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Seismic loss dynamics in three Asian megacities
using a macro-level approach based on
socioeconomic exposure indicators
Gizem Mestav Sarica 1,2✉ & Tso-Chien Pan 1,3

Scrutinizing the evolving exposure and possible consequent forthcoming seismic losses in

rapidly urbanizing megacities is essential for decision-makers. Here we present a framework

for the evaluation of spatio-temporal seismic loss dynamics where we propose a probabilistic

macro-level loss estimation approach that is based on socioeconomic exposure indicators.

We follow this framework to model the urban growth, disaggregate population to urban cells,

and estimate grid-level wealth in three Asian megacities, namely Jakarta, Metro Manila, and

Istanbul. Then, we calculate present and future probabilistic risk metrics based on the

combination of evolving exposure, probabilistic seismic hazard analysis and vulnerability

curves. The results reveal that our approach can produce present loss estimates that are in

the same order of magnitude as the conventional approaches. The predictions suggest that

present average annual loss could increase almost twofold in Jakarta and in Metro Manila,

and by almost 57% in Istanbul by 2030. Our framework can be used to trigger discussions

between scientific community and decision-makers for better long-term risk reduction and

risk awareness strategies.
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In 2015, the United Nations Office for Disaster Risk Reduction
(UNDRR) defined one of the main targets of Sendai Frame-
work for Disaster Risk Reduction (SFDRR) as reducing the

direct disaster economic loss in relation to Gross Domestic Pro-
duct (GDP) by 20301. Yet, after the evaluation of 80 open-access
disaster risk assessment tools by World Bank’s Global Facility for
Disaster Reduction and Recovery (GFDRR), it was reported that
none of them could make future projections2. Current risk
assessment approaches generally consider quantitative risk
assessments as static analyses which are performed at a certain
time. However, data related to urban environment of fast-
developing regions such as megacities quickly become outdated as
a result of the rapid urban growth. Therefore, employing dynamic
estimations of risk which reflect the pace of changes in cities can
provide a more objective understanding of the path towards
urban resilience3–6.

Assessment of seismic risk involves integration of seismologi-
cal, engineering, and socioeconomic data7; thus, quantifying
evolving risk is a complex task. Due to the nature of earthquakes,
hazard component of seismic risk is less predictable when com-
pared with weather-related hazards8. As a result of this, future
predictions about vulnerability and exposure components are
particularly substantial for dynamic seismic risk assessments.
While previous studies have generally focused on weather-related
hazards2,9–14, studies that focus on the evaluation of forthcoming
seismic risk are rare2,5,6,8,15–17. To our knowledge, only a few of
these studies5,6,16 have incorporated probabilistic seismic loss
assessment. Moreover, although megacities have higher risk due
to concentration of assets, people, and infrastructure, future risk
assessment studies in the literature are generally national or
regional level with lower spatial resolutions. In addition, some
studies make purely temporal projections and ignore the spatial
component of urban expansion which is an important driver of
the forthcoming risk.

The conventional seismic loss estimation approaches that have
been employed by most of the studies in the literature generally
require a detailed inventory of exposed structures, which is
usually not publicly available, especially in data-scarce developing
countries. Therefore, the economic value of all physical assets
exposed to hazards can be extremely difficult to compile18. Due to
these limitations, several researchers18–21 have attempted to
simplify these conventional approaches by developing macro-
level approaches, which rely less on detailed inventories of
structures, and more on readily available socioeconomic data
(e.g., GDP, wealth, etc.) that can be used as a proxy for potential
damage.

Since total values of the buildings and infrastructure, as well as
deprivation in revenues due to interruption of business, are clo-
sely related to the economic productivity of a region, macro-level
loss estimation methods use a holistic approach, with the
assumption that potential losses caused by physical damage and
business interruption could be attributed to the state of a region’s
economy18,19. These approaches bypass the requirement of
detailed building inventories in conventional methods, which
may not be available for certain regions of the world, and instead
they use macroscopic indices such as GDP and wealth to repre-
sent exposure. Macro-level methods generally combine seismic
hazard, the relation between GDP and published historical
earthquake loss data, population grids, and GDP per capita to
estimate grid-level expected loss. GDP mainly measures the total
output of goods and services for final use that is produced by
residents and non-residents22. It is one of the socioeconomic
indicators regularly compiled by various agencies and institu-
tions, such as the World Bank, the World Resources Institute, and
the United Nations; therefore, it has been considered as a suitable

metric to be used as a measure of the economic condition of a
community20,23.

