: ”. The VLM field used in the projections is based
upon permanent GPS observations and repeated levelling (see Simpson et al., 2015). The presence of small-scale
anomalies, e.g., urban subsidence or neotectonics (e.g. Olesen et al., 2013), may cause VLM to deviate significantly

from this field at the local level.”

120 In other words, the VLM field is based on observations, it is entirely possible that a component of this motion
is tectonic. Also, as stated, there will be local deviations from the field. However, the general pattern of vertical
motion is clearly GIA. We have added a reference to neotectonics (Olesen et al., 2013) to address this a little more

clearly.

e 178 - See point above, how this manuscript may be better suited as a short communication, describing the tool and its

125 applications, inviting the reader to go and perform their own analyses.
Author comment: See first comment.

e [.128 - I recognize that it’s an even more complicated variable than those already left out from your analyses, but I would
have appreciated some mention of a reduction in sea ice and associated coastal effects on arctic communities. In Canada
the highest rates of coastal retreat and impact on communities/infrastructure due to SLR is in arctic areas impacted by

130 a loss of sea ice and associated increased wave activity. . . I'm sure there are some similar effects being witnessed in

northern parts of the study area.

Author comment: Mainland Norway is essentially free of sea ice. Although situated quite far north, the Gulf

stream means the coast remains free of sea ice throughout the year.

e 1161 - is that a definitive statement — every grid cell has at least 2 datapoints? Or is that an average. Also, interpolation

135 method?

Author comment: The product specifications of the LiDAR data says “at least two datapoints per m?”.

Text added at line 162: ”Two methods are applied to interpolate the LiDAR data to a regular DEM. In a first try,
natural neighbor interpolation (Sibson, 1981) was used. If this failed, empty spaces were binned with an average

value.”
140 e L.168 - Some discussion of alternatives to the bathtub methods (e.g. modeling approaches using XBeach)?

Added at line 169: “The “bathtub” approach is favored for several reasons. Firstly, mapping results from this
approach are consistent with how current guidelines on coastal planning are applied in Norway. Secondly, the ap-

proach is straightforward, computationally inexpensive, and has been widely used in large-scale coastal flooding
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analyses. However, there are known limitations of the “bathtub” method. For example, the response of hydrody-
namics, morphology, and ecology as sea level rises is not accounted for (see Passeri et al. (2015) for a review).

Some of these effects could be important on local scales along the Norwegian coast.”

Added at line 440: ”The “’bathtub” approach applied in the present study results in maps that are consistent with
national guidelines on how to account for future sea-level change and storm-surge in coastal planning. Currently,
there are no regulations for modelling the effects of waves, which may increase mean sea level during a storm and
introduce geomorphological changes due to erosion and transport of sediments. Modelling the effects of waves
should be addressed in future work and will require a more advanced framework than the bathtub” approach. A
more advanced framework is provided by the open-source numerical model XBeach (Roelvink et al., 2009), which
is developed to simulate the effects of storms on sandy coasts with domain size of kilometers. The XBeach model is
not a tool for analyzing the entire Norwegian coast, but is suitable for case studies of vulnerable areas like beaches

and coasts covered by soft sediments (e.g., southwest of Norway).”

e 1.193 - Again, unless this is a short communication introducing the tool, this kind of discussion isn’t really necessary in

a scientific paper

Author comment: Ok, removed

e 1.202 - See general comments for sections 3 and 4. Generally I think that sections 3.1 and 3.2 could be thinned signif-
icantly, particularly if more detailed and interpretive figures and maps are presented. 3.3 is a good section — this is the

level of interpretation I'd personally like to see in the results.

Author comment: We have moved line 251-272 (discussing the MHW bias) from Section 3.2 to Section 2.3.
This makes Section 3.2 considerably shorter and more focused on the results. The figures have also been revised
somewhat to include more information. However, we disagree that the level of interpretation is too detailed in
Sections 3.1 and 3.2. Section 3.1 deals with specific examples, and the descriptions of those inundation maps are, we
would argue, brief and light on detail. The purpose of these examples is to show how different geographic/landscape
situations are at risk. And, furthermore, to show how Norway is at risk on local scales. Section 3.2 has been cut
as the MHW-bias discussion has been removed. Otherwise we believe the level of interpretation is appropriate for

this work.

e Sections 4.1 and 4.2 are great — but then none of these uncertainties so carefully outlined are included in the analysis!

