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Abstract
The spatial resolution of exposure data has a substantial impact on the accuracy and reli-
ability of seismic risk estimates. While several studies have investigated the influence of 
the geographical detail of urban exposure data in earthquake loss models, there is also a 
need to understand its implications at the regional scale. This study investigates the effects 
of exposure resolution on the European loss model and its influence on the resulting loss 
estimates by simulating dozens of exposure and site models (630 models) representing a 
wide range of assumptions related to the geo-resolution of the exposed asset locations and 
the associated site conditions. Losses are examined in terms of portfolio average annual 
loss (AAL) and return period losses at national and sub-national levels. The results indicate 
that neglecting the uncertainty related to asset locations and their associated site conditions 
within an exposure model can introduce significant bias to the risk results. The results also 
demonstrate that disaggregating exposure to a grid or weighting/relocating exposure loca-
tions and site properties using a density map of the built areas can improve the accuracy of 
the estimated losses.

Keywords Exposure resolution · Site effects · Seismic risk · Europe

1 Introduction

A common issue in earthquake risk models is related to whether the resolution of the 
exposure data is sufficiently detailed. The exposure information available from pub-
lic resources is typically aggregated with limited information about the actual spatial 
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distribution of assets (e.g., Dabbeek et al. 2020). Aggregated exposure refers to the case 
in which buildings in spatially extended region are, for the purposes of characterizing 
input ground motion, represented by a single location within that region. This implies 
shifting assets from their original locations, thus altering the local site properties and 
the distance to the earthquake sources, leading to inaccurate input ground motions and 
damage estimates. This matter is not independent from the resolution of the site model, 
which is itself aggregated across a spatial extent (e.g., 30 arc-seconds grid cell) such 
that a range of site conditions are represented by a single, often uncertain, property such 
as topographically-inferred 30-m averaged shear-wave velocity,  VS30.

Though the practice of aggregating exposure may have its drawbacks in terms of 
accuracy and/or consistency with the seismic inputs, there are both practical and theo-
retical considerations that may necessitate it. The overarching consideration is the com-
putational cost of the risk calculations, and the extent to which this impacts the users of 
the risk model. Running probabilistic loss calculations at a regional scale using high-
resolution exposure models requires significant computational resources, in terms of 
both infrastructure and time. For applications in the insurance industry there is often 
a need for clients not only to retrieve rapid estimates of losses in the aftermath of an 
event, but also to run calculations repeatedly in order to explore both the uncertainties 
in the losses and their sensitivities. The cost of using high-resolution exposure models 
may be that one is unable to adequately characterize the epistemic uncertainties, which 
are now often represented by increasingly complex logic trees, or, in the case of sto-
chastic event-based probabilistic loss calculations, be able to run a sufficient number of 
simulations to capture the tails of the distributions that may be significant for assessing 
risk in a region (i.e., the low probability, high consequence events). At the same time, 
even where the locations of the assets are known to a high level of accuracy, there may 
be many elements in the risk model that are known or modelled at a coarser resolu-
tion, such as site properties within a grid cell or geological unit, or the proportion of 
structural types within an administrative district. In these cases, it may not necessarily 
be true that the computational cost of using higher resolution exposure yields a greater 
return in terms of accuracy than that of a more coarsely aggregated model. The critical 
question, however, and one that we endeavour to address within this analysis, is whether 
the adoption of coarser scale exposure introduces systematic biases into the loss esti-
mates and, if so, how these manifest and what can be done to mitigate them.

The issue of spatial resolution has been investigated at the urban level in several 
studies. For example, Bazzurro and Park (2007) found that aggregating portfolios at the 
zip code level led to an underestimation of recurrent small losses and overestimation of 
large rare losses. In particular, they observed that the impacts on portfolio loss due to 
aggregation were highest in the largest zip code regions. Similar conclusions were also 
obtained in the studies by Scheingraber and Käser (2019) and Bal et al. (2010). The lat-
ter study analyzed four levels of spatial resolution (i.e., district, postcode, sub-district 
and the geocell) and found that the mean damage at the district level (i.e., the lowest 
resolution) was the most inaccurate. Despite these effects, each of those studies con-
sidered spatial resolution to have a minimal influence when calculating portfolio mean 
loss/damage, due to an averaging effect of the over- and underestimation of the losses. 
However, these studies also indicated that location uncertainty could lead to inaccurate 
loss estimates (both in the mean and in the distribution) when larger regions are aggre-
gated to a single location. Therefore, the first aim of this study is to investigate further 
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the effect of exposure resolution beyond the urban scale, which is of particular impor-
tance for the national, regional and global studies of seismic risk (Crowley 2014).