The potential benefits of macro-level approaches which make
them accessible and attractive are primarily their transparency,
flexibility, and rapidity. They have been applied ex ante in risk
assessment and disaster planning, and ex post for rapid estima-
tion of losses to allocate resources in the aftermath of destructive
earthquakes. Conventional methods can be considered as analy-
tical approaches since they generally consider the vulnerability as
defined by structural characteristics of the built environment. On
the other hand, macro-level methods use empirical vulnerability
functions that depend on historical earthquake loss data. In this
study, we propose a probabilistic macro-level loss estimation
approach building on previous research18,19,24 for which the
details are given in the “Methods” section along with information
on conventional methods. It is worth noting that macro-level
approaches are simplistic and indicative, and they are not
intended to replace the conventional loss estimation methods that
are likely to have greater reliability. Instead, they can be con-
sidered as complementary instruments for decision-making
processes to open discussions with authorities.

Thanks to the developments on open-source high-resolution
data, macro-level approaches can be effectively used for the
estimation of future seismic loss as well as the evaluation of
spatio-temporal loss trends from present to future. However, to
our knowledge, they have not yet been utilized for such an
objective so far, while they are generally employed for the esti-
mation of present loss. In addition, these approaches have not
been used to estimate primary probabilistic risk metrics, such as
average annual loss (AAL) and probable maximum loss (PML)
which are widely used for communication of loss figures by
government-level authorities and finance industry in resource
allocation decisions.

Here we address these gaps and contribute to literature by:

Proposing a probabilistic macro-level seismic loss estimation
approach by leveraging on the methods in the literature,
utilizing wealth as a proxy of economic condition of a region,
Developing a systematic multi-step framework (Fig. 1) to
evaluate the dynamics in probabilistic risk metrics (i.e., AAL
and PML) from present to future using the proposed approach.

To achieve these aims, we selected three earthquake-prone
megacities from developing countries in Asia, namely Jakarta,
Metro Manila, and Istanbul, for the case studies due to their rapid
urbanization and population growth. Building on previous
research8,25, here we employ a spatio-temporal approach to
scrutinize how exposure dynamics contribute to changes in
seismic loss indicators in megacities. Therefore, we take urban
expansion into account with the help of a cellular automata-based
urban growth model called SLEUTH26. The details of SLEUTH
model are given in the Methods section. It is worth noting here
that the focus of previous research8,25 is around the estimation of
seismic exposure dynamics by overlaying hazard and exposure
maps while this study aims to move beyond dynamics of exposure
to quantify the consequences of urbanization on future risk.

Based on the current and future population density maps in
ref. 25, we obtained grid-level present and future wealth. Then, we
overlaid seismic hazard maps given in ref. 8 with the wealth grids
to evaluate changes in wealth exposed to different Modified
Mercalli Intensity (MMI) levels to have an understanding about
the exposure dynamics in selected megacities. Finally, we esti-
mated grid-level, Admin Level 2, and megacity-level AAL, as well
as the grid-level PML by considering the present and future
exposure of the selected megacities. The results reveal that our
proposed macro-level loss estimation approach could be a
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promising complementary tool since it can produce present loss
estimates that are in the same order of magnitude as the con-
ventional approaches. Our predictions show that present AAL
will increase almost twofold in Jakarta and in Metro Manila, and
by almost 57% in Istanbul by 2030. We believe that our proposed
framework can trigger discussions between scientific community
and policymakers, for more effective and well-designed long-term
seismic risk reduction and risk awareness strategies as well as
allocation of resources.

