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Abstract. Natural hazards pose significant risks to human lives, infrastructure,
and ecosystems, necessitating a comprehensive understanding of climate risks for
effective adaptation planning and risk management. However, climate risk assessments
mostly focus on economic asset values and infrastructures such as roads and buildings,
because publicly available data on more diverse exposures are scarce. The increasing
availability of crowd-sourced geospatial data, notably from OpenStreetMap, opens
up a novel means for assessing climate risk to a large range of physical assets. To
this end, we present a stand-alone, lightweight, and highly flexible Python-based
OpenStreetMap data extraction tool: OSM-flex. We demonstrate the potential and
limitations of OpenStreetMap data for risk assessments by coupling OSM-flex to the
open-source natural hazard risk assessment platform CLIMADA, and computing the
current climate’s winter storm risk and event impacts from the severe winter storm
Lothar across Switzerland. Specifically, we evaluate the risks and impacts on forests,
UNESCO heritage sites, railways, healthcare facilities, and airports, and compare them
with traditional impact metrics such as asset damages and affected population. This
study aims to provide researchers, practitioners, and decision-makers with insights
into utilizing open-source data and software tools for conducting multi-faceted and
high-resolution climate risk assessments.



1. Introduction

Natural hazards aledt humans, human-made
structures, and nature. Impacts and conse-
quences of such events may therefore be as
diverse as the exposed assets. Understand-
ing these multiple dimensions of disaster risk
across economic, social, health, educational,
environmental, and cultural heritage is also
a main priority within the Sendai Framework
for Disaster Risk Reduction (UNDRR (2015,
§ 24 ). While capturing many facets of risk
incurred by natural hazard events can allow
for better and more informed risk manage-
ment practices, capabilities to do so are often
severely constrained by data availability within
all stages of the risk assessment chain - not
least on the exposure side.

The Sendai Framework, therefore, stresses
the importance of access to reliable data, in-
cluding geographic information systems (GIS),
to “strengthen technical and scientific capac-
ity to capitalize on and consolidate existing
knowledge and to develop and apply method-
ologies and models to assess disaster risks,
vulnerabilities, and exposure to all hazards”
(UNDRR 2015). As the research community
and decision-makers are urged to move to-
wards more diverse analyses of natural hazard-
induced risks in a changing climate, open-
source tools are needed to facilitate these in an
equitable manner that is accessible to a wider
range of stakeholders.

Responding to this need, models to
capture risk—defined as the product of hazard,
exposure and vulnerability by the IPCC (Field
et al. [2014)—are increasingly developed in an
open-source manner (e.g., Aznar-Siguan and
Bresch 2019; Paulik et al. [2022; Koks [2022).
However, many o[-the-shelf input data sets
for risk computations may not have global
coverage, and bespoke models frequently focus

3

on a single component of the risk equation,
especially on the hazard side (cf. Bloemendaal,
Haigh, et al. 2020; Yamazaki et al. 2011} Luthi
et al. 2021; Pagani et al. 2022). Moreover,
interoperability between models and data sets
covering di [erknt risk components is often not
straightforward, reducing usability for non-
experts despite their (theoretical) availability.
Nevertheless, the advancement of remote
sensing has greatly aided the development of
spatially explicit global exposure layer data,
such as building footprints (Microsoft 2023),
population counts (Center for International
Earth Science Information Network (CIESIN),
Columbia University 2017; WorldPop and Cen-
ter for International Earth Science Informa-
tion Network (CIESIN), Columbia University
2020), land use and land cover (Potapov et al.
2022) or economic asset value concentrations
(Eberenz et al.2020). While this o [ers obvious
potential for natural hazard risk assessments,
the aspects of risk which can be explored with
these data sets are inherently constrained to
economic values and population numbers.
The increasing level of detail with which
the visible environment is mapped in Open-
StreetMap (OSM) o Lerk di Lerent and less con-
ventional opportunities for natural hazard risk
assessment (Nirandjan et al. 2022). As a freely
available and open-source resource for geo-
referenced exposure data, OSM has been used
as an input layer in a number of studies in the
wider area of natural hazard risks, spanning
direct damage assessments (Koks, Rozenberg,
et al. 2019), service disruptions (Muhlhofer,
Koks, Kropf, et al. |2023), emergency response
(Gultom, Haryanto, and Suhartanto 2021) and
adaptation planning (Schotten and Bachmann
2023). Many of them focus predominantly
on general building stocks (Cerri et al. 2021;
Bloemendaal and Koks 2022) and major trans-
portation assets such as roads and railways
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(Koks, Rozenberg, et al. 2019; Mulholland and major implementation steps, assumptions, lim-
Feyen|2021; van Ginkel et al. 2021), and to a itations, and decision-making implications in-
lesser degree on other (critical) infrastructure volved in computing event impacts and nat-
assets such as airports (Yesudian and Dawsonural hazard risks from high-resolution expo-
2021), social facilities (Nirandjan et al. 2022; sure data obtained through OSM. By provid-
Muhlhofer, Koks, Kropf, et al.|2023) or power ing these open-source tools and perspectives,
generation and distribution assets (Nirandjan we aim to raise awareness and broaden the
et al. 2022). However, as it is not limited means for exploring non-monetary facets of cli-
to modern human-made structures, the OSM mate risk.