A single point within an extensive spatial domain cannot be used to accurately represent 
the ground shaking hazard (including site conditions) that all assets within that domain might 
experience. Therefore, when the use of aggregated exposure is necessary, it is fundamental to 
determine a ground-shaking input that accounts for both the location and local site conditions 
that are closest to the conditions affecting most buildings in a spatial region (DeBock and Liel 
2015). In this context, Bazzurro and Park (2007) experimented with population-based cen-
troids, among other relocation strategies, but did not observe changes in the results compared 
to using only the geometric centroids. In particular, they found that either the centroids were 
close by chance or that the line between centroids was parallel to the dominant fault source, 
and thus the results were potentially influenced by their specific case study. Another challenge 
is determining the correct location when a region has two or more urban centres separated by 
large distances. Thus, predicting the best choice of location for administrative-based portfolios 
is not trivial. Currently, no evidence can be found in the literature on which method should be 
used to geolocate buildings and assign site properties for aggregated portfolios. Hence, the 
second aim of this study is to examine several relocation strategies and test them on large scale 
risk analyses.

The issues arising from low spatial resolution in exposure models have been managed in 
different ways, including modelling region-specific ground motions (e.g.,Bazzurro and Park 
2007; Stafford 2012), and stochastic modelling of location uncertainty (Scheingraber and 
Käser 2019). However, such approaches require repetitive and extensive hazard calculations; 
accordingly, they are considered less feasible for large-scale probabilistic risk analyses. Other 
methods focused on the exposure component and associated soil properties; this includes 
manipulating data (i.e., relocation—Bazzurro and Park 2007) or refining the data’s spatial 
resolution (i.e., disaggregation—Dabbeek and Silva 2020). More recently, suggestions have 
been made to spatially represent the exposure using Central Voronoidal Tessellations (CVT) 
to create exposure models with variable spatial resolutions (Gomez-Zapata et al. 2021; Pittore 
et al. 2020). This study will focus mainly on portfolio relocation and disaggregation methods 
as a way to treat the bias in risk arising from low spatial resolution.

In this study, we present a sensitivity analysis that explores the effect of spatial resolution in 
exposure models (including site conditions) on seismic risk analyses as part of the European 
Seismic Risk Model’s (ESRM20, Crowley et al. 2019) testing activities. This analysis contrib-
utes to the overall understanding of the influence of location uncertainties on portfolio losses 
at the regional level and identifies which modelling strategy results in higher accuracy and 
has the least computational expense. The sensitivity analysis framework includes 35 countries 
(see ’Appendix’) within the European exposure model (Crowley et al. 2020a) and multiple test 
cases, exploring different spatial resolutions and strategies for best configuring the site and 
exposure models. Each test case is used to calculate portfolio loss for specific return periods 
and the average annual loss (AAL). These results are compared to the benchmark loss, cal-
culated with the 30 arc-seconds resolution exposure model (the highest resolution achievable 
with the input site characterization model) to identify the method that produces a desirable 
balance between accuracy and need for resources.
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2  Case study: European exposure and site models

The underlying exposure data used in this study has been obtained from the European 
exposure model developed by Crowley et al. (2020a). Exposure models that describe the 
spatial distribution of the number, replacement value and occupants within residential, 
industrial and commercial buildings for 44 countries in Europe have been developed using 
primarily public census data. The buildings in the exposure models have been grouped into 
building classes (as a function of parameters that are relevant to define their seismic perfor-
mance) and classified using the GEM Building Taxonomy (Silva et al. 2021). This expo-
sure model is being used in the European Seismic Risk Model 2020 (ESRM20 – Crowley 
et  al. 2019). In this study, we considered 35 countries (listed in  ’Appendix’) out of 44 
countries in Europe. The excluded cases are relatively small countries that do not allow 
testing the spatial resolution according to the proposed workflow.

The information within the European exposure models is aggregated by administrative 
zone with a resolution that varies across countries and occupancies (i.e., residential, com-
mercial and industrial). The maximum available resolution of residential and commercial 
administrative units is illustrated in Fig. 1. It is possible to observe large differences in the 
surface areas across countries and occupancy levels. For example, in Portugal, France and 
Italy the divisions appear quite detailed (mean area of 60  km2), compared to Turkey, Spain 
and Finland where the areas are considerably larger (mean area of 10,000  km2), particu-
larly for the commercial exposure.

As can be seen in Fig. 1, the highest administrative resolution is dictated by the resi-
dential exposure, with all countries having either similar or lower levels of resolution for 
the commercial exposure. The industrial exposure, not shown in Fig. 1, typically has the 
highest resolution as it has been developed in most countries on a 30 arc-seconds grid 
(Sousa et al. 2017). The residential building stock contributes to at least 65% of the total 
replacement value of the European building stock, and thus we only employed the residen-
tial exposure model herein, but it has been aggregated to lower administrative levels, where 
necessary, to reproduce the resolution seen in the commercial models.