Results
Spatio-temporal dynamics in wealth exposed to seismic hazard.
The present and future grid-level wealth maps are given in
Supplementary Figs. 1–3 for Jakarta, Metro Manila, and Istanbul,
respectively. It is worth noting that 2018 is used to represent
present in Jakarta and Istanbul, while 2016 is used for Metro
Manila due to data availability. Seismic hazard maps for 10 and
2% probabilities of exceedance in 50 years that are provided in
ref. 8 were used to overlay the present and future wealth maps.
The details of the classical probabilistic seismic hazard analysis
(PSHA) are provided in the Methods section. In Fig. 2a–c,
dynamics in wealth (in 2016 prices for Metro Manila and in 2018
prices for Jakarta and Istanbul) exposed to different MMI levels
are illustrated. The absolute change in wealth for each city are
given in Supplementary Table 1 along with the annual growth
rates.

For 10% probability of exceedance in 50 years, the wealth
subjected to MMI VII level is predicted to increase by 12 billion
USD (i.e., 1.1 times) from 11 billion USD to 23 billion USD in
Jakarta, and by 162 billion USD (i.e., 77%) from 210 billion USD
to 372 billion USD in Istanbul. Considering MMI VIII and MMI
IX levels (combined), an almost twofold increase is predicted
from 694 billion USD to 1332 billion USD in Jakarta, and from
762 billion USD to 1567 billion USD in Metro Manila. In
Istanbul, the wealth subjected to MMI VIII level is predicted to
increase from 1473 billion USD to 2327 billion USD, with an
increment of around 58% (i.e., 854 billion USD) which is larger
than the present total wealth of either Jakarta or Metro Manila.

For 2% probability of exceedance in 50 years, the wealth
subjected to MMI VIII and MMI IX levels (combined) is

predicted to increase from 705 billion USD to 1355 billion USD
in Jakarta, and from 1683 billion USD to 2699 billion USD in
Istanbul. For Metro Manila, the whole city is exposed to MMI IX
level; therefore, wealth exposed to this level is predicted to
increase from 762 billion USD to 1567 billion USD by 2030. For
Jakarta and Metro Manila, these translate to an almost twofold
increase of wealth exposed to MMI IX level from present to
future.

In absolute terms, the highest increase in MMI VIII and MMI
IX levels (combined) for 10% probability of exceedance in 50
years is observed in Istanbul (854 billion USD), followed by
Metro Manila (805 billion USD) and Jakarta (685 billion USD).
For 2% probability of exceedance in 50 years, the highest increase
in wealth exposed to MMI VIII and MMI IX levels (combined) is
also observed in Istanbul (1,016 billion USD), followed by Metro
Manila (805 billion USD) and Jakarta (650 billion USD). The
annual growth rates of wealth exposed to different MMI levels are
different for each MMI level within the same city as expected
from the employment of spatio-temporal analysis. These findings
confirm the necessity of using spatio-temporal approaches for the
quantification of evolving seismic exposure.

Spatio-temporal dynamics in probabilistic loss metrics AAL
and PML
Average annual loss (AAL). The present and future megacity-level
AAL and the AAL normalized with respect to megacity-level
GDP for the corresponding years are summarized in Table 1. The
results reveal that AAL increases by around 91% from 67.5 mil-
lion USD to 129.1 million USD in Jakarta (in 2018 prices), and by
around 1.05 times from 162.6 million USD to 333.1 million USD
in Metro Manila (in 2016 prices) by 2030. The present AAL in
Istanbul shows a high absolute increase of around 57% from
899.7 million USD to 1416.7 million USD (in 2018 prices). The
normalized AAL values are, in descending order, 0.63% for
Istanbul, 0.42% for Metro Manila, and 0.16% for Jakarta. It is
worth noting that the city-level normalized AAL values do not
show a difference from present to future since the proposed
macro-level approach utilizes GDP as a representation of evolving
economic exposure.