data supports the study of other risk areas of

the built-up and natural environment, such as 2. Methods

forests, agricultural land, UNESCO heritage

sites, and ecosystem services (Ruckelshaus e2.1. Obtaining Geospatial Data from OSM
al. [2020). with OSM- ex

Although a number of Python tools have Features can be extracted from OSM and
bgen develpped for the retrieval of certain converted into geographical tabular format
high-resolution exposure data from OSM (e.g., for use in Python in two ways: either by
Tenkanen | 202D, Boeind 2017), there is noreading data directly from the Overpass ARZ

versatlle Imkagg to access the entire data or by downloading regional data dumps as
universe and e ciently perform natural hazard 5.:0c0lbu er Binary Format (PBF) les [

risk assessments on these data on a large scalel'erom dedicated online repositories such as

The gim of this study is thus three-fold: GeoFabrik (2023), from which the desired data
rst, to bridge a data access gap by present- .. ihan pe parsed

ing the lightweight, stand-alone, and highly Two well-known Python packages, Py-

exible Eython module OSM- ex (Muhlhofer, rosm (Tenkanen[2020) and OSMnx (Boeing
KOkS’_ Riedel, et al. _2023) that .enables users2017), excel at opposite ends of this retrieval
tf) e ciently and consistently re’Frleve gegspa— spectrum. Both packages are well maintained
fual expo_sure data from OSM with all available and easily installable using standard package
information; second, to demonstrate seam- managers. While a core functionality of both

less mtegra_ltlon within the open-source natu- packages is the selective parsing of geographi-
ral hazard risk assessment platform CLIMADA .., taatures from OSM into Python-based tab-

(Aznar-Siguan and Bresch 2019) to perform ular formats, OSMnx features additional inte-

end-to-end risk assessments; _and third, 10 gration with graph-analysis packages and com-
show that more diverse perspectives of natural mon plotting libraries. Because OSMnx re-

hazard-induced risks, and hence risk manage-jo5 on AP| queries for data retrieval, it is
ment strategies, may_ be explored when _Open'limited by restrictions on query sizes and re-
ing up to the potentials of non-conventional
exposure data.

Within a brief case study on winter storm
impacts to railroads, hospitals, UNESCO her-
itage sites, airports, and forests in Switzerland
yet without loss of generality, we illustrate the

quires a constant internet connection for this
process. Pyrosm circumvents this by parsing

Zz Seehttps://overpass-api.de/
X Seehttps://wiki.openstreetmap.org/wiki/PBF_
' [Format


https://overpass-api.de/
https://wiki.openstreetmap.org/wiki/PBF_Format
https://wiki.openstreetmap.org/wiki/PBF_Format