The site model used in the analyses has been developed for ESRM20 and makes use 
of two proxy datasets: topography and geology. The linear site amplification term within 

Fig. 1  ESRM20 maximum available administrative resolution for residential (left) and commercial (right) 
exposure
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the shallow crustal ground motion model (GMM) adopted as the backbone for the GMM 
logic tree is implemented here as a direct function of the topographic slope and the surface 
geological unit, further details of which can be found in Crowley et al. (2020b). The topo-
graphic slope is derived using the seamless topography/bathymetry data set produced by 
the General Bathymetric Chart of the Oceans (GEBCO), while the geological data is taken 
from the harmonized geological map for Europe. Both data sets are rendered onto a regu-
lar 30 arc-seconds grid. In addition to the slope and geology dependent site amplification 
model used for shallow crustal seismicity, some GMMs derived for other tectonic environ-
ments (e.g., stable craton regions, subduction zones, deep seismicity etc.) require the defi-
nition of the site properties in terms of the  VS30. This too, is inferred from the topographic 
slope using the relation between slope and  VS30 proposed by Wald and Allen (2007) and 
revised by (Allen and Wald 2009).

3  Sensitivity analysis design

The sensitivity of the losses to the spatial resolution is explored using different sets of 
exposure (administrative and gridded distributions) with a total of 18 test cases per coun-
try. Portfolio losses in terms of the AAL and return period losses are estimated using the 
event-based risk calculator of the OpenQuake-Engine, an open-source software for seismic 
hazard and risk assessments (Pagani et al. 2014; Silva et al. 2014). Note that the OQ-engine 
can also compute the aggregate AAL of the portfolio using the classical PSHA-based cal-
culator; however, the event-based calculator can compute portfolio loss curves (i.e. aggre-
gate losses to the portfolio for a range of return periods) and has been better optimized for 
large scale calculations such as those undertaken herein. We simulate thirty thousand sto-
chastic catalogues, each with one-year of seismicity, as well as ground motions at the expo-
sure locations for each simulated event, using the ESHM13 (Woessner et al. 2015) source 
model with the ESHM20 ground-motion models (Kotha et al. 2020; Weatherill et al. 2020; 
Weatherill and Cotton 2020). The losses for each event are then calculated by combin-
ing the simulated ground motions with the exposure model, together with a set of vulner-
ability functions that represent the probability of loss conditional on the level of ground 
shaking for each building class in the exposure model (Martins and Silva 2020; Crowley 
et al. 2021). It is worth noting here that ground motion spatial correlation and building-
to-building damage correlation has not been considered in this study. Spatial correlation is 
less impactful for large-scale risk analysis; nonetheless, the effects become more profound 
in smaller portfolios, especially in the tails of the loss distribution. Spatial clusters spread 
over a large region might be strongly or weakly correlated depending on the separating dis-
tance. This creates an averaging effect that reduces the impact of spatial correlation in the 
ground motion residuals in the losses for rare return periods (Silva 2019). The performance 
of the various exposure datasets is measured with respect to the losses obtained from a 
benchmark exposure (30 arc-seconds gridded exposure), which is assumed to be the opti-
mum parameterizable resolution at present for regional-scale risk analysis corresponding to 
the resolution of the input site model.
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3.1  Administrative workflows

In the type of exposure considered herein, each administrative unit is presented by a sin-
gle location and site property. We considered four workflows (wf1, wf2, wf3, wf4) depend-
ing on the choice of location and site conditions. These properties are either taken using 
the geometric centroid of the admin unit or are obtained using 30 arc-seconds grid of the 
built-up area density grid, interpolated from the 250 × 250 m resolution built-up area den-
sity map (Pesaresi et  al. 2015). wf1 presents the base model in which the values simply 
represent both exposure latitude and longitude locations and site properties at the geomet-
ric centroid of the admin unit. wf2 uses the geometric centroids for the locations, whereas 
the site properties are represented by a (built-up area) density weighted-average of all the 
site conditions in the 30 arc-seconds grid cells covering the admin unit. In wf3, a den-
sity weighted-centroid of all the 30 arc-seconds grid cells is used for the locations and the 
density-weighted average values adopted for the site conditions. Lastly, in wf4 the locations 
are placed at the maximum built-up area density within the admin unit, whereas the sites 
remain with a density weighted-average (see Table 1 for a summary of these workflows).

In this process, the aim is to shift locations or sites to where the greatest proportion of 
the population lives by giving denser cells higher weights and the unoccupied cells a zero 
weight. These workflows were designed to allow independent testing of the effects of loca-
tion and site conditions.