Fig. 1 Proposed framework for the estimation of present and future probabilistic seismic loss metrics using a macro-level approach. Inputs of the
cellular automata (CA)-based urban growth model called SLEUTH are used to simulate the urban area in 2030. Present and future population are
disaggregated to the present urban cells and future urban cells, respectively. Based on population grids, present and future wealth grids are obtained, and
they are used in the estimation of present and future probabilistic risk metrics along with probabilistic seismic hazard analysis and vulnerability curves from
Prompt Assessment of Global Earthquakes for Response (PAGER).
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In Table 2, our loss estimates corresponding to present
megacity-level AAL and the AAL that is reported by Global
Earthquake Model (GEM) Foundation27 are compared for
benchmarking. It must be noted that GEM uses a conventional
loss estimation approach to calculate losses, as opposed to the
macro-level approach used in this study. Thus, more detailed
building stock and replacement cost information are used in
GEM’s models for residential, commercial, and industrial assets
while our wealth-based exposure represents other types of assets
as well. Furthermore, instead of using empirical vulnerability
curves, GEM employs analytical vulnerability curves, which
depends on the structural characteristics of buildings. In addition,
instead of using classical PSHA as we did, GEM uses an event-
based approach, which computes stochastic event sets to obtain
loss curves. The ratio of the AAL estimates obtained by our
macro-level approach to those obtained by GEM’s conventional
approach are 0.73, 0.75, and 1.35 for Jakarta, Metro Manila, and

Istanbul, respectively. Considering very different methodologies
employed for every component of risk, results obtained by our
macroscopic model are still in the same order of magnitude as
compared with GEM’s results.

The changes in Admin Level 2 AAL from present to future are
shown in Fig. 3a–f along with the maps of normalized AAL with
respect to GDP for the regions in Jakarta (in 2018 prices), cities in
Metro Manila (in 2016 prices), and districts in Istanbul (in 2018
prices). It is worth noting here that the larger regions with higher
populations may show higher AAL values on similar hazard levels,
which must be taken into consideration while assessing absolute
losses at Admin Level 2. We observed that the maximum region-
level AAL values in Jakarta increase from approximately 10–15
million USD to 25–30 million USD in northwestern and south-
eastern regions from 2018 to 2030, while the central region stays in
the same range of 5–10 million USD. In Metro Manila, the
maximum city-level AAL increases from approximately 20–30
million USD to 50–60 million USD in the northeastern region, and
to 30–40 million USD range in the central region. Finally, the
maximum district-level AAL value of Istanbul increases from
approximately 50–60 million USD to 80–90 million USD around
the city center in the European side. In addition to this, AAL in the
southeastern region reaches 70–80 million USD range by 2030. Since
GDP is directly used in the macro-level loss estimation process, the
normalized AAL maps show similar patterns with the seismic
hazard maps which are presented in ref. 8. Therefore, the northern
regions in Jakarta (Fig. 3b), central western and central eastern cities
in Metro Manila (Fig. 3d), and southern districts in Istanbul (Fig. 3f)
have higher normalized AAL values. Accordingly, the range of
normalized AAL values is wider in Istanbul (0.08–1.42%), followed
by Metro Manila (0.28–0.43%) and Jakarta (0.12–0.15%).

Fig. 2 Dynamics in wealth (billion USD in 2016/2018 prices) exposed to different MMI levels for 10 and 2% probabilities of exceedance in 50 years.
a Jakarta, b Metro Manila, and c Istanbul.

Table 1 Megacity-level AAL values corresponding to present
and future.

Megacity Megacity-level AAL*
(USD million)

Normalized AAL (%)

Present Future

Jakarta 67.5 129.1 0.16
Metro Manila 162.6 333.1 0.42
Istanbul 899.7 1416.7 0.63

*Results are given in 2018 prices for Jakarta and Istanbul, and in 2016 prices for Metro Manila.
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Grid-level present and future AAL maps for Jakarta (in 2018
prices), Metro Manila (in 2016 prices) and Istanbul (in 2018
prices) are presented in Fig. 4a–c, respectively (they are also
provided in GeoTIFF format in ref. 28). In these figures, certain
areas where high exposure is coupled with high hazard have
higher AAL levels. The loss ranges shown with different colors
were selected according to the loss patterns in each city. It was
observed that each grid shows a different loss growth from
present to future. The grid-level maximum AAL values increase
from approximately 20 thousand USD to 25 thousand USD in
central and northwestern Jakarta, from approximately 100
thousand USD to 180 thousand USD in central Metro Manila,
and from approximately 350 thousand USD to 500 thousand
USD in central Istanbul (the European side) from present to
future.