Figure 1. Schematic representation of a climate risk assessment work ow for OSM features using the OSM-
ex package and CLIMADA. Top panel: basic steps for OSM feature extraction in the OSM- ex module: an OSM
data dump is downloaded in *.osm.pbf format; optionally the area is clipped to an arbitrary polygon shape; the
elements of interest are extracted using pre-written or custom queries with OSM tags; the data is converted into
a GeoDataFrame. Bottom panel: integration of OSM data into the CLIMADA risk assessment work ow. The
helper modules within CLIMADA conveniently allow users to directly derive point-based CLIMADA Exposures

by accessing the OSM- exmodule and dissaggregating lines and polygons exposure elements to points. The
obtained point exposure can then be combined with the hazard and vulnerability models to compute point
impacts (risk). Finally, point-based impact and risk data can be re-aggregated to the original OSM feature
geometries.
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downloaded data dumps, yet relies on OSMnx (iv) Post-process the extracted data set
in the background for other functionalities. (optional)

Both come with a range of non-standard pack-
age dependencies and vary in customizability
of the queries in terms of spatial areas and
speci cation of ltering attributes.

Here, we introduce the lightweight Python-
based package OSM-ex (Muhlhofer, Koks,
Riedel, et al. 2023), which e ciently parses
large sets of OSM data based on user-speci ed
gueries from PBF data dumps within arbitrary
and fully user-de ned geographical bound-
aries, such as cities, states, multi-country re-
gions or bounding boxes. This provides the
computational e ciency and user exibility
required to perform multi-faceted risk analy-
ses. lIts availability on common software dis-
tribution channels (PyPI and GitHub) and its
low dependency requirements make it suitable

for integration within larger and more com- ) )
manual installation of the small command-

plex software packages such as the CLIMADA i .
: . . . line executableosmconvertk which facilitates
risk assessment platform discussed in section

2.2. The package repository features a testthe cllpplng.commands within QSM_EX' n
. . . future iterations of OSM- ex, this step may
suite that is executed in an automated test- o )
. o . . . be further simplied. See Appendix A.2 for
ing pipeline. Appendix B provides an in-depth ) o ,
. . details on clipping options and these tools.
comparison of all three above-mentioned pack-

. . While OSM- ex is built to be lean and
ages to guide interested researchers in the se- , , ) o
. . . accessible, its use requires some familiarization
lection process for the most-suited tool given

their research ambitions with the syntax of keys and values in
The general work. ow of the OSM- OSM, that is, the attributes that characterize
ex package includes four steps, as illustrated geolocated data qnd a_IIow itto be queried. For
in the upper panel of Fig. 1: increased user friendliness, common exposure
- data categories can also be retrieved with
() Download a country, regional or planet pre-written extraction wrappers, such as road
data dump (PBF le) from an online and railway assets, healthcare and education

OSM- ex favors the one-time download
of PBF data dumps over the direct query of
individual features from the Overpass API, as
feature extraction does not require a constant
internet connection nor is constrained by query
size limitations. Appendix A.1 provides details
on what access points and (regional) versions
of data dumps are readily obtainable within
OSM- ex.

The optional step of clipping a larger
data dump to specic bounding boxes or
(multi-)polygons is useful when dealing with
regions or small islands that are not available
as dedicated les on one of the OSM data
repositories, or when wanting to clip from,
for example, the global level along own
prede ned borders. It currently requires

repository facilities, or power infrastructure. Additional
(i) Clip the data dump to the area of interest details are provided in Appendix A.3.
(optional) The desired geospatial information with

(iii) Extract the desired features from OSM point-, line-, and polygon-based object geome-

