Reply to referee comment 1

Windstorm damage relations - Assessment of storm damage functions in complex terrain

We thank the reviewer for reading our manuscript and giving thoughtful comments and
suggestions. A detailed response to all comments is found below in blue.

The paper investigates the skill of four storm damage functions to reproduce loss from
windstorm events for the complex topography of Norway at both municipality and national level.
The damage functions use insurance data and the high-resolution reanalysis dataset NORA3
for the period 1985-2020. The authors show that all damage functions are able to reproduce
extreme loss events.

The paper covers an interesting and relevant topic that could be of interest to NHESS
readers. However, major concerns regarding the data and the adopted methods (see main
points below) need to be addressed before considering the paper suitable for publication.
Since these concerns are rather substantial, | suggest rejecting the manuscript at this stage,
but would encourage the authors to resubmit it once it has been revised.

Main points

GENERAL

Comment 1

Are your results representative/transferable to other regions with complex orography? If not,
you should mention Norway in the title.

We have not investigated to what extent the results are transferable to other regions and
the original title referred to the selection of wind speeds in order to obtain representative
values for damage modelling. We appreciate the comment by the reviewer and have
changed the title to:

Assessment of windstorm-damage relations in the complex terrain of Norway

Comment 2
The study needs to be motivated more clearly in the introduction

In the first paragraph of the introduction we have added the following lines (in italics) on the
impacts of storms over Norway:

Wind-related damage claims account for 56% of Norway’s insurance payouts related to
natural hazards from 1980 to 2017 and are by far the largest component of loss claims
related to natural hazards (DSB Norway, 2019). They can affect all sectors from forest to
marine and housing infrastructures (Gardiner et al., 2013; Jensen et al., 2010). However, a
detailed investigation into the relationship between Norwegian windstorms and damage has



so far not been conducted. The comparison of different proposed storm-damage models
has only been conducted in a few countries due to a lack of long and sufficiently
homogeneous insurance claims data (Cole et al., 2010; Prahl et al., 2015). Determining the
best storm-damage model is important in order to make accurate predictions of future
damages, whether it be in a few days (short-term forecast) or in many years (climate
change range). In this paper, we investigate the relations between wind storms and their
associated damage by analysing 36 years of daily insurance data on the municipality level
and daily maximum wind speed data using a set of storm-damage functions. Furthermore,
we develop a probabilistic damage classifier that distinguishes between damaging and
non-damaging wind speeds to help improve early warning systems.

Comment 3

The review paper by Gliksman et al. (2023) provides a good overview on the topic and
should therefore be included.

Thank you for bringing this new review paper to our notice. We have included the reference
of this article in the second paragraph of the introduction: Several methods in the literature
assess the risk associated with extreme wind events across various sectors such as
agriculture, transport, and energy at varying spatial resolutions (Gliksman et al., 2023).
Storm-damage functions are one such method which describes the mathematical relation
between the intensity of a natural hazard, here the wind speed, and the monetary loss
incurred due to the event.

DATA

Comment 1
Why did you choose the year 2015 to adjust the insurance loss for inflation?

Thanks for pointing this out. The official base year for the consumer price index (CPI) used
by Statistics Norway is 2015 so we decided to follow them rather than recalculate the CPI
values for another year. We have added the following text to explain: To adjust for the effect
of inflation, the insurance loss is adjusted using the Norwegian official consumer price index
(CPI) at a fixed year (SSB Norway 2023a). The base year for CPI in Norway is 2015.

Comment 2
Is the population data gridded (line 123) or at municipality level (line 95)?

The population data obtained from Statistics Norway as on line 123 is on a 1 km x 1 km grid
and is available annually for the period 2001-2019. Therefore, we choose to use a constant
population that is the average population for the period 2001-2019 in each grid cell. To get
the population weighted wind speeds, we remapped the population field to the 3 km x 3 km
NORA3 grid before taking the average of the population-weighted wind speeds in each



municipality as our “damage relevant” wind speed. However, the population data mentioned
on line 95 in the original manuscript is also published by Statistics Norway but at the
municipality level and is available for the whole period of the study. As the insurance data is
also at the municipality level, we scale the insurance loss data with municipality-level
population to get the loss per person. Hence both the insurance and the damage relevant
wind speeds include information about the population. We have tried to make it clearer in
the manuscript by adding the following lines: Statistics Norway publishes yearly population
data at municipality level which goes back to 1951 (SSB Norway, 2023b). To address the
change in exposure to a certain extent, we compute the loss per person for each
municipality by dividing the insurance loss data with the yearly population.

Please see also our response to comment 1 in the Methods section.