Probable maximum loss (PML). We obtained present and future
grid-level PML maps of Jakarta, Metro Manila, and Istanbul for
475-year and 2475-year return periods. Here, the maps corre-
sponding to the 475-year return period are given in Fig. 5 as an
example (the maps corresponding to the 2475-year return period
are given in Supplementary Fig. 4, and all PML maps are pro-
vided in GeoTIFF format in ref. 28). The same scale is used to
represent loss values for all selected cities. For the 475-year return
period, maximum present grid-level PML value is predicted to
increase from around 2 million USD to 3 million USD in Jakarta
(in 2018 prices), from around 16 million USD to 18 million USD
in Metro Manila (in 2016 prices), and from around 52 million
USD to 78 million USD in Istanbul (in 2018 prices) by 2030. For
the 2475-year return period, the changes in maximum grid-level
PML are observed to be more prominent. An increase is predicted
from around 15 million USD to 25 million USD in Jakarta, from
around 28 million USD to 50 million USD in Metro Manila, and
from around 122 million USD to 294 million USD in Istanbul.

Discussion
In this study, we develop a framework for the evaluation of
present and future seismic losses by taking spatio-temporal
dynamics of exposure into account. We propose a probabilistic
macro-level approach to estimate the evolving probabilistic loss
metrics, namely AAL and PML. Following this approach, we
obtained AAL in grid-level, Admin Level 2, and megacity-level, as
well as the grid-level PML for 475-year and 2475-year return
periods in selected Asian megacities.

Our approach suffers from several limitations which should be
noted. The developed seismic loss estimate framework is subject
to inaccuracies and uncertainties within the input data. For
example, the use of a constant exposure correction factor α over
time and space (e.g., for highly industrialized areas), as well as a
uniform GDP per capita in a given year throughout the country
cause uncertainties. Using a single country-level vulnerability
curve over the whole city adds more to these uncertainties. For

example, in more developed modern regions of a city a design
regulation might have been enforced while it was not in older
regions. It is also worth noting that the site amplification using
the slope-based shear-wave velocities from USGS that has 1 km
spatial resolution could be replaced with local data that have
higher granularity in line with the spatial resolution of loss grids
to avoid potential bias.

The findings of our research shed light on future exposure and
loss by making comparisons among present and future which can
aid decision-makers and finance industry for better mitigation
and reduction of forthcoming seismic risk. Since the results that
we obtained are in terms of grid-level maps for wealth and
seismic loss, our study demonstrates the growth of each grid over
time. We observed that in regions where high levels of exposure
and hazard are coupled, high potential of losses is predicted, while
there are different trends in each megacity due to their varying
historical urbanization patterns. Controlling or reducing the
exposure with a risk-sensitive growth strategy, the impacts of
earthquakes could be moderated in these cities. In line with the
targets of Sendai framework by United Nations1, collaborations
with other stakeholders such as World Bank in Indonesia29, the
Philippines30, and Turkey31 can benefit from the results of our
study for proactive risk management strategies. The law enfor-
cement can be strengthened, and new urban development can be
limited by building restrictions in earthquake-prone areas that are
too costly to protect. In addition, the AAL maps for Admin Level
2 can aid local authorities in allocation of resources, and
megacity-level AAL and PML can provide information to gov-
ernmental institutions and decision-makers to open discussions
with them about risk awareness for reducing forthcoming risks.