Figure 2 provides a comparison between the locations resulting from the use of different 
weighting methods for the second administrative level in Spain. Significant locational dif-
ferences can be observed in many regions. In particular, the maximum density and density 
weighted-average locations seem to match the location of major Spanish cities marked with 
the cross symbol ( +), though the maximum density method fails to represent regions with 
more than one major city. However, the latter is true for any method in which a region with 
several large cities is represented by a single point. Additionally, the geometric centroids 
often do not match the populated places as expected, as this method depends only on the 

Table 1  Exposure and site models test cases

a The available admin-levels per country are listed in  the ‘Appendix’
b Available site properties that are closest to the geometric centroid

Type Resolution Work-
flow 
(wf)

Exposure locations Site properties

Administrative Admin1, 2,  3a 1 Geometric centroid Geometric  centroidb

2 Geometric centroid Density weighted-
average

3 Density weighted-centroid Density weighted-
average

4 Location of maximum density Density weighted-
average

Gridded 30, 60, 120, 240, 
480, 960 arc-
seconds

5 Geometric centroid Geometric  centroidb
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geometry of the administrative boundary. Figure  3 compares the  VS30 values calculated 
using the geometric centroid location used in wf1 (left) and the density-weighted average 
property used in wf 2, 3, 4 (right). In general, the geometric centroid method seems to esti-
mate higher  VS30 values across Spain, indicating that the choice of weighting can introduce 
a systematic change in site properties rather than a random one.

Fig. 2  Comparison between exposure location weighting methods for the 2nd administrative level in Spain

Fig. 3  VS30 calculated at the geometric centroid (unweighted) on the left and the density-weighted average 
on the right, for admin2 in Spain
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3.2  Gridded workflow

The gridded exposure is a regularly spaced grid of points disaggregated from the base 
model, using the Global Human Settlement Layer (GHSL) 250 × 250 m resolution built-
up areas density map (Pesaresi et  al. 2015). For this type of exposure (hereafter termed 
wf5), building locations and site properties correspond to the centre of the grid cell which 
is considered with six resolutions: 30, 60, 120, 240, 480 and 960 arc-seconds (note that 
30 arc-seconds grid cell ranges between 768 m EW and 926.6 m NS at a latitude of 35˚N 
to 391.6 m EW and 926.6 m NS at a latitude of 65˚N), all of which were downsampled 
from the 250 × 250 m resolution built-up area density map. It is important to note that the 
maximum resolution was restricted to 30 arc-seconds in order to manage the computational 
demand of the risk calculations. On the other hand, the lowest resolution was limited to 
960 arc-seconds, a level that is similar to the resolution of some administrative units. Sam-
ples of the gridded exposure for Spain are demonstrated in Fig. 4, and a summary of all of 
the considered test cases is presented in Table 1.

Fig. 4  Gridded exposure for Spain, 30, 240, 480 and 960 arc-seconds
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4  Sensitivity analysis results

4.1  Effect of administrative‑based exposure on portfolio loss

The first set of analyses focuses on the impact of admin resolution on the cumulative port-
folio loss following the most common type of aggregated exposure models (wf1). Figure 5 
illustrates the difference in AALs (relative to the results with the benchmark 30 arc-sec-
onds gridded exposure model) for Belgium, Bosnia and Herzegovina, Greece, Italy and 
Switzerland obtained from administrative divisions 1, 2 and 3. These countries have been 
selected as they have the highest residential, industrial and commercial exposure resolu-
tion (i.e. administrative level 3) within the European exposure model. From this figure, a 
clear association can be observed between admin resolution and the percentage change in 
AAL. The largest bias occurs at admin1 (mostly underestimation), followed by the higher 
resolutions (admin2 and 3). Although the variation in AAL is smallest at admin3, the bias 
is not negligible in some countries. One of the reasons for which the bias varies for the 
same admin level is the surface area discrepancies between countries. This discrepancy 
can be observed in commercial exposure in Fig. 1 between Spain and Turkey, which are 
presented at the same admin level (admin1). Such large aggregated portfolios are likely to 
be associated with higher uncertainty in building locations and site conditions. This larger 
uncertainty is due to the inability of a single point to adequately characterize the variability 
of site conditions and building locations across such a large surface area.

By manipulating the exposure locations and site properties (see descriptions of wf2, wf3 
and wf4), the accuracy of the AAL is expected to improve. The difference in AAL (relative 
to the benchmark model) obtained from using the different workflows for several European 
countries (and where the losses have been aggregated to admin1 level) are shown in Fig. 6. 
In this chart, there are countries for which the weighted workflows perform better than the 
geometric centroid (e.g., Greece, Portugal, Turkey, Iceland and Bosnia and Herzegovina), 
and a few countries where the results seem insensitive to the choice of weighting scheme 
(e.g., Bulgaria and Croatia).