Author comment: Confidence intervals have not been calculated for the maps available in the coastal service, but
future work should look at how these uncertainties can be incorporated into our mapping and web tool. See also

comment above.

e [ 421 - ... and future applications of this tool” or something to that effect?

Author comment: Ok, header changed to ”Comparison to other studies and future work”
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Other corrections applied by the authors

Table 1: The sub category is changed from ”Private” to "Private industry” for “factories, workshops, storage halls, power

plants, and transformers”.
Table 5: Horizontal lines added between each category
Figure 3 has been improved. The new version is clearer and easier to interpret.

In the revised manuscript, we have replaced Figure 11 and 12 by Figure 9, 10, and 11 that separately show the affected
land areas, buildings, and roads for a 200-year storm surge at present and for 2090. This allows each theme to be

visualized in larger figures.

Line 52: objects of impact -> objects at risk

Line 72: line break added

Line 129: Reference updated from Nicholls and Cazenave (2010) to Bamber et al. (2018).
Line 179: correcting typos: ...the object’s height is used determines whether...

Line 194 changed to: “Furthermore, the maps and numbers presented in Se havniva i kart will be regularly updated as
new knowledge and data (e.g. new elevation data, better understanding of vertical datums, error corrections) becomes

available.”
Line 203 changed to: ”...the three types of coastlines (strandflat, glaciofluvial deltas, and soft moraine coast)...”

Change at line 313: ”The municipalities with the largest land areas that are at risk of flooding are located in the middle

of Norway (between Trondheim and Tromsg) and in the outer part of Oslofjorden.”
Added at line 314: ...evident by the upper left...

Line 383: solid bedrock -> exposed bedrock
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This paper is an effective study of sea-level rise and coastal flooding exposure in Norway based on a high-quality DEM.
It exhibits a sound, straightforward approach that uses many of the best practices that have been established for these
types of coastal assessments. The paper documents well the data, methods used, and results, and the tables and figures
5 effectively support the material in the text. Overall, the Discussion section is very good, especially the factors affecting

uncertainty and the accuracy of the DEM.
Author comment: Many thanks for your review which has improved the quality of our manuscript.

The results could be improved by attaching confidence levels to the estimates of impacted area and objects. This would
entail not just describing the accuracy of the DEM (and the associated datum conversions), but applying that cumulative
10 vertical uncertainty to characterize the confidence of the results (see Gesch, 2013 and Gesch, 2018 for details on how
this is done). All the needed information is already available with the comprehensive DEM accuracy assessment that has
been done and all the other uncertainty information that is listed in Table 7. I am not saying that this needs to be done
for this paper to be accepted, as I believe the results as currently presented are useful, but adding confidence information
could be done in future related work (perhaps as the remaining 20% of the country is worked on and national results
15 are revised and added to), and the authors could add this idea of characterizing the confidence of the results to the

Discussion/Conclusions sections.

Author comment: This is definitely something we will address in future work.

Added to discussion (Section 4.1): "Future work should look at how these uncertainties can be incorporated into
our mapping and web tool (Gesch, 2013, 2018; Cooper and Chen, 2013; Cooper et al., 2013).”

20 (See also reply to comment to line 334)

Comment on lines 207-216 (discussion of Smola) in section 3.1, and Figures 13 and 14 that it refers to: The area affected

is important, but without knowing the total area of each of the ten municipalities (assuming there’s variability in the
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areas) it’s hard to see which ones are affected the most. So you could also show the affected area as a percent of the total

area of each municipality as a way to rank the municipalities.

Author comment: Thank you for this nice suggestion. The updates of Figure 11 and 12 (Figure 9 in revised
manuscript) include the percentage affected total area of each municipality. See new figures in supplementary

document.

Added at line 216: “Taking into account the municipalities total area, Smgla is the tenth and ninth most affected

municipality by a 200 year storm at present and for 2090, respectively.”