After comparing our results with those obtained from the
conventional seismic loss estimation methodologies, we observed
that our proposed macro-level loss estimation methodology is
promising. Therefore, we suggest that it can be incorporated into
the probabilistic seismic risk assessment framework as an effective
and efficient complementary approach, especially to provide a
preliminary view of risk that can trigger discussions between the
scientific community and policymakers. Besides, finance sector
could use our approach for benchmarking to develop more
comprehensive insurance coverage. Since we leverage on open-
source data, our framework can be employed in any region in the
world, and for other types of natural hazards. In conclusion, our
proposed framework can address and formulate an exposure-
informed risk management strategy in megacities for a more
resilient future.

Methods
The grid-level present and future wealth maps that represent economic exposure
for the loss calculations are based on present and future population grids from
ref. 25 which were obtained by dasymetric mapping using the urban area maps
in ref. 8. A cellular automata-based urban growth model called SLEUTH26 was used
in ref. 8 to predict the urban area (30 m grids for Jakarta and Metro Manila, and
90 m grids for Istanbul due to size of the administrative area) in 2030. SLEUTH
model leverages on the mapped urban area extracted from satellite images and
several other predictors of change (i.e., slope, transportation, and excluded area)
which affect urbanization trends. It uses brute force calibration to generate a set of
best-fit growth coefficients, namely slope, breed, diffusion, spread and road gravity.
The growth coefficients define four growth rules in SLEUTH which are namely the
spontaneous growth, new spreading center growth, edge growth, and road-
influenced growth. During the calibration, a shape index called Lee-Sallee index is
utilized for the selection of best-fit coefficients. Lee-Sallee index shows the spatial
match, and it is defined as the ratio of intersection to the union of the ground truth
urban area and simulated urban area8.

In each urban growth model, four urban area inputs and two road network
inputs were used as suggested by SLEUTH, and only business-as-usual scenario
was considered for the prediction of future urban area in ref. 8. The water bodies
were used to define the excluded area. After obtaining the set of best-fit growth
coefficients in ref. 8, it was observed that the dominant growth type is Edge Growth
in Jakarta and Metro Manila while it is a combination of Edge Growth and New
Spreading Center Growth in Istanbul. The predicted urbanization probabilities in

Table 2 Comparison of present megacity-level AAL values
obtained by our macro-level approach and GEM’s
conventional approach.

Megacity Average annual loss (AAL) (USD million) Ratio of macro-
level loss to
conventional lossMacro-level loss

estimation approach
proposed in this study*

Conventional loss
estimation
approach by GEM**

Jakarta 67.5 93.1 0.73
Metro Manila 162.6 215.4 0.75
Istanbul 899.7 664.5 1.35

*Results are given in 2018 prices for Jakarta and Istanbul, and in 2016 prices for Metro Manila.
**Results are given considering the latest data available and social indicators in 2017.
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Fig. 3 Macro-level loss estimates for Admin Level 2. a Change in AAL in regions of Jakarta from present to future in 2018 prices, b normalized AAL with
respect to GDP in regions of Jakarta, c change in AAL in cities of Metro Manila from present to future in 2016 prices, d normalized AAL with respect to
GDP in cities of Metro Manila, e change in AAL in districts of Istanbul from present to future in 2018 prices, f normalized AAL with respect to GDP in
districts of Istanbul.
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2030 were used in ref. 25 to disaggregate the extrapolated population of each
megacity by following several assumptions. The details of these assumptions can be
found in ref. 25 along with the present and future population density maps.

We obtained the grid-level wealth maps (Supplementary Figs. 1–3) following the
economic exposure definition proposed by Jaiswal and Wald18 as given in Eq. 1:

