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Abstract Urbanization can be a challenge and an oppor-

tunity for earthquake risk mitigation. However, little is

known about the changes in exposure (for example, pop-

ulation and urban land) to earthquakes in the context of

global urbanization, and their impacts on fatalities in

earthquake-prone areas. We present a global analysis of the

changes in population size and urban land area in earth-

quake-prone areas from 1990 to 2015, and their impacts on

earthquake-related fatalities. We found that more than two

thirds of population growth (or 70% of total population in

2015) and nearly three quarters of earthquake-related

deaths (or 307,918 deaths) in global earthquake-prone

areas occurred in developing countries with an urbaniza-

tion ratio (percentage of urban population to total popula-

tion) between 20 and 60%. Holding other factors constant,

population size was significantly and positively associated

with earthquake fatalities, while the area of urban land was

negatively related. The results suggest that fatalities

increase for areas where the urbanization ratio is low, but

after a ratio between 40 and 50% occurs, earthquake

fatalities decline. This finding suggests that the resistance

of building and infrastructure is greater in countries with

higher urbanization ratios and highlights the need for fur-

ther investigation. Our quantitative analysis is extended

into the future using Shared Socioeconomic Pathways to

reveal that by 2050, more than 50% of the population

increase in global earthquake-prone areas will take place in

a few developing countries (Pakistan, India, Afghanistan,

and Bangladesh) that are particularly vulnerable to earth-

quakes. To reduce earthquake-induced fatalities, enhanced

resilience of buildings and urban infrastructure generally in

these few countries should be a priority.
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1 Introduction

The process of urbanization remains an ongoing global

phenomenon. Migration to and concentration of global

population in urban areas has reached 55% with an esti-

mated 68% level anticipated by 2050 (UN 2019). The

outcome of this concentration of people, buildings, and

other assets attributed to urbanization (Bloom et al. 2008)

is an increase in the exposure of populations to natural

catastrophes, for example, earthquakes (UN 2015), floods

(Pesaresi et al. 2017), and disease spread (Alirol et al.

2011). Due to the high cost of living in proximity to urban

area (Ravallion and van de Walle 1991; Shucksmith et al.

2009), the most vulnerable proportion of the population

often lives in substandard residential building (Lankao and

Qin 2011; UNHCR 2014; Nagendra et al. 2018).

While the growth of urban population is substantial

(58% increase in global urban population from 1990 to

2015), it has been outpaced by the rate of urban expansion

(74%) (Riahi et al. 2017; UNDP 2018). Urban expansion

often involves the conversion of agriculture and forest

lands to low-density, single-story, residential building land

uses (Spence 2007; Güneralp et al. 2020). The speed of

building creation on the urban periphery can lead to con-

struction that is often of questionable quality (Green 2008;

Oteng-Ababio 2012), since the focus of development is

often on gaining affordable access to urban occupational

opportunities and amenities (Bilham 2009) rather than the

quality of living produced by development.

For developing countries, urbanization is usually

accompanied by a growth in vulnerable buildings and

infrastructure (Jackson 2006; Spence 2007; Ambraseys and

Bilham 2011; Wyss 2018), because proper construction

codes may be lacking or poorly implemented (Bilham

2004; Aitsi-Selmi et al. 2015). Developing countries also

experience the fastest rate of urbanization (Jiang and

O’Neill 2017; Chen et al. 2020a), with many of those fast-

growing urban areas located in earthquake-prone zones—

up to 31% of global built-up areas (Pesaresi et al. 2017).

While global changes in population (Leyk et al. 2019) and

land-use (Potere and Schneider 2007) have been recorded

and their association with urbanization quantified (Mont-

gomery 2008; IPCC 2018), the relationship between

urbanization in earthquake-prone areas and its impacts on

earthquake fatalities is focused at the regional and city

scales (Sarris et al. 2010; Abramson and Qi 2011; Martins

et al. 2012; Huang et al. 2018).

Little is known about the relationship between earth-

quake fatalities and global urbanization (Peduzzi et al.

2009; Daniell et al. 2011; UN 2015). While population

exposure to earthquakes has increased (Djordjević et al.