Added at line 317: "When considering flooded land area as a percentage of the total municipality area (lower
panels of Figure 9), we find that six of the ten municipalities with the highest percentages are located on the west

coast.”

Line 3 (abstract): What about isostatic rebound? I see it is mentioned in lines 24-28 as being important, so may want to

also mention it here

Added to abstract: ”...and land uplift due to glacial isostatic adjustment”
Line 50: Suggest "potential consequences” here

Author comment: Ok, ”potential” added

Line 81: It is good that the DEM used has high accuracy (0.26 m RMSE) so that these 1 m intervals can be effectively
mapped at high confidence

Author comment: Yes, this point is mentioned in line 154. We have added a reference to Gesch (2018).

Line 110: Given the accuracy of the DEM used in this study (0.26 m RMSE), each of these will be mapped with a
different level of confidence. 0.40 m is closer to the inherent noise level of the DEM, so will be mapped with less

confidence than 0.82 m. For further information see Gesch, 2018.

Author comment: This is an important remark.

Text added to Section 4.1, line 347: ”Given the accuracy of the DEM used in this study (0.26 m RMSE), each
water level will be mapped with a different level of confidence because the lower levels are close to the inherent
noise level of the DEM.”

Line 172: Although these disconnected low-lying areas can be important to account for too, especially for storm surge
flooding that may overtop the barriers because of waves, or rising groundwater due to sea-level rise. Some studies have

mapped and reported these areas separately. See Rotzoll and Fletcher, 2012; Copper et al., 2013; Copper et al., 2015).



Author comment: Thank you for making us aware of this. We have decided not to comment on this in the text
because this will not be a significant problem for our coastal service due to the generally steep topography of

Norway.
Line 230: ’region’s”
Author comment: OK, corrected
Line 275: This sound like a key finding from this study

Text added to Conclusions at line 457: ”Notably, we also find that the numbers of affected objects for a 20 year
storm-surge return height in 2090 will exceed the numbers for the 1000 year storm-surge at present. Indicating that

an increasing number of objects will be at risk of more frequent flooding.”
Line 304: This, of course, assumes that no protective structures are build (seawals, levees, etc.)

Text changed to: "In this scenario, more than 1700 kmZ2, 263,000 buildings, and 6800 km of roads would be

permanently flooded if no adaptive measures are taken.”

Line 334: But the uncertainties could be accounted for. See: Gesch, 2013; Gesch 2018; Cooper and Chen, 2013; Cooper
et al., 2013.

Author comment: This is a preliminary assessment of the uncertainties - the purpose of which is to indicate that
the uncertainties are generally smaller than the projected sea-level rise. Also, to give the reader an idea of the
different uncertainties involved in the mapping method. There are also smaller errors associated with the different

vertical datums and transformations that have not been assessed for the entire coast.

We agree that it would be very useful to show confidence intervals. However, we have not come so far in our work

that we at present can build that into our mapping.

Added to end of Section 4.1: ”In summary, a preliminary assessment indicates that the elevation model (RMSE
0.26 m) is the largest source of uncertainty in our mapping method. There are also smaller errors associated with
different vertical datums and transformations between datums that have not been assessed for the entire coast.
However, we believe that the sum of these mapping errors are generally smaller than the projected sea-level rise,
which gives us confidence in our results. Future work should look at how these uncertainties can be incorporated

into our mapping and web tool (Gesch, 2013, 2018; Cooper and Chen, 2013; Cooper et al., 2013).”
Line 370: The correct name is “National Geodetic Survey”.

Author comment: Ok, corrected.
Figure 1: These numbers are meters, right? It should indicate that.

Text added to caption: “For all figures the unit is meter.”
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Other corrections applied by the authors

Table 1: The sub category is changed from ”Private” to "Private industry” for “factories, workshops, storage halls, power

plants, and transformers”.
Table 5: Horizontal lines added between each category
Figure 3 has been improved. The new version is clearer and easier to interpret.

In the revised manuscript, we have replaced Figure 11 and 12 by Figure 9, 10, and 11 that separately show the affected
land areas, buildings, and roads for a 200-year storm surge at present and for 2090. This allows each theme to be

visualized in larger figures.