Economic Exposuregrid ¼ α ´ per capitaGDPcountry ´ populationgrid ð1Þ
Therefore, present and future economic exposure grids were derived by multi-

plying present (i.e., 2016 for Metro Manila and 2018 for Jakarta and Istanbul due to
data availability) and future (i.e., 2030) GDP per capita with the corresponding
population grids and the exposure correction factor α (i.e., wealth per capita/GDP
per capita) proposed in ref. 18. This correction factor accounts for the disparity
between national wealth and economic value of assets that are exposed. Present
country-level nominal GDP per capita values were obtained from World Bank
Data (available at https://data.worldbank.org/), and the real GDP per capita pre-
dictions in 2030 (in 2010 prices) were collected from the United States Department
of Agriculture (USDA), International Macroeconomic Data Sets (available at www.
ers.usda.gov). Then, the real GDP per capita in 2030 was converted from 2010
prices to 2016/2018 prices leveraging the price index (i.e., current GDP/real GDP)
using 2010 as the base year from World Bank Data. Supplementary Table 2
summarizes the present and future GDP per capita values and exposure correction
factors from ref. 18 for the selected countries in our study, namely Indonesia, the
Philippines, and Turkey.

To assess the dynamics of spatio-temporal change in wealth exposed to seismic
hazard, we overlaid present and future wealth maps with the 10 and 2% probability of
exceedance seismic hazard maps in ref. 8. We used classical PSHA to generate grid-
based hazard maps and hazard curves by utilizing the OpenQuake Engine (available
at www.globalquakemodel.org)32,33 along with the Earthquake Model of Continental
Southeast Asia (2018)34 for Jakarta and Metro Manila, and the Earthquake Model of
the Middle East (EMME14)35 for Istanbul. The main reason of selecting the classical
PSHA-based risk assessment instead of a probabilistic event-based approach in this
study is to have a grid-based comparison between present and future urban grids
following the urban expansion analysis rather than evaluating a portfolio of
assets36,37. It is also worth noting that the classical PSHA-based risk assessment is
computationally more efficient36. Therefore, the loss exceedance curves were calcu-
lated site by site based on the hazard curves, and the spatial correlation in the ground
motion residuals were not considered. The slope-based shear wave velocities, Vs30, by
USGS were also taken into consideration for soil amplification during the analysis38.
The Peak Ground Acceleration (PGA) values were then converted to Modified
Mercalli Intensities (MMIs) using GroundMotion to Intensity Conversion Equations
(GMICEs) proposed by Worden et al.39. It is worth noting here that the spatial
resolution of the seismic hazard maps is same with the spatial resolution of the wealth
maps (i.e., 30 m for Jakarta and Metro Manila, and 90m for Istanbul). For the grid-
level hazard curves and loss estimation, we aggregated smaller grids to 270m grids to
decrease computation time.

The set of guidelines and recommendations for conventional loss estimation
methodologies are primarily based on the method suggested by the Applied
Technology Council (1985), which is designated as ATC-1340. The ATC-13
method contains two main components, namely, a seismic hazard analysis and a
structural vulnerability function. Seismic hazard analysis takes the frequency dis-
tribution of earthquakes, intensity attenuation, and soil conditions into account,
while the vulnerability analysis requires a detailed inventory of buildings and
facilities in the region. The expected loss at a site is then determined by ATC-13 as
shown in Eq. 2 below:

Loss ¼ ∑
Bk

∑
Ii
P IijBk

� � � ∑
drj
P drjjIi;Bk

� �
� drjjBk

� � !( )
� VBk

" #
ð2Þ

where Bk is the building type k, Ii is the intensity level i, drj is the expected damage
ratio j, and VBk

is the value of all buildings of type Bk .
To our knowledge, the first macro-level seismic loss estimation approach was

proposed by Chen et al.19 as presented in Eq. 3:

Lossgrid ¼ ∑
Ij
P Ij
� �

´ MDFðIjÞ ´ gðGDPÞ ´ GDPgrid ð3Þ

where P Ij
� �

is the probability of intensity level j, MDFðIjÞ is the Mean Damage
Factor to represent hazard-exposure-loss relation given intensity Ij , and gðGDPÞ
is a function to correlate the total social wealth with the macroscopic indicator
GDP. The summation over Ij represents the expected loss at each grid con-
sidering different probabilities of shaking intensities. gðGDPÞ is assumed to be 4
for low- and middle-income economies, 5 for high-income economies, and 3 for
China, India and Japan. Due to the limitation of the earthquake data, ref. 19

assumed that the MDFðIjÞ is defined globally by the relation between intensity
and loss ratio.