2016; He et al. 2016; Dou et al. 2018) and built-up surfaces

in earthquake-prone areas have increased globally from

1975 to 2015 (Pesaresi et al. 2017), an examination of the

relationship between population size or urban land area and

earthquake fatalities is lacking. Exploring this relationship

is critical to predicting seismic risks and mitigating earth-

quake fatalities.

To overcome this gap in knowledge, we quantify the

changes in global population and urban land area in

earthquake-prone places and their impacts on associated

fatalities in the context of urbanization. We also discuss the

implications of this study in the context of expected global

urbanization under different Shared Socioeconomic Path-

ways (SSPs) in the future.

2 Materials and Methods

We used multiple sources of data to examine the changes in

population and urban land in global earthquake-prone areas

and their association with earthquake fatalities. First, we

quantified the change in population and urban land in

earthquake-prone settings from 1990 to 2015. Then, we

examined the relationship between urbanization (that is,

population, urban land, and the urbanization ratio) and

earthquake fatalities in the earthquake-prone areas during

1990–2018, using a series of regression models and the

STIRPAT (STochastic Impacts by Regression on Popula-

tion, Affluence, and Technology) approach (York et al.

2003) in which fatalities are estimated as a function of

hazard, exposure, and vulnerability (Lavell et al. 2012;

UNISDR 2017).

2.1 Data

To quantify the changes in global population and urban

land in the earthquake-prone areas we utilized four types of

data. First, population and urban land data were acquired

from the HYDE 3.2 dataset at 10 km resolution (Goldewijk

2016). The History Database of the Global Environment

(HYDE) 3.2 dataset is the only global dataset generated

using a consistent approach to estimate historical and

future population and urban land dynamics. Gridded

HYDE 3.2 population and urban land data for 1990 and

2015 as well as 2050 under five Shared Socioeconomic

Pathways (SSPs) were used. We report the mean, maxi-

mum, and minimum values of the five SSP scenarios to

depict uncertainties and variation in the future (O’Neill

et al. 2014, 2017; van Vuuren et al. 2014).

Second, global peak ground acceleration (PGA) data

were acquired to map earthquake-prone areas. Areas with a

PGA equal to or greater than 0.2 g (gravitational acceler-

ation), when the collapse probability of buildings starts to

increase remarkedly, were defined as the earthquake-prone
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areas (Jaiswal et al. 2011a; Holzer and Savage 2013). The

most updated PGA data and resulting map were used,

which collated more than 30 national and regional maps

from various institutions by the Global Earthquake Model

(GEM) foundation (Pagani et al. 2018). The PGA data

were generated using the OpenQuake engine (Pagani et al.

2014) and expert input by hundreds of global scientists and

engineers over the last 20 years. Although the PGA map

provided by the GEM may under or overestimate the PGA

(Ishibe and Shimazaki 2012; Wyss 2015) and alternatives

were proposed (for example, Panza and Bela 2020), it still

remains the most up-to-date, only freely accessible, and

widely used global map available (Gerstenberger et al.

2020).

Third, fatalities from earthquakes were derived from the

global CATDAT (CATastrophy DATabase) database

(Daniell et al. 2011), a catalog that emphasizes earth-

quakes, their triggering impacts, and downstream costs.

Although alternative datasets on earthquake damage, such

as the National Geophysical Data Center/World Data Ser-

vice (NGDC/WDS 2018), Emergency Events Database

(EM-DAT 2018), and PAGER-CAT (Prompt Assessment

of Global Earthquakes for Response) catalog (Allen et al.

2009) datasets are available, CATDAT was used due to its

accessibility, information completeness, and wide use.

Furthermore, the CATDAT database is the largest known

catalogue that has been validated against four major

earthquake databases (PAGER-CAT, NGDC, UTSU (Utsu

2004), and MRNATHAN (Munich Re 2009)) earthquake-

by-earthquake at the global scale including many other

original data sources, which has resulted in substantial

error reduction (Daniell et al. 2011). The CATDAT catalog

records the impacts of damaging earthquakes, including

direct and secondary effects since 1900 for over 9,900

earthquakes, from over 35,000 individual literature sources

in 90 languages. Since it is difficult to quantify accurately

the exact amount of earthquake damage, the database

reports the preferred estimates and lower/upper bounds of

earthquake damages after a careful analysis of all damage

reports.