Considering the numerous case studies analyzed herein, we used an index to evalu-
ate the overall performance of these models. The index describes the frequency distribu-
tion of performance between the workflows, as reported in Table  2. In other words, the 
index measures how frequently (i.e., in how many countries) a model ranks as the best, 

Fig. 5  Relative change in national AAL (with respect to the 30 arc-seconds benchmark case) for the expo-
sure model aggregated at admin levels 1, 2, and 3
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second-best, third-best and worst option. According to this index, the best performing 
model is wf3 followed by wf2, wf4 and wf1. The highest index value indicates that wf3 
(weighted centroids and sites) stands as the best (1st rank = 13) and also as the second-
best model (2nd rank = 13). On the other hand, the lowest index value indicates that wf1 

Fig. 6  Change in national AAL relative to the benchmark case (30 arc-seconds model) for 12 countries, 
using admin1 exposure
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(geometric centroids and their site conditions) is the least effective model, even if it ranks 
as the best model in 7 cases. It should be noted that the meaning of the index is limited if 
the margin of difference is small (see, for example, Croatia in Fig. 6). An alternative is to 
measure the sum of absolute changes in AAL for the 35 countries, which are 940%, 830%, 
600%, 730%, for each of wf1, 2, 3 and 4. Accordingly, these values confirm that there is a 
significant margin in the performance.

Table 2  Performance index of 
administrative-based exposure 
workflows for admin1 level

a 1st = best, 2nd = second-best, 3rd = third-best, 4th = worst. wRank = 1, 
0.75, 0.5, 0.25, respectively
b Index = 

∑ frequency×wRank×100

Ncases

Workflow Ranka Indexb

1st 2nd 3rd 4th

wf1 7 7 5 16 53.57
wf2 7 9 16 3 64.29
wf3 13 13 6 3 75.71
wf4 8 6 8 13 56.43
Ncases = 35

Fig. 7  Change in AAL estimates at administrative levels 1 (top), 2 (centre) and 3 (bottom) with workflows 
wf2 (left), wf3 (centre) and wf4 (right), compared to benchmark case (30 arc-seconds model)
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The administrative workflows were also tested at the sub-national level (admin1, 
admin2 and admin3). Figure 7 compares the probability density distribution of the regions/
zones at admin1, 2 and 3 in terms of AAL change between wf1 and the other workflows. 
The total number of units per admin level are 670, 1611 and 15,106, respectively. Signifi-
cant deviations in AAL with respect to the benchmark case can be observed, particularly 
for admin1 (up to ± 80%). These deviations are mostly skewed to the left, implying a bias 
towards the underestimation of losses. One reason for this underestimation has to do with 
basic geography: towns/cities develop mostly in flat(ter) ground (e.g., upland valleys, river 
plains, coastal areas) that are associated with lower  VS30, predominantly Tertiary and Qua-
ternary sediments and deeper basins. On the other hand, the site values at the geometric 
centroid of a region can correspond to any geomorphological condition. Using the GHSL 
to weight both the location and properties of the sites skews the sites toward the condi-
tions that favour higher soil amplification. This particular trend has already be seen in the 
comparison of the  Vs30 values assigned to admin2 units for Spain in Fig. 3. Another factor 
that explains the underestimation of losses is the artificial correlation which increases the 
probability of smaller losses in the lower tail of the loss curve, as explained in the next sec-
tion. It is evident that the dispersion in AAL difference is highest in wf1 (σ = 0.39) and the 
lowest in wf3 (σ = 0.32), as compared with the other workflows. The scores (51, 65, 72, 62 
for each workflow, respectively) of the performance index also suggest that wf3 is the best 
model. Up to admin2, the discrepancies between workflow distributions are still evident, 
yet a convergence between these methods becomes noticeable at admin3 (bottom row). In 
other words, when calculations are carried out at an administrative level of a relatively 
fine resolution, the difference between methods becomes less noticeable. Based on Fig. 7, 
weighting both the locations and site properties seems equally important.

Besides portfolio AAL, another common measure tested here is portfolio loss for 
a specific return period. Figure 8 shows the change in loss for different loss return peri-
ods (50, 100, 200, 500, 1000, 2000 and 5000  years) for each of the four administrative 
workflows calculated using the admin1 exposure. Similar to observations by Bazzurro and 

Fig. 8  Change in loss for different return periods compared to the benchmark case (30 arc-seconds model) 
for admin1 regions
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Park (2007) and Scheingraber and Käser (2019), aggregation tends to underestimate losses 
for events with shorter return periods (i.e., 50  years) and overestimate losses for longer 
return periods (i.e., 2000). Using admin1 exposure means all structures within the area are 
assigned to the same ground motion values; introducing such artificial correlation broad-
ens the uncertainties in the tails of the distribution, meaning higher probabilities of high 
losses and higher probabilities of lower losses than the case when correlations are weaker 
or absent. Both the median (black line) and the average value (hollow circles) tend to move 
in the positive direction with increasing return period, showing a tendency to overestimate 
loss for the rare loss events. This increasing trend seems to be slower for countries/regions 
where seismic hazard is relatively low (e.g. Finland, Sweden, Norway), as these data points 
can be observed in the negative range for the 2000 year event. As for the median and mean 
values resulting from the different workflows at any given return period, it appears that all 
workflows have a similar performance.