Jaiswal and Wald18 pointed out several limitations about previous macro-level
forms such as the broad economic categories of vulnerability curves, and the use
of GDP which is an indicator of economic activity (i.e., flow) rather than the
existing investment (i.e., stock). Therefore, through the U.S. Geological Survey’s

Fig. 4 Macro-level loss estimates for grids (270m spatial resolution).
a Change in AAL in Jakarta from present to future in 2018 prices, b change
in AAL in Metro Manila from present to future in 2016 prices, c change in
AAL in Istanbul from present to future in 2018 prices.
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Fig. 5 Macro-level loss estimates for grids (270m spatial resolution, 475-year return period). a Change in PML in Jakarta from present to future in 2018
prices, b change in PML in Metro Manila from present to future in 2016 prices, c change in PML in Istanbul from present to future in 2018 prices.
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(USGS) Prompt Assessment of Global Earthquakes for Response (PAGER)
system, they proposed using country-level vulnerability parameters and an
exposure correction factor α (i.e., wealth per capita/GDP per capita) to adjust
GDP as represented in Eq. 1. PAGER system rapidly estimates the population
exposed to different levels of shaking intensities along with the range of eco-
nomic losses in the aftermath of a large earthquake by means of a deterministic
approach. Total expected economic loss is estimated as described in Eq. 4 by
summing the product of loss ratio rðsÞ, and total economic exposure at each
shaking intensity level, s:

E Lossð Þ ¼ r sð Þ ´ Economic Exposures ð4Þ
The loss ratio rðsÞ is defined in ref. 18 as given below in Eq. 5:

rðsÞ ¼ ϕ
1
β
lnðs

θ
Þ

� �
ð5Þ

where ϕ is the standard normal cumulative distribution function, θ is the mean,
and β is the standard deviation of natural logarithm of shaking intensity s.

By integrating the probabilistic approach of Chen et al.19 and the deterministic
approach of Jaiswal and Wald18, here we propose a probabilistic wealth-based
macro-level loss estimation approach. The main difference of our proposed
approach from other approaches is the integration of the exposure correction factor
α and the loss ratio definition given in ref. 18 into the probabilistic GDP-based
framework of Chen at al.19 to calculate the present and future probabilistic risk
metrics AAL and PML. The AAL results represent the amount that a country or a
municipality would have to set aside each year to cover the cost of future disasters
in the absence of insurance or other disaster risk financing mechanisms. They also
provide a basis to calculate the premium of an insurance program. PML results are
relevant to the maximum loss that could be expected within a given period of time.
They represent the size of the reserves that insurance companies or the government
should have available to buffer potential future losses. We then propose the fol-
lowing form shown in Eq. 6 to calculate AAL and PML based on economic
exposure given in Eq. 1:

EðLossÞgrid ¼ ∑
s
P sð Þ ´ rðsÞ ´ Economic Exposuregrid ð6Þ

where s is the shaking intensity, P sð Þ is probability of occurrence of shaking
intensity s, and rðsÞ is the loss ratio corresponding to shaking intensity s.

We obtained the country-level MMI-based vulnerability parameters (i.e., θ and
β) corresponding to Indonesia, the Philippines, and Turkey from Jaiswal and
Wald18 as summarized in Supplementary Table 3, and the vulnerability curves
obtained by using these parameters are shown in Supplementary Fig. 5. Based on
the wealth maps, hazard curves, and vulnerability curves, we obtained the grid-level
AAL, and 475-year and 2475-year PML maps following our proposed approach.
Subsequently, we aggregated the AAL values to obtain Admin Level 2, and then
megacity-level AAL values for Jakarta, Metro Manila, and Istanbul.

Data availability
The data that support the findings of this study are openly available at the following URL
https://doi.org/10.6084/m9.figshare.19310621. Further supplementary data and
information are available as Supplementary Information in the online version of the
article.

Code availability
We have used OpenQuake Engine 3.11 (available at www.globalquakemodel.org) for
seismic hazard and risk calculations.
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