Fourth, auxiliary data on global administrative bound-

aries were obtained from the Resource and Environment

Data Cloud Platform, Chinese Academy of Science.1

Socioeconomic data were obtained from the World Bank.2

All gridded data were reprojected to the Albers projection

with a spatial resolution of 10 km.

2.2 Examining the Impacts of Urbanization

on Fatalities in Earthquake-Prone Areas

Fatalities caused by earthquakes are typically estimated as

a function of the earthquake hazard (mainly from ground

shaking, but also from landslides and tsunami), the size of

the population impacted, number of buildings exposed to

earthquakes, and the vulnerability of exposed population

and buildings (Lavell et al. 2012; UNISDR 2017). Similar

to other approaches (for example, Peduzzi et al. 2009; Li

et al. 2015), nationally reported data were used to represent

these three components (hazard, exposure, and vulnera-

bility). In terms of the seismic hazard, we chose the extent

of the earthquake-prone areas, and the average depth and

magnitude of earthquakes in the earthquake-prone areas

during 1990–2015 for each country. For exposure to

earthquakes, we used the average population and the

average urbanized land in the earthquake-prone areas

between 1990 and 2015.

Vulnerability is difficult to quantify globally in the

absence of extensive building inventories and substantial

socioeconomic data (Jaiswal and Wald 2010). When

mapped globally, vulnerability is typically aggregated from

national scale variables that act as proxies for specific

variables of interest (Ruiter et al. 2017; Ward et al. 2020).

Quantifying and mapping global vulnerability to earth-

quakes require the same approach as local factors, such as

building quality and code, which are not always available

at the national scale (Jaiswal and Wald 2010). To over-

come this data gap, indicators such as the human devel-

opment index (HDI) (Jaiswal et al. 2011b; Li et al. 2015)

and vulnerability code (Daniell et al. 2011) are typically

used.

We opted to use a five-class vulnerability code devel-

oped by the USGS (United States Geological Survey) for

inclusion in their Prompt Assessment of Global Earth-

quakes for Response (PAGER) system (Jaiswal et al.

2011a). The vulnerability code is strongly correlated (r =

- 0.55, p\0.01) with HDI and considers the materials and

methods used for building construction as well as the

efforts and capacity to respond to earthquake disasters.

To estimate the impacts of urbanization in earthquake-

prone areas on fatalities, fatalities were estimated, as in

previous studies (Peduzzi et al. 2009; Li et al. 2015), by

using a simple multiplicative function combining hazard,

exposure, and vulnerability. Similar to the widely used

environmental impact = f(population, affluence, technol-

ogy) or IPAT model (York et al. 2003), we used the

STIRPAT approach (York et al. 2003) to develop four

models to examine the relative influence of each of the

three components and their relationship with urbanization

on earthquake fatalities.1 https://english.cas.cn/research/database/.
2 https://databank.worldbank.org/databases.
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The four models were used to examine the impacts of

hazard, exposure, vulnerability, and urbanization on

earthquake fatalities. First, we used a parsimonious model

(Model I—hazard and vulnerability) to account for the

impacts of hazard and vulnerability. The equation for this

model can be expressed as follows:

ln deathð Þ ¼ a1 ln hazardð Þ þ a2 ln vulnerabilityð Þ þ e ð1Þ

where the hazard was represented by the extent of the

earthquake-prone areas and the average depth and magni-

tude of earthquakes in the earthquake-prone areas for each

country, and vulnerability was denoted by the USGS vul-

nerability code. All the variables were used in their loga-

rithmic form.

Then, we incorporated the effects of population and

urban land exposure as follows:

ln deathð Þ ¼ a1 ln hazardð Þ þ a2 ln vulnerabilityð Þ
þ a3 ln exposureð Þ þ e ð2Þ

in Model II—population exposure and Model III—urban

land exposure.

Based on previous findings (Jackson 2006; Spence 2007;

Ambraseys and Bilham 2011), we expected an inverted U-

shaped relationship between urbanization ratio and earth-

quake fatalities. To test this conjecture, we added the

urbanization ratio and its quadratic term (both in loga-

rithmic form) to generate Model IV—urbanization ratio,

following the well-known environmental Kuznets curve

hypothesis, expressed as follows:

ln deathð Þ ¼ a1 ln hazardð Þ þ a2 ln vulnerabilityð Þ
þ a3 ln exposureð Þ þ a4 ln urð Þ
þ a5 ln urð Þð Þ2þe ð3Þ

When a4 is significantly positive and a5 is significantly
negative, an inverted U-shaped relationship between

fatalities and urbanization ratio can be confirmed.