into tabular format using the OSM tries and attribute columns is provided as a

tagging syntax k See https://wiki.openstreetmap.org/wiki/
Osmconvert
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GeoDataFrame, a data type de ned by the relating the hazard intensity to the expected
GeoPandas Python package (Bossche et alimpact, expressed in a ratio of exposure value.
2023). After obtaining the data, further post- Exposure data which represents the spa-
processing may be required, such as ltering tial distribution of monetary asset values
out very small, yet numerous polygons be- (Eberenz et al. 2020) or population counts
longing to large natural areas, removing du- most commonly forms the basis of climate risk
plicates, or simplifying transportation network assessments. CLIMADA is exible with regard
geometries. See Appendix A.4 for helpful post- to input data, thus allowing arbitrary exposure
processing resources and steps. inputs, vulnerability function de nitions, and
More extensive code documentation and hazard footprints.
detailed tutorials featuring usage exam- To perform such a risk analysis on OSM
ples are available at https://osm-flex. features, exposure data must rst be extracted
readthedocs.io to guide users. Starting from into a GeoDataFrame as described in Section
the possibility of extracting a wide range of 2.1. As CLIMADA's engine is designed only
exposure data from OSM, the following para- for pointwise data, line- and polygon-based
graph outlines how this data can be e ciently data must be interpolated to points before
integrated into a climate risk assessment work- the impact computations, and re-aggregated
ow. afterwards, which can be done with a dedicated
utility module (see Appendix C for the logic
2.2. Using OSM Features in Climate Risk of this helper module and (dis-)aggregation
Assessments with CLIMADA options).  Similarly, dedicated hazard and
vulnerability data must be provided and can
be obtained via the CLIMADA data API for
several hazards (Schmid 2023) or be ingested
from users' own resources.

CLIMADA is an open-source Python plat-
form for natural hazard impact computations,
climate risk assessments, and adaptation op-
tion appraisal (Aznar-Siguan and Bresch 2019;
Bresch and Aznar-Siguan 2021). It computes
risk according to the IPCC risk de nition as
the product of exposure, vulnerability, and

hazard (Pértner et al. 2022). Hazard rep- On December 26, 1999, winter stornbothar

re_sents events.as spatially expllc_lt fgotprlr?ts swept across France, Germany and Switzer-
with an associated hazard-specic intensity land, leaving a trace of destruction. In Switzer-

metric such as ood depth or wind speed. Each land, the event is among the top three most
event can be assigned an occurrence probabil

ity to form a probabilistic set. Exposures are
a spatially explicit representation of the ele-

3. Application: A Multi-Faceted View
on Winter Storm Risk

impactful winter storms, with signi cant tolls
on human lives, critical infrastructure, build-
ing damage, forest loss, and wildlife (Gaillard

ments potentially at risk, including 'Fheir (non- ot a1, 2003; Jordi 2019; Niemeyer and Albisser
)monetary value such as population clusters 2001).

with population counts or infrastructure assets
with their production capacity. Vulnerability
is the linking element between hazard and ex-

In the following sections, the methodol-
ogy presented above is explored by computing
. . ~” the wind impacts of Lothar on OSM-extracted
posure, and is modeled as an impact function built-up and natural assets across Switzerland.
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The results are compared with more conven- ulation count data at 30 arcsecond resolution
tional metrics such as the total value of phys- (LitPop, (Eberenz et al. 2020)), and a popu-
ical assets damaged and the number of peodation exposure at the same resolution based
ple a ected, and validated with event reports. on the SEDAC GPW v4.0 dataset (Center for
Furthermore, the average annual risk of win- International Earth Science Information Net-
ter storms to these exposures, obtained fromwork (CIESIN), Columbia University 2017);
a probabilistic hazard set representing today's see Fig. D3). Impact functions (vulnerability
climate, is reported. curves) relating hazard intensity to damage ex-
tent were obtained from (Welker, R66sli, and
3.1. Winter Storm Impact Calculations with  Bresch 2020) for wind-induced general asset
OSM and CLIMADA damages, which were calibrated to the Swiss
context. For all other exposures, step func-
tions were employed that mirror warning cate-
gories issued by the Swiss Federal O ce of Me-
teorology and Climatology (MeteoSwiss 2023;
Blass et al. 2022). For population, railways,
“healthcare facilities and airports, wind inten-
sities above 30.5 m/s (110 km/h, warning cat-
egory 4) were considered critical based on the
warning rationales provided by o cial sources,
whereas for forests, wind intensities above 38.9

3.1.1. OSM Exposure Data Extraction Us-
ing OSM-ex, OSM data from Switzerland
was downloaded fromhttps://geofabrik.de

on March 13, 2023. Points, lines and poly-
gon data were extracted into GeoPandas Geo
DataFrames for 1155 major healthcare facili-
ties (hospitals, clinics, and doctors' practices),
20100km of railways (individual rails, incl.
trams and narrow gauge rails), 15 airports,

12500km? of forests, and 11 UNESCO her- )
. . . . _m/s (140 km/h, warning category 5) were con-
itage sites, see Fig. D2. The exact queries .