4.2  Effect of grid‑based exposure on portfolio loss

The previous sections demonstrated that coarse administrative exposure could bias port-
folio loss. Despite the improvements brought about by relocating exposure and site con-
ditions in wf3, aggregation effects remain a concern, especially for exposure models 
developed at the first administrative division (e.g. Spain, Turkey, Austria). High resolu-
tion gridded exposure models are less susceptible to aggregation effects; however, they 
usually require substantial computational resources. Therefore, it is essential to identify 
the optimal disaggregation level to maintain a reasonable balance between accuracy and 

Fig. 9  National AAL difference compared to the benchmark case (30 arc-seconds model) by exposure spa-
tial resolution for selected countries



5832 Bulletin of Earthquake Engineering (2021) 19:5819–5841

1 3

computational demand. Figure 9 presents a comparison between the grid and administra-
tive-based resolutions for Italy, Switzerland, Albania, Greece, Belgium, and Bosnia and 
Herzegovina. Admin resolutions (admin1, admin2 and admin3) correspond to wf3 (density 
weighted-average). The results demonstrate that the 120 and 240 arc-seconds range or the 
third administrative level generally leads to higher accuracy than the lower resolution grids 
(480 and 960 arc-seconds) and coarser administrative levels (admin2 and admin1). Also, 
it can be noticed that the improvements below 120 arc-seconds are minor, suggesting that 
resolutions smaller than (approximately) 2 × 2   km2 grid are largely insignificant for cal-
culating the AALs at the national scale. Overall, the sum of absolute change in AAL (35 
countries) for the 60, 120, 240, 480 and 960 arc-seconds gridded exposure is 35, 48, 140, 
185 and 418%, respectively. Note that the low AAL bias for Italy at admin1 resulted here 
by chance as the underestimated and overestimated losses counterbalance each other.

Fig. 10  Loss difference per spatial resolution (admin and gridded) and corresponding return period by 
country
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In terms of the effect of the spatial resolution on specific event losses (i.e., 50, 100, 
200, 500 and 1000 years), Fig. 10 illustrates a similar trend to that observed for the AAL 
(Fig. 7), where the level of bias becomes more evident at lower resolutions (480, 960 and 
admin 1). The influence of artificial correlation on the losses becomes more evident as the 
spatial resolution decreases. The frequent loss events (50, 100 years) appear to be more 
sensitive to spatial resolution. Generally, smaller, more frequent events lead to ground 
shaking that covers smaller extents and thus, any location shift in the assets can change the 
level of estimated shaking at the site (and therefore damage and loss) dramatically. Addi-
tionally, there is a high sensitivity of small numbers to change. It should be mentioned 
that this sensitivity might be influenced by the types of structures dominating the portfolio 
as well. As short period motion attenuates more rapidly than long-period motion, regions 
with low-rise structures (shorter vibration period) will be more sensitive to this attenuation. 
This might have an effect at the subnational level, where there can be noticeable changes 
in construction types, for example, metropolitan regions (with more high-rise structures) 
versus rural regions (with more low-rise structures).

5  Summary of results

A summary of the impacts of the different exposure models and site models tested in this 
study on the national and the regional (i.e., subnational) AAL is presented in Fig. 11. The 
numbers shown indicate the percent absolute difference of AAL with respect to the bench-
mark case and correspond to the average difference of all countries/administrative units 
that were analyzed. The lower performance of coarser grids (480 and 960 arc-seconds 
grids) is evident for both regional and national losses, as the differences in AAL increase 
from values less than 5% up to 12–27%. A similar outcome can be observed for the three 
administrative levels (admin1, admin2 and admin3), as calculations carried out at admin3 
(highest admin resolution) led to the smallest AAL differences, for both regional (12–16% 
against 22–31% at admin1) and national (11–14% against 18–27% at admin1) values. The 
higher performance of wf3 stands out as well, with its AAL differences being the lowest of 
the four workflows (wf1, wf2, wf3, wf4) for each of the three admin levels at the regional 
and national levels.

6  Discussion

6.1  Portfolio size, hazard and site property effects on the estimated loss

Previous studies evaluating the effect of spatial resolution on portfolio loss assessment 
have observed some inaccuracies associated with large urban portfolios. In this study, we 
explored the dependence of the size of the region, spatial variability of hazard and soil 
and population distribution on the accuracy of losses. Figure 12 demonstrates the relation-
ship between the area of the administrative divisions in  km2 and the corresponding aver-
age change in AAL relatively to the gridded 30 arc-seconds model. This figure was gen-
erated based on 23,000 regions from admin1, admin2 and admin3. Areas on the x-axis 
were grouped into several logarithmically-spaced bins. As can be seen, the bias in the AAL 
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increases with the increase in the administrative area. Interestingly, the standard deviation 
values (named sigma) in Fig. 12 indicate a significant scatter around the average, demon-
strating that the bias in equally sized regions can be much higher or lower than the average.