Changing the values of a4 and a5 can affect the shape of

the inverted U-shaped curve between urbanization ratio

and deaths.

In examining the global relationship between urbaniza-

tion and earthquake-induced fatalities, our analysis is

constrained to a relatively short time period of 25 years

with data comprising a large amount of uncertainty. In

terms of data uncertainty, we report the upper and lower

bounds of fatalities of our regression results based on the

CATDAT catalogue. In addition to the analysis using all

the available data, we conducted an extra analysis by

excluding fatalities from catastrophic earthquakes (for

example, the 2010 Haiti earthquake) as the recorded

fatalities are highly controversial (Doocy et al. 2013a), and

the results are similar to our original analysis.

3 Results

We report the characteristics of earthquake-prone areas, the

changes in population and urban land in earthquake-prone

areas, and the relationship between exposure change and

earthquake fatalities in this section.

3.1 Earthquake-Prone Areas

Total global earthquake-prone area was estimated to cover

1.36 9 107 km2, representing 9.2% of global terrestrial

area (Figs. 1, 2). These areas were unevenly distributed

globally with the largest proportion of earthquake-prone

areas concentrated in several countries along the Circum-

Pacific Belt and the Mediterranean-Asiatic Belt, corrobo-

rating others (England and Jackson 2011; Bilham 2014;

Liu and Stein 2016). A total of 94 countries have earth-

quake-prone areas. Among these countries, the 10 countries

(Iran, China, Peru, Indonesia, India, Pakistan, United

States, Argentina, Chile, and Turkey) with the largest

amount of earthquake-prone area have a total area of

7,730,000 km2, accounting for approximately 57% of the

globe’s earthquake-prone areas.

People living in global earthquake-prone areas were

subject to disproportionally high levels of earthquake risk

(Fig. 2). Globally, only a small proportion of population

and urban land (20.8% and 15.5%, respectively) were

located in earthquake-prone areas. Yet more than 56% of

the earthquakes that caused casualties, nearly half of deaths

caused by earthquakes, and more than 91% of deaths

resulting from building collapse worldwide from 1900 to

2018 were attributed to earthquakes occurring in these

earthquake-prone areas.

While only 9.2% of the global areas affected by earth-

quakes experience these higher levels of ground accelera-

tion, 47.8% of all earthquake deaths and 91.7% of all

deaths due to shaking reside within these earthquake-prone

areas. Average population and urban land data between

1990 and 2015 are used to depict population and urban land

exposure. Earthquakes, total deaths, and shaking deaths

refer to the number of earthquakes, the total deaths and

shaking deaths of earthquakes, respectively, during

1900–2018 recorded by CATDAT.

3.2 Population Change in Global Earthquake-Prone

Areas from 1990 to 2015

The population in global earthquake-prone areas increased

at a faster rate than the global population (Table 1). The

rate of population increase was 40.2% in global earth-

quake-prone areas, rising from 1075.94 million in 1990 to

1508.79 million in 2015. During the same period, global
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population increased by 36.6%. The result of a 9% faster

growth rate of population in earthquake-prone areas is that,

in 2015, those areas held more than 1/5 of the global

population.

The population residing in urban areas relative to the

total population of a country, or other spatial unit, defines a

measurement known as the urbanization ratio (UN 2019).

Population increases in global earthquake-prone areas were

concentrated in countries with a relatively low urbanization

ratio (Table 1, Fig. 3). Among the 94 countries that have

earthquake-prone areas, more than 2/3 of the population

increase from 1990 to 2015 occurred in these areas within

43 countries that have a low urbanization ratio (between 20

and 60%). The average earthquake-prone area population

increase of the 43 countries (47.8%) was 1.2 times the

average global population increase for all earthquake-prone

areas. While rates of population increase in earthquake-

prone areas were high, they were also highly variable

(ranging from 37 to 72%). Furthermore, countries with the

highest urbanization ratio had the lowest rate of population

increase in earthquake-prone areas. Only those countries

with the highest urbanization ratios—80–100%, for

example, the United States, New Zealand, and Japan—had

a rate of population increase (16.0%) substantially less than

the global rate (36.6%).