sidered more adequate to capture tree snap-

(OSM tags) are noted in Table D1. Geo- . oo et al 2016). See Fig. D4 for the
spatial data were post-processed to eliminate . .
plots of all impact functions used. Impacts

2 -
very small areas ¢ 10am) of forest, and du were computed for all exposures within the

plicates for healthcare facilities and airports. CLIMADA, whereby line and polygon-based
data (i.e. railways and forests) were interpo-

ﬁ.l.hZ. Wind Impact dTQe VV\\;'r:ij eIc:_{(?f. s:orm q lated to a 100 m resolution and re-aggregated
othar was prepared by Welker, Roosli, an (by summation) afterwards into their original

Brlesch (,2020) as the maximum 3-second SUSshapes. The impact data are shown in Fig. 2.
tained wind speeds at a height of 10 m above
ground over 72 h at a spatial resolution of ap- 3.1.3. Wind Risk

proximately 4.4 km, based on the Windstorm storm Lothar, we also considered the general

Information Service (WISC) of the Coperni- . o , .
. _ winter storm risk in Switzerland following the
cus Climate Change Service. These data were

) , IPCC de nition of risk as the probability
obtained via the CLIMADA Data API and .
) . of occurrence of an event multiplied by
stored as a CLIMADA Hazard object, see Fig.

its severity. To this eect, we used the
D1. OSM data were stored as CLIMADA e .
: _ WISC probabilistic extension hazard event
Exposure objects, together with a general as-

¢ val tor Switzerland based set, available through the CLIMADA Data
set value exposgre .or ,WI zer_an ased ONpp (RO6sli and Bresch 2020; Welker, Ro0sli,
the product of nightlight intensity and pop-

and Bresch 2020). This hazard set is

In addition to the extreme
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Table 1. Impacts from winter storm Lothar (1999) compilation by Niemeyer and Albisser (2001)

across Switzerland for general asset values, population CON rms the severity of the event across many
counts, and ve categories of OSM-retrieved exposures. dimensions of (public) life and strengthens the

Exposure type Absolute Relative  picture of multi-faceted impacts obtained from
Asset Valued US $179.4 mil 0.01% the computatlons p.resented in this study: re-
Population@ 4.17 mil. people  57.2% Ported impact metrics tend to revolve around
Healthcare Facilities” 649 units 56.2%  (insured) building damages (in the case of
Airports 6 units  40.0% | othar, around CHF 600 mil.) and a ected
UNESCO Sites 3sites  27.3 % . . :
Railways* 6951km  50.4% !oopulatlon or fatalities (15 people died dur
Forests 464.6 kn? 379 ing the storm, and roughly the same amount

afterwards during clean-up and reconstruction
e orts). The standard impact computations
within CLIMADA capture these metrics as as-
set damages (though under-estimated with US
$179 mil. or CHF 113.3 mil. at the time),
based on historic records, but features an and a ected population (4.17 mil., a number
additional 29 synthetic hazards per historic that is inherently di cult to track and verify,
hazard occurrence from 1940 to 2014. It wasas reports tend to focus on the well-reported
calibrated on the years 1990 2010, which can number of fatalities instead). However, other
be seen as representative of climate conditionsdimensions of societal importance were equally
today. Furthermore, for the physical asset captured, such as rail transportation - mapped
and population exposure layers, we used thehere as a ected to roughly 50 % - was indeed

2 reference year: 2000° hospitals, clinics and doctors'
o ces; © all individual lines counted separately, also for
parallel tracks.

reference year 2020 instead of 1999. interrupted on many lines across the German-
speaking part of Switzerland (covering approx-
3.2. Results imately 65 % of Swiss territory); estimated

forest losses (amounting to CHF 750 mil. in

economic worth, and 4.3% of the Swiss for-

Lothar computed for dierent exposures. .
. est area), is close to the modelled 3.7% of
Although aected by varying absolute and . .
the area. It was not possible to retrieve ex-

relative degrees, the impacts are considerable” ™ _ _
plicit reports on the impacts to airports (apart

across all studied dimensions. An important _ _
. . from ight cancellations), healthcare facilities
distinction must be made with regards to _ _

or UNESCO heritage sites. Not modelled

what these impact gures stand for. For C _
. within the scope of this illustrative case-study,
forests and general asset values, physical losses

and damages are modelled; for the remaining but frequently mentlon.ed In reports were im-
. . pacts on the power grid and road transporta-
exposure categories, the numbers of items