Fig. 11  Summary of the workflows tested in this study and their effects on the regional and national AAL
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These deviations can be explained in part by the variability of hazard. Figure 13 illus-
trates the relationship between the hazard coefficient of variation (CoV) and the corre-
sponding average change in AAL with respect to the 30 arc-seconds model. The hazard 
CoV is calculated based on the 500 years return period hazard map on rock (5 × 5 km grid) 
and reflects how much the hazard changes within a region. It is possible to observe that 
the AAL difference is highly sensitive to the hazard CoV. Closer analyses have shown that 
high variations come mostly from the biggest regions where the hazard has a larger vari-
ation in space. This does not imply that there is high variability in hazard for every large 
region; for example, if the hazard is uniform, the CoV of hazard can be relatively low. 
This explains why some regions are less sensitive to the choice of location (e.g., geometric 
centroid vs density weighted-average) despite their large size. For example, Crete island 
in Greece has a relatively large extent (area of 8336  km2) with relatively uniform hazard 
levels (ranging from 0.37—0.42 g with 0.02 g CoV—on rock). Consequently, despite the 

Fig. 12  Admin area versus the average AAL loss difference, compared to benchmark case (30 arc-seconds 
model) (left), and the sigma of AAL difference (right)

Fig. 13  500-years hazard CoV vs the average AAL loss difference (left), and sigma of AAL difference 
(right), compared to benchmark case
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location considered (geometric centroid, density-weighted average centroid and maximum 
density location—wf2, wf3 and wf4) similar losses were observed.

Similar to what was described for the seismic hazard, site properties change from loca-
tion to location, which makes specific regions more susceptible to this variability than oth-
ers. In order to validate this, it is essential to isolate the effects of the hazard, by only con-
sidering regions with relatively uniform hazard (i.e., CoV smaller than 0.1) that are large 
enough to allow sites properties to change (i.e. larger than 500  km2). Figure 14 illustrates 
the relationship between site effects CoV (where site effects are defined in terms of the 
 Vs30) and the corresponding average change in AAL with respect to the 30 arc-seconds 
model. The AAL difference seems to increase when the variability of soil is higher. It 
should be pointed out that, unlike the seismic hazard, soil properties can change abruptly 
even between neighbouring sites spaced only a few kilometres (or even hundreds of metres) 
apart; in this sense, the CoV is only indicative in broad terms and cannot fully reflect the 
actual sensitivity.

6.2  Exposure method and calculation performance

As outlined in the introduction to this work, the main challenge with using high-resolution 
exposure in probabilistic seismic risk analyses is the high computational cost. To give a 
sense of the scale of the costs, consider the computational configuration adopted for the 
current calculations, for which we used a high-performance cluster with 512 GB of RAM 
and 60–80 threads. This took a total of 48 h to run 35 countries and 1.5 TB of memory to 
generate ground motion fields using the highest resolution model (30 arc-seconds grids). 
Generally, the user’s needs and the available resources are the main factors that determine 
the optimal level of resolution. For example, for producing national loss maps without 
the need to run the model repeatedly, the required time and memory to run it at highest 

Fig. 14  Sites (i.e.,  Vs30) CoV versus the average AAL loss difference, compared to benchmark case (30 arc-
seconds model) (left), and sigma of AAL difference (right)
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resolution available might be reasonable. However, from a scientific perspective, the trade-
off between the model’s detail and accuracy is also essential. For example, the high compu-
tational cost of high-resolution models typically prohibits the possibility of running multi-
ple branches of the logic tree, or at least potentially undersampling the number of branches, 
then the reduction in computational demand is necessary in order to be able to quantify 
the impact of the epistemic uncertainty on the loss calculations. For an industry use case 
in which a client may wish to repeatedly run a particular loss analysis or retrieve loss esti-
mates rapidly, a reduction in resolution without losing much of the accuracy can be ben-
eficial. For example, the analysis shows that a reduction in resolution to 240 arc-seconds 
achieved a 95.5% accuracy level and required 64 times less memory than the 30 arc-sec-
onds model. The time needed to prepare all the input files (exposure and site) is considered 
minor compared to the time needed for the actual calculations. The exact time depends on 
the size and the number of administrative regions of the input country. For example, it took 
about 5 min to prepare the 30 arc-seconds exposure model for Turkey (highest resolution) 
from admin1 exposure. Note that the run time and memory requirements reported repre-
sent the computational hardware, the OpenQuake-Engine version and calculation settings 
used in this study.