For the five countries with the largest growth in earth-

quake-prone-area population (that is, India, Pakistan,

Indonesia, the Philippines, and Bangladesh), the rate of

Fig. 1 Global distribution of

earthquake-prone areas

Fig. 2 Characteristics of

earthquake-prone areas and

their impacts relative to areas

outside earthquake-prone areas.

Bars represent totals associated

with all earthquakes while the

proportion delineated in orange

represents those in earthquake-

prone areas (that is, with a peak

ground acceleration equal to or

greater than 0.2 gravitational

acceleration; see the Data

section (Sect. 2.1) for details).

Data source CATDAT
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population increase ranged from 37% to 72% and the total

growth accounted for more than half of the global growth

in earthquake-prone area population (Figs. 3a, 4a). It is no

coincidence that all five of these countries reside in Asia.

Seismic faults interface with drinking water sources along

the Mediterranean-Asiatic Belt. These faults act as aquifers

for many semiarid and arid countries in the Middle East

and Central Asia, India, Pakistan, and Bangladesh (Jackson

2006). The combination of drinking water sources with the

rapid population growth of Southeast Asian countries (for

example, Indonesia and the Philippines) has led to the

location of vulnerable populations along the Circum-Paci-

fic Seismic Belt (UNHCR 2014).

Countries with earthquake-prone areas and low or high

urbanization ratios (0–20% and 80–100%) in 2015 expe-

rienced low levels of population growth (Fig. 3). While the

absolute population increase among the five countries with

a low urbanization ratio only accounted for just over 17

million, their average rate of change was over 74%

between 1990 and 2015. In contrast, the 14 countries with

the highest urbanization ratio held an average population

growth rate of 16%, substantially lower than the 37%

global average (Fig. 3, Table 1).

Table 1 Changes in population and urban land in global earthquake-prone areas from 1990 to 2015

Regions Population (million) Urban land (km2)

1990–2015 2015 Rate of change (%) 1990–2015 2015 Rate of change (%)

Global earthquake-prone areas 432.82 1,508.80 40.2 38,491 93,857 69.2

0\UR B 20% 17.47 40.81 74.9 232 329 239.2

20%\UR B 40% 192.74 529.66 57.2 4,197 9,380 81.0

40%\UR B 60% 100.78 377.51 36.4 7,499 16,070 87.5

60%\UR B 80% 95.48 369.91 34.8 15,228 30,156 102.0

80%\UR B 100% 26.35 190.91 16.0 11,245 37,932 42.1

World 1,911.93 7,142.50 36.6 204,415 572,424 55.6

Proportion* 0.5% 21.1% – 1.4% 16.4% –

Average urbanization ratio (UR), which is the percentage of urban population to total population in 2015

*This proportion refers to the percentage of the amount in global earthquake-prone areas to global amount

Fig. 3 Relationship between seismic exposure change and urbaniza-

tion ratio in global earthquake-prone areas. a Population; b urban

land. Scatterplots represent changes in total population or urban land

for each country, while the bars represent the aggregated change for

countries within each interval of urbanization ratio. According to the

Northam Curve (Northam 1979; Mulligan 2013), the urbanization

ratio of a nation can be divided into at least three stages, that is, the

initial stage with an urbanization ratio between 0 and 20%, the growth

stage with an urbanization ratio between 20% and 80%, and the

terminal stage with a ratio above 80%
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3.3 Urban Land Change in Global Earthquake-

Prone Areas from 1990 to 2015

Land area classified as urban increased faster than popu-

lation in global earthquake-prone areas from 1990 to 2015

(Table 1). The urban lands in global earthquake-prone

areas expanded from 55,466 km2 in 1990 to 93,867 km2 in

2015, representing an increase of 69.2%. This increase was

1.7 times greater than the increase in population in those

same areas. In addition, the expansion of urban lands in

global earthquake-prone areas was 1.2 times greater than

the global urban expansion. Consequently, the percentage

of global urban land located in the global earthquake-prone

areas increased from 15.1% to 16.8% from 1990 to 2015.