Comment 3

You have adjusted the loss for inflation and then talk about the zero inflation of the loss time
series. This is quite misleading.

We understand the confusion here. The inflation that we adjust for is financial inflation, while
“zero inflation” is a statistical term that refers to the excess number of zeroes in the
insurance loss data due to the absence of losses on most days. To add more clarity to this,
we have added the following: The presence of such extreme events brings skewness in the
loss distribution and the absence of losses on most days of the year makes the loss data
zero-inflated (excess number of zeros in the data).

Comment 4
It is unclear which wind speed and gust data you extracted from NORAG3:

[J Line 113: time steps 4-9h
[J Line 113: hourly wind speed
[J Line 114: daily maximum near-surface wind speed.

We have changed the text to: The hindcast consists of a sequence of 9-h forecasts initialised at
00, 06, 12 and 18 UTC every day from 1985 to 2020, which were the 36 years available at the
time of our analysis. Aggregating the 4-9 h lead times provides an hourly dataset from which we
extract the daily maximum wind speed and gust. A more comprehensive description can be
found in the Appendix of Haakenstad et al. (2021).

METHODS

Comment 1

It is not clear how the estimation of municipality level wind speed works.

As suggested by the reviewer, we have tried to clarify how we obtain the wind speed at the
municipality level with the following text:



As the insurance loss is at the municipality level, we must estimate a municipality-relevant
wind speed to apply the storm-damage functions. A simple approach would be to use the
daily average wind speed among all the grid points contained in a given municipality.
However, to compensate for the complex topography and disparate demography of Norway,
a more relevant population-weighted wind speed has been estimated to remove extreme
wind events occurring over mountains, lakes, and other population-sparse regions. We
weight the NORAS3 daily maximum hourly wind speed with the gridded population. Statistics
Norway publishes yearly gridded population data at 1 km x 1 km for Norway for the period
2001 to 2019 (https.//www.ssb.no/natur-og-miljo/geodata; Strand and Bloch, 2009), which
does not cover the whole period of the study. Therefore, we computed the average
population for the period 2001-2019 in each grid cell. Then this averaged population is
remapped on the same 3 km x 3 km grid as the NORA3 data. To achieve this, we assign
each population grid cell to the nearest NORA3 grid cell. If more than one non-zero
population grid cell corresponds to a NORAS3 cell, we assign the sum of the population grid
cells to the NORAS3 grid cell. Finally, in order to have the wind speed at the municipality
level, as is the insurance data, we take the population-weighted average of the daily
maximum hourly wind speed in each municipality. We repeat the process for the daily
maximum wind gusts.

Comment 2

Why did you not calculate the storm damage by grid point and then aggregate it by region
(municipality or national level), as Pinto et al. (2012) or Karremann et al. (2014a) did, for
example? These studies also include a weighting with population density.

Using the Klawa damage function, Pinto et al. (2012) calculated the storm severity index at
grid points and aggregated it to the storm affected region. Then they calibrated the
aggregated loss indexes with observed insurance losses via linear regression (see eq. 2 by
Pinto et al., 2012). In the present study, we follow a similar methodology, except that we
chose to calibrate the Klawa damage damage function with insurance loss at municipality
level. To our best knowledge, such an index based approach has never been performed yet
at grid point level using other damage functions. Therefore, calibration of the damage
functions has to be performed at the same resolution as the loss data, which, in our case, is
at municipality level. Karremann et al. (2014a) follows the methodology of Pinto et al. (2012)
but focuses on return periods of events and does not calibrate the loss indices with
observed loss.

The Klawa model was originally developed as a loss index for German districts and to estimate
annual national losses using the German Insurance data. Later, Pinto et al. (2012) calibrated the
damage function for the affected areas of individual storm events using the German insurance
data. In the present study, we follow a similar methodology, except that we chose to calibrate
the Klawa damage damage function with insurance loss at municipality level. Prahl et al. (2015)
applied the damage function at district level on daily German insurance losses.



Comment 3

Exponential model: Why did you chose the 95th percentile and not a similar threshold as in
the other models? It seems too low to assess extreme events. Why is it necessary/useful to
bin the loss with respect to wind speed?