7  Conclusions

This study has investigated the influence of exposure spatial resolution on seismic risk 
analyses for large building portfolios. Eighteen different methods for modelling exposure 
and site models were simulated and tested in 35 countries in Europe. Twelve of these meth-
ods are based on administrative distributions and consist of three resolutions (admin1, 
admin2 and admin3), and four workflows to assign buildings locations and site properties: 
a) geometric centroid and closest site property b) geometric centroid and density weighted-
average sites c) density weighted-average location and sites d) maximum density location 
and density weighted-average sites. The other six methods are grid-based with spatial reso-
lutions of 30, 60, 120, 240, 480, 960 arc-seconds. All the workflows described in this study 
and more can be readily configured to allow risk modellers to explore these approaches 
themselves using a free and open set of tools:

• Exposure Disaggregation Tool1 (https:// github. com/ GEMSc ience Tools/ spati al- disag 
grega tion).

• Site Preparation Tool (https:// gitlab. seismo. ethz. ch/ efehr/ esrm20_ sitem odel).

The sensitivity analysis demonstrated that the spatial resolution of exposure has a signif-
icant impact on probabilistic seismic risk at the national and regional scale. For the national 
AAL, using admin1, admin2 and admin3 exposure with geometric centroid and closest site 
properties (wf1) lead to an average bias of 27%, 19% and 15%, respectively. The 60, 120, 
240, 480, 960 arc-seconds gridded exposure models leads to an average bias per country of 
1%, 1.5%, 4.5%, 14%, 27%, respectively. Based on these results, it is worth increasing the 
resolution to 120 to 240 arc-seconds in order to keep the bias below 5%. However, resolu-
tions higher than 120 arc-seconds did not bring significant improvements and required a 

1 Note that the Exposure Disaggregation Tool uses WorldPop population (www. world pop. org) by default, 
but it supports other raster datasets including the GHS built-density layer used herein available for down-
load at: https:// gitlab. seismo. ethz. ch/ efehr/ esrm20_ expos ure/-/ tree/ master/ spati al_ disag grega tion.

https://github.com/GEMScienceTools/spatial-disaggregation
https://github.com/GEMScienceTools/spatial-disaggregation
https://gitlab.seismo.ethz.ch/efehr/esrm20_sitemodel
https://www.worldpop.org
https://gitlab.seismo.ethz.ch/efehr/esrm20_exposure/-/tree/master/spatial_disaggregation
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relatively large amount of computational resources. At the resolutions higher than that of 
the national level (i.e., provinces, cities, etc.), the spatial resolution has more significant 
effect on the AAL. Therefore, lower ranges of the recommended spatial resolutions (i.e. 
120 arc-seconds or finer) can be considered when assessing risk at the sub-national level.

The results also demonstrated that it is possible to reduce the bias for administrative-
based exposure models by using the density weighted-average location and site properties 
(wf3). For admin1 level, the AAL bias reduced from 27 to 18%, on average, per country 
when using this workflow. This method seems to work when there is a high sensitivity to 
the choice of location caused by the high variability of hazard and soil properties within 
a region. In most cases, these regions are large enough (i.e., area larger than 500  km2) to 
allow hazard and site properties to change over space. Hence, the higher the resolution of 
the admin level, the less likely it is that any weighting method could significantly improve 
the accuracy of portfolio loss.

Before extrapolating results to other regions, however, it is important to keep in mind 
the role of site model resolution, ground motion attenuation and seismogenic sources. 
Although this study explored a handful of strategies for modelling exposure resolution 
and site properties, there are others to be investigated, some of which are also available in 
the Site Preparation Tool. For example, the gridded exposure can be improved by weight-
ing site properties within each grid cell or considering variable grids denser around the 
main faults and where site properties tend to vary. In addition, while this work has focused 
on regional scale risk studies, further analysis should be undertaken at sub-regional and 
urban scale in order to understand where a suitable balance can be struck between exposure 
resolution, uncertainty characterization and computational cost, when more detailed infor-
mation may be available (e.g., Fayjaloun et al. 2021). Since the effects of data resolution 
depend strongly on the variation in the hazard (see the discussion), future studies should 
focus on mitigating the bias at the ground motion level.

This sensitivity analysis is carried on as part of the testing activities of the European 
Seismic Risk Model (ESRM20, Crowley et al. 2019), initiated within the European Hori-
zon 2020 Project SERA (www. sera- eu. org), and continuing under the umbrella of the 
European Facilities for Earthquake Hazard and Risk (EFEHR) Consortium (www. efehr. 
org). The findings will also be of interest to the Global Earthquake Model initiative (GEM) 
and seismic risk modellers interested in understanding the implications of modelling deci-
sions related to exposure spatial resolution.

Appendix

This appendix provides the list of 35 countries and the available administrative level 
used in the analyses (see Table  3). Note that the highest resolution for each country 
is given by the highest resolution at which the residential exposure data is originally 
made available. Lower levels of resolution have been produced by aggregating the data 
at lower administrative levels using available shapefiles. 

http://www.sera-eu.org
http://www.efehr.org
http://www.efehr.org
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Table 3  Available administrative level per country
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