Line 52: objects of impact -> objects at risk

Line 72: line break added

Line 129: Reference updated from Nicholls and Cazenave (2010) to Bamber et al. (2018).
Line 179: correcting typos: ...the object’s height is used determines whether...

Line 194 changed to: “Furthermore, the maps and numbers presented in Se havniva i kart will be regularly updated as
new knowledge and data (e.g. new elevation data, better understanding of vertical datums, error corrections) becomes

available.”
Line 203 changed to: ”...the three types of coastlines (strandflat, glaciofluvial deltas, and soft moraine coast)...”

Change at line 313: ”The municipalities with the largest land areas that are at risk of flooding are located in the middle

of Norway (between Trondheim and Lofoten Tromsg) and in the outer part of Oslofjorden.”
Added at line 314: ...evident by the upper left...

Line 383: solid bedrock -> exposed bedrock
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Changes to text

e Adaption changed to adaptation throughout manuscript
e 1.3, text added ”...steep topography and land uplift due to glacial isostatic adjustment”

e 119, changed: “The consequences of increasing sea level are large because coastal zones are densely populated areas,

have a large population growth, and are economically important.
e [.50: “potential” added
e [.52: objects of impact -> objects at risk
e .72, line break added
e 1108, text added: "or neotectonics (Olesen et al., 2013)”
e [.129, reference updated from Nicholls and Cazenave (2010) to Bamber et al. (2018).
e L155, reference to Gesch (2018) added.

e 1162, text added: "Two methods are applied to interpolate the LiDAR data to a regular DEM. In a first try, natural

neighbor interpolation (Sibson, 1981) was used. If this failed, empty spaces were binned with an average value.”

e 1162, canged: The vertical accuracy of the LiDAR data has a production goal root mean square error (RMSE) of 0.1 m
for well-defined solid areas (Kartverket 2014).
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L169, text added: ”The bathtub” approach is favored for several reasons. Firstly, mapping results from this approach are
consistent with how current guidelines on coastal planning are applied in Norway. Secondly, the approach is straightfor-
ward, computationally inexpensive, and has been widely used in large-scale coastal flooding analyses. However, there
are known limitations of the “bathtub” method. For example, the response of hydrodynamics, morphology, and ecology
as sea level rises is not accounted for (see Passeri et al. (2015) for a review). Some of these effects could be important

on local scales along the Norwegian coast.”

L179, typos corrected: ”...the object’s height is used determines whether...” -> ...the object’s height determines...”
L190, text removed: “e.g., buildings on piers and roads on bridges (see Figure 2)”

L192: L251-L.254) from Section 3.2 inserted.

L193, sentence removed: The service’s web client does not process data on the fly. All map layers and statistics are

preprocessed and read from a database in order to ensure a smooth user experience.)
L193: L254-1L.272 from Section 3.2 inserted.

L.194, changed to: “Furthermore, the maps and numbers presented in Se havniva i kart will be regularly updated as
new knowledge and data (e.g. new elevation data, better understanding of vertical datums, error corrections) become

available.”
L203, changed to: ”...the three types of coastlines (strandflat, glaciofluvial deltas, and soft moraine coast)...”

L216, text added: " Taking into account the municipalities total area, Smgla is the tenth and ninth most affected munici-

pality by a 200 year storm at present and for 2090, respectively.”
L2230, correction: “regions” -> “’region’s”
L251-L272 moved from Section 3.2 to Section 2.3.

L313, changed: “The municipalities with the largest land areas that are at risk of flooding are located in the middle of

Norway (between Trondheim and Tromsg) and in the outer part of Oslofjorden.”

L304, text added: ”...if no adaptive measures are taken.”

L313, changed: “between Trondheim and Lofoten” -> ” between Trondheim and Tromsg”
L314, text added: ...evident by the upper left...

L317, text added: "When considering flooded land area as a percentage of the total municipality area (lower panels of

Figure 9), we find that six of the ten municipalities with the highest percentages are located on the west coast.”
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Section 4.1 and 4.2: We have changed the order of Section 4.1 (deals with all uncertainties) and Section 4.2 (deals
specifically with the DEM) and made several minor changes to the text to distinguish more clearly between accuracy of

LiDAR data and interpolated DEM.