. . , tion (Niemeyer and Albisser 2001). While
exposed to a certain hazard intensity are tructural | ‘ the latt b i
modelled without direct implications of the structura 'mPaCS on the fatter may be easlly
. computed with the presented approach, mod-
extent of loss or damage, as no such impact ™ o
. . . elling systemic impacts on the energy sector
functions were available in the concrete case. ¢ onl rained b i ,
Comparison with print media accounts, 'S Not only restrained by power fine mapping

o cial records, insurance reports, and the q.uallty.on OSM, but would alscl).req.uwe con-
sideration of the cascades of failing infrastruc-

Table 1 summarizes the impacts of storm



10

Table 2. Average annual risk from winter storms years depen.dlng_ On_ the choice of gxposure
across Switzerland for general asset values, population category, this highlights the potential for
counts and ve categories of OSM-retrieved exposures. disastrous consequences of tail risk events as

Exposure type Absolute  Relative compared to the average, in particular for non-
Asset Valued US $4.8 mil. 0.0003% monetary elements. Furthermore, as shown in
Population® 91'200 people 1.3% Fig. D6, the average annual expected impacts
Healthcare Facilities” 14.4 units 1.3% are inhomogeneously distributed, with distinct
Airports 0.5 units 1.2% patterns for the di erent exposure types. For
UNESCO Sites 0.08sites  0.7% instance, regular impact on forestry is mostl
Railways® 17.3 km 1.3% ' 9 P _ y y
Forests 9.83 kit 0.08% expected in Western Switzerland in the Jura

mountain chain, whereas asset damages are

a reference year: 2020° hospitals, clinics and doctors' . .
concentrated in the regions around Basel and

practices; ¢ all individual lines counted separately, also

for parallel tracks Zurich, and certain train lines in central
Switzerland and alpine valleys may be often
a ected.

tures (Muhlhofer, Koks, Kropf, et al. 2023).
The results highlight that, when using mul-
tiple exposure layers, important aspects of a
natural hazard event beyond conventionally re-
ported (undi erentiated) asset damages can be
captured relatively e ortlessly, and guide risk
management e orts.

As introduced in Section 3.1.3, it may be
insightful to consider probabilistic risk metrics
apart from single-hazard event impacts, to
gauge the potential risk landscape and to
adequately place the occurrence of historic
events therein.  Various metrics may be
relevant, such as the risk associated with a
one-in-a-hundred-year event or the average
annual risk. Table 2 presents the latter,
modelled from the probabilistic winter storm
set. Evidently, since most winter storms are
less extreme than Lothar (cf. Table 1), the
average annual risk values are much lower

50,
Eless”than 1:5% of the tqtal Counr;[ or value - ¢, mylti-faceted natural hazard impact and
or all exposure categories). The extremescIimate risk assessments on a variety of ex-

of Lothar's impacts are even more strikingly posure types. The case study, though brief
llustrated when locating these impact gures and mainly illustrative of the major steps and
on return period curves generated from the processes of using OSM for climate risk as-
probablllstl.cdhaf)ard set (Flg.hl D5). \(/leth sessments, demonstrated that the readily com-
return periods between roughly 80 and 150 puted event impacts from winter storm Lothar

Studies have also demonstrated that,
under a rapidly changing climate, winter storm
risk, as measured in losses to general asset
values, may increase by up td0% between
2020 and 2050, both for average events and
for more extreme events (Severino et al. 2023).
This increase might bring signi cant economic
challenges, yet does not provide a full picture
of the potential for disruption of the railway
system, or the losses to vital forest ecosystems
and irreplaceable cultural sites, which may
hence be explored using the demonstrated
work ow.

4. Discussion

We showed how OSM- ex, a exible OSM fea-
ture extraction package, can be seamlessly in-
tegrated into the CLIMADA risk modelling
framework, and how this can provide a basis
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