In contrast to the rate of population increase being

greatest in earthquake-prone areas in countries with

Fig. 4 The global distribution of changes in population (a) and urban land (b) in earthquake--prone areas between 1990 and 2015
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20–60% urbanization ratio, the increase in global urban

earthquake-prone land area was concentrated in a small

number of countries with high urbanization ratios

(60–100%) (Fig. 3b). Among the 94 countries with earth-

quake-prone areas, nearly 69% of the increased urban land

in global earthquake-prone areas occurred in 46 countries

with an urbanization ratio greater than 60% in 2015. The

total growth of urban land in these countries’ earthquake-

prone areas reached 26,473 km2 and the corresponding rate

of increase was 63.6%, which is similar to the average rate

in the earthquake-prone areas throughout the world.

Among the 46 countries, the top five countries that expe-

rienced the largest increases of urban land in their earth-

quake-prone areas were the United States (48.4%), Iran

(742.3%), Turkey (340.7%), Mexico (118.7%), and Japan

(15.7%). The cumulative outcome of urban expansion in

these five countries amounted to 17,872 km2, more than 12

times the earthquake-prone area urban expansion in Japan.

Large increases of urban land area in earthquake-prone

areas also occur in some countries with an urbanization

level lower than 60%, such as Indonesia, the Philippines,

and India (Figs. 3b, 4b). The corresponding increases in

urban land in the three countries’ earthquake-prone areas

were 2821, 1673, and 1524 km2, respectively, and all of

them are developing countries in Asia. The growth of urban

land in the earthquake-prone areas of the five countries

with a low level of urbanization (urbanization ratio

between 0 and 20%) was marginal, with a total amount of

232 km2, or 0.4% of the total growth in global earthquake-

prone areas.

Earthquake-prone area urban land expanded slower in

countries with a high urbanization ratio (80-100%) than

countries with a lower level of urbanization ratio (Table 1).

This difference suggests that to fulfill increasing residential

demands in the earthquake-prone areas of developing

countries more multistory buildings and crowded informal

settlements are frequently constructed (Frolking et al.

2013; Henderson et al. 2016). The lack of building codes

and guidelines for coping with earthquake strikes and post-

disaster management put these vulnerable populations in

danger (Doberstein and Stager 2013).

3.4 Earthquake Fatalities in Global Earthquake-

Prone Areas during 1990–2018

Earthquake fatalities in global earthquake-prone areas

during 1990–2018 for the 94 countries at risk were esti-

mated at 413,576, with lower and upper bounds of 378,152

and 516,722, respectively (see Sect. 2.1 Data for the

explanation of the lower/upper bounds). The top five

countries that had the largest numbers of earthquake

fatalities in their earthquake-prone areas were China,

Pakistan, Haiti, India, and Afghanistan. Their earthquake

fatalities in the earthquake- prone areas during this period

were 88,710, 87,698, 80,009, 28,912, and 11,561, respec-

tively, which together accounted for 71% of total deaths in

global earthquake- prone areas. These countries had an

urbanization ratio below 60% in 2015 and belong to the

group of countries most vulnerable to earthquakes (Fig. 5).

As one would expect, earthquake fatalities were con-

centrated in the most vulnerable countries (Fig. 5). How-

ever, the proportion of all earthquake fatalities in these

countries is striking. Approximately 96% (96.1–97.0%) of

all deaths in global earthquake-prone areas occurred in

countries (33) classified with the highest vulnerability

score (a vulnerability code of 4 or 5). Seven of these

countries (Pakistan, China, Iran, India, Afghanistan, Nepal,

and Bangladesh) had the highest level of vulnerability

(vulnerability code of 5) with total earthquake fatalities in

earthquake-prone areas reaching 305,286

(280,531–321,280), accounting for approximately 74%

(62.2–74.2%) of all fatalities in global earthquake-prone

areas. The average number of deaths per thousand residents

in countries with the highest level of vulnerability was 5.77

(5.30–6.07), which is 11.5 times (11.3–12.1) greater than

the three countries with the lowest classification of vul-

nerability (New Zealand, Japan, and the United States).