Due to its shape, the exponential model can be extended to lower wind speeds that may
cause small to medium damages. Therefore, we chose the 95th percentile of the wind
speed to include lower wind speeds with the aim to get a model able to simulate losses for
moderately strong wind speeds. The wind speed between the 95th and 98th percentiles
makes up around 10% of total insured losses. In addition, the median number of loss days
for municipalities is 64 for wind speeds above the 95th percentile and 49 for wind speeds
above the 98th percentile. Thus, using the 95th percentile adds more data, for a better fit of
the low loss events. The other model using a threshold is the Klawa model. This model is
only suitable for extreme loss events and the 98th percentile is a more appropriate choice.
We have added the following lines in section 2.4.1 for the justification of the choice of the
threshold of the 95th percentile:

The exponential model, by its shape, can be extended to lower wind speeds that
may cause low to medium size losses. To take advantage of this, we choose the
95th percentile wind speed above which 82% of losses are recorded as the
threshold for the exponential model. Such a threshold ensures that the model
accounts for low to medium losses while discarding very small losses.

Losses are binned to increase the robustness of model fitting to events that are rare (large
events). If the data is not binned the fitting procedure will minimise the deviation of all
individual losses to the curve, leaving a good fit where there are many events (low losses)
at the expense of the fit for the high losses. If the data is binned, equal weight is put on
each bin, thereby increasing the goodness of fit for the extreme events at the expense of
the fit for low events. Another advantage of binning loss with respect to wind speed is that
the influence of one or two extreme losses on the shape of the damage function can be
eliminated. We have clarified the purpose of binning the data in section 2.4:

For robust storm-damage relations, extreme care should be taken when calibrating
the damage functions. To ensure robustness of the damage functions, we bin the
loss data with respect to wind speeds to reduce the weight of low loss events. Note
that we do not perform binning for the Klawa damage function as the model is only
suitable for high loss events and inherently removes the low losses with the use of a
high wind speed threshold. More about binning in individual models is explained in
the following sections.



Comment 4

Klawa model: Why do they use the 98th percentile? Please explain. Have you checked
whether this threshold is suitable for Norway (see Karremann et al., 2014b)?

The 98th percentile wind speed threshold in the Klawa model is not particularly well justified
in the literature. Klawa and Ulbrich (2003) used the 98th percentile wind speed as the
threshold for two reasons: 1) the assumption by Palutikof and Skellern (1991) that storm
damages occur in 2% of all days and 2) the German insurance threshold for storm damage
claim settlement is 20 m/s which roughly coincides with the 98th percentile. For Norway,
72% of the insurance losses are caused by wind speed above the 98th percentile. Given
that the Klawa model only is suitable for high loss cases, the 98th percentile seems like a
reasonable choice. We agree that rather than a fixed deterministic threshold,
statistically-determined estimates for wind speed thresholds are desired, but it is not clear
how this could be best done. Thus. for simplicity, we have chosen not to do this. One
alternative would be to make the threshold municipality dependent. Another alternative
would be to have a fixed value as the threshold. The fixed threshold approach was used in
Karremann et al. (2014b) assuming a threshold of 9 m/s for wind speeds causing damage in
Norway. From our analysis, 75% of the municipalities exhibit a 98th percentile
population-weighted wind speed above 9 m/s. Thus, our threshold is higher than in
Karremann et al. (2014b). We have added the following paragraph in section 2.4.2 for the
justification of choice of wind speed threshold:

Several studies across Europe use the 98th percentile wind speed as a threshold for the
Klawa damage function (Pinto et al., 2012; Karremann et al., 2014a, b). Ideally, the
threshold for damaging wind should be locally chosen using statistically-determined
estimates, but for simplicity we have kept the often used 98th percentile. In Norway, 72% of
the insurance losses are caused by wind speeds above the 98th percentile. As the Klawa
model is not designed for low loss cases, this is a fairly reasonable simplification. Note that
if grid point wind speeds were chosen, this choice of percentile can be problematic for
places with weak winds, such as southeastern Norway (see Fig. 7a). Therefore, for
example, Karremann et al. (2014b) and Little et al. (2023) suggested a fixed 9 m/s as
threshold for wind speeds causing damage in Norway. This study uses the mean population
weighted winds speeds, reducing the relative importance of grid cells with very low wind
speeds and therefore avoiding the problem of very low 98th percentile wind speeds.

Comment 5

Why are you interested in different loss classes? Losses are primarily caused by gusts
above a certain threshold.

Society is primarily interested in events with very high losses. Thus, investigating the quality
of the damage functions for these events is of particular interest. The extreme loss class we
have defined here comprises, on average, one loss day per year but accounts for 85% of
the total losses. The high loss class, i.e. losses that lie between the 98 and 99.7th loss



percentiles, comprises only 8% of the total losses. If we decided not to segregate into loss
classes, the validation would be governed by the numerous low-loss events whereas it is
clearly the high-loss events that are of most interest. The loss classes therefore help us to
differentiate the quality of the damage functions for events of different severity. We will
better justify the use of loss classes in the manuscript in section 3.1 with the following lines:

From the damage perspective, extreme damaging events are of the topmost concern. The
losses above the 99.7th percentile (occurring on average around one time each year) in
each municipality when aggregated account for 85% of total national loss. In each
municipality we define the losses higher than the 99.7th percentile as the extreme loss class
and losses lying between the 98th and 99.7th percentile as the high loss class. The high
loss class comprises 8% of losses. The extreme loss class represents approximately 31
and 9 extreme loss days in each municipality in the training and testing data, respectively.
Segregation of losses into different classes helps to assess the performance of the damage
functions for events of different severity.