L347, text added: ”Given the accuracy of the DEM used in this study (0.26 m RMSE), each water level will be mapped

with a different level of confidence because the lower levels are close to the inherent noise level of the DEM.”

L348, changed: The project goal uncertainty (RMSE) of the LiDAR data, from which the DEM is interpolated from, is
0.1 m (Kartverket, 2014).

L351, changed: The actual accuracy of the interpolated DEM depends on...

L356, changed: We therefore consider the project goal uncertainty of the LiDAR data as an optimistic error estimate for

the DEM in the coastal zone.

L369, text added ”In summary, a preliminary assessment indicates that the elevation model (RMSE 0.26 m) is the largest
source of uncertainty in our mapping method. There are also smaller errors associated with different vertical datums and
transformations between datums that have not been assessed for the entire coast. However, we believe that the sum of
these mapping errors are generally smaller than the projected sea-level rise, which gives us confidence in our results.
Future work should look at how these uncertainties can be incorporated into our mapping and web tool (Gesch, 2013,

2018; Cooper and Chen, 2013; Cooper et al., 2013).”
L373, correction: "National Geological Survey” -> “National Geodetic Survey”.
L383, changed: ”solid bedrock” -> exposed bedrock™

L406-407, changed: Our tests suggest that the interpolated DEM used to calculate the inundation maps, does only achieve
the project goal uncertainty of the LiDAR data in flat terrain. Considerably lower accuracies must be expected in steep

areas and along much of the coast.
L421, header of section changed to ”Comparison to other studies and future work™

L440, text added: ”The “bathtub” approach applied in the present study results in maps that are consistent with national
guidelines on how to account for future sea-level change and storm-surge in coastal planning. Currently, there are no
regulations for modelling the effects of waves, which may increase mean sea level during a storm and introduce geo-
morphological changes due to erosion and transport of sediments. Modelling the effects of waves should be addressed
in future work and will require a more advanced framework than the “’bathtub” approach. A more advanced framework
is provided by the open-source numerical model XBeach (Roelvink et al., 2009), which is developed to simulate the ef-
fects of storms on sandy coasts with domain size of kilometers. The XBeach model is not a tool for analyzing the entire
Norwegian coast, but is suitable for case studies of vulnerable areas like beaches and coasts covered by soft sediments

(e.g., southwest of Norway).”
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o 1457, text added: "Notably, we also find that the numbers of affected objects for a 20 year storm-surge return height in
2090 will exceed the numbers for the 1000 year storm-surge at present. Indicating that an increasing number of objects
will be at risk of more frequent flooding.”

e Table 1: The sub category is changed from “Private” to ’Private industry” for “factories, workshops, storage halls, power
plants, and transformers”.

e Table 5: Horizontal lines added between each category

e Table 7: 0.26 m is added as DEM’s estimated RMSE

o Added references:

Section 2.1: Olesen et al. (2013)

Section 2.2: Sibson (1981), Passeri et al. (2015), and Roelvink et al. (2009)

Section 4.1: Gesch (2013), Gesch (2018), Cooper and Chen (2013), Cooper et al. (2013)
Changes to figures

e Caption Figure 1, text added: For all figures the unit is meter.”

e Figure 3 has been improved. The new version is clearer and easier to

e Figure 6 and 8 are now insets of Figure 5 and 7.

e Figure 4, 5, 7, and 9 are changed to two-column figures in order to make the maps larger and easier to read. Cross
references and figure-captions are changed accordingly.

e We have changed Figure 10 to include the percentage increase between present and 2090. Figure 13 and 14 now show
the percentage of the total area of the municipality affected. Figure 14 also shows the percentage increase from present
to 2090.

e Figure 11/12: The figures are made larger and small bubbles with a fixed size are used for municipalities with few

structures affected. We have also reorganized the figures: in the revised manuscript Figure 11 and 12 are replaced by
Figure 9, 10, and 11 that separately show the affected land areas, buildings, and roads for a 200-year storm surge at
present and for 2090. This allows each theme to be visualized in larger figures and we believe they now are easier to

interpret. interpret.
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