Comment 6
Modified Prahl model: Why did you choose this particular modification?

Initial analysis showed that the power law-based probabilistic damage function by Prahl
underestimated high losses in many municipalities. At the same time, the
deterministic-based exponential models were showing good fits. Therefore, the modified
Prahl is an attempt to keep the probabilistic aspect of the Prahl model, in combination with
an exponential fit. We have added the following lines to justify our modification:

The rationale behind Prahl’'s damage function is that the loss increases steeply for extreme
wind events (Fig. 2c). However, based on inspection of the quality of the fitted curves for
very high loss events, we identified a need for an even steeper damage function for certain
municipalities in Norway. The deterministic exponential damage function increases sharply
and shows good fits for municipalities in Norway. Therefore, we propose a modified version
of the damage function by Prahl that combines an exponential fit with the probabilistic
aspect of the Prahl model.

Comment 7

The concept of the damage classifier is not clear. What added value does it offer compared
to the exponential or Klawa model, which already classify events/non-events based on wind
speed thresholds?

A damage classifier classifies a given wind speed as damaging or not. While the
exponential and Klawa models are deterministic models without any information about
damage probabilities for different wind speeds, we can extract from the probability term in
the Prahl damage function the probabilities that a wind speed causes damage. For our
damage classifier, we determine the probability threshold from the damage probabilities.



To demonstrate the advantage of a probabilistic damage classifier, we can compare the
accuracy of the fixed wind speed threshold used in the Klawa model to the accuracy of the
probabilistic damage classifier based on the Prahl damage function. For extreme wind
speeds, i.e for wind speeds above the 98th percentile, the accuracy (proportion of correct
prediction) of the wind speed threshold based classifier is far lower (median of 18%) (Fig.
R1a below) than the accuracy of the probabilistic damage classifier (median of 68%) (Fig.
R1b below). This can be explained by the fact that, while the Klawa model will always
estimate damage above a given wind threshold (98th percentile) and no damage below, the
damage classifier provides a damage/no damage classification based on the historical
probability of damage for any given wind speed.
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Figure R1: For windspeeds above the 98th percentile, histegrams of (&) accuracy of damage clasaifier based on 98th percentile windspeed (medlan:
1&%) and (b} accuracy of damage classifier  defined from the Prahl damage funclion (median; 68%.)

To demonstrate the usefulness of the damage classifier we added the following paragraph
in section 3.5:

The damage classifier defined from event occurrence probabilities clearly outperforms
classifiers that solely rely on wind speed. To demonstrate this, we define a damage
classifier based on wind speed thresholds in which all wind speeds above the 98th
percentile are labelled as damaging (as is done in the Klawa model). For wind speeds
above the 98th percentile, the damage classifier based on the probability term of Prahl
damage function (eq. 4) shows far higher accuracy when compared to the accuracy of the
classifier solely based on wind speed (Fig. R1).

Comment 8

If you focus on daily losses (line 238), how do you account for longer lasting events? Which
day of the storm event is selected as the ‘loss day’?

Wind-related loss events very seldom exceed a full day within a given municipality. If that is
the case and a long event has led to losses every day of the event, every day is treated as
an individual event. We have added this precision in the manuscript.



FIGURES / TABLES

Comment 1

In total, 14 figures and 3 tables are too many to include in the main manuscript. You should
select the most relevant ones to convey your key findings and move the rest to the
Supplementary Material.

Following the reviewer’s suggestion, we have moved Figs. 1, 5, 6, 7, 13 and 14 to the
supplement. We have also combined Figs. 2 and 3, Fig. 8 and Fig. 9. We have also moved
Table 1 and Table 3 to the supplement. We have, however, added Figure R1 in section 3.5 (see
our reply to comment 7 in methods). After these changes, the manuscript contains seven figures
and one table.

Comment 2

In your spatial maps, you use the same colours for loss, wind speed, errors, thresholds, etc.
Consider using different colormaps to depict the spatial patterns. This could help the reader
better understand what is shown and clearly differentiate the different type of plots.

Thanks for the suggestion. We will change the colorbars in the revised manuscript.
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