The death rates per thousand population were dispro-

portionally higher in countries with a low urbanization

ratio and a high level of vulnerability (Fig. 6). The average

number of deaths per thousand people in global earth-

quake-prone areas was 4.11 (3.79–5.37) in countries with

an urbanization ratio below 60%. The average number of

deaths per thousand people was nearly half (2.11) in

countries with an urbanization ratio above 60%

(1.88–2.36). Similarly, average deaths per km2 urban land

in global earthquake-prone areas was 10 times higher in

countries with an urbanization ratio below 60%, 17.8 per

km2 (16.4–23.2), than those above 60% (1.9 per km2, or

1.7–2.0). The average deaths per km2 of urban land in

countries with the highest vulnerability (vulnerability

codes of 4 and 5) was 140 times (137–147) greater than

what was found in the three countries with the lowest

vulnerability.

3.5 The Relationship Between Urbanization

and Earthquake Fatalities

Overall, the average population living in earthquake-prone

areas during 1990–2015 and the extent of the earthquake-

prone areas were found to be significantly and positively

associated with earthquake fatalities (Table 2). The corre-

lation coefficient between these two variables and earth-

quake induced deaths were 0.66 and 0.58, which were the

most influential among eight tested variables (Table 2). A

regression analysis further confirmed that the amount of
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population in the earthquake-prone areas and the extent of

the earthquake-prone areas were positively associated with

fatalities caused by earthquakes.

Standardized regression coefficients for the average

population in earthquake-prone areas varied from 0.53 to

0.92 from Model II to Model IV, whereas the coefficients

for the extent of the earthquake-prone area were 0.31 and

0.60 in Model IV and Model I, respectively. In contrast, an

increase in the average depth of earthquakes was signifi-

cant and negatively associated with fatalities (Model I–IV),

with standardized coefficients between - 0.25 and - 0.32.

An increase in average amount of urban land in the

earthquake-prone areas was significantly and negatively

associated with earthquake deaths, whereby standardized

Fig. 6 Distribution of the average deaths caused by earthquakes per

thousand population (a) and per km2 of urban land (b) in global

earthquake-prone area The dots represent the values for each country

and the boxes represent the ranges of values within each 10% interval

of urbanization ratio (for example, 10–20% for the first box).

Vulnerability was attributed using the vulnerability code in the

PAGER system by USGS (see the Methods section (Sect. 2.2) for

details)

Fig. 5 Distribution of the

fatalities caused by earthquakes

in the earthquake-prone areas of

countries during 1990–2018.

Vulnerability was attributed

using the vulnerability code in

the USGS’ PAGER (https://

earthquake.usgs.gov/data/pager/

) system (see the Methods sec-

tion (Sect. 2.2) for details)

123

Int J Disaster Risk Sci 813

https://earthquake.usgs.gov/data/pager/
https://earthquake.usgs.gov/data/pager/


coefficients of - 0.36 and - 0.58 were acquired by Model

III and IV, respectively. These findings corroborate exist-

ing literature, where population exposure and seismic

hazard were strongly associated with earthquake fatalities

(Jackson 2006; Peduzzi et al. 2009; Jaiswal et al. 2011b).

The introduction of the urbanization ratio and its

quadratic term (Model IV) improved model fit. The eight

variables in Model IV explained 58.2% of the cross-na-

tional variance in earthquake fatalities in the earthquake-

prone areas, while the most parsimonious model (Model I),

which only considered the impacts of the hazard and vul-

nerability, explained 40.9% of the variance. These results

confirm that urbanization is critically related to earthquake

fatalities. More importantly, the coefficient between the

number of fatalities caused by earthquakes and the urban-

ization ratio is significant and positive, whereas the coef-

ficient for the quadratic term of urbanization ratio is

significant and negative, which suggests that an inverted U

relationship similar to the environmental Kuznets curve

(York et al. 2003) may exist. When the three components

of risk (hazard, exposure, and vulnerability) are held con-

stant, an increase in low to moderate levels of the urban-

ization ratio produces an increase in earthquake fatalities.

When the urbanization ratio is moderate to high, however,

a further increase in the urbanization ratio produces a

decrease in earthquake fatalities (Fig. 7). The transition or

point of inflection is estimated to occur when the urban-

ization ratio reaches around 44%. Twenty-four countries

have an urbanization ratio B 44%; all are developing

countries and all are located in Africa or Asia, with the

exception of Papua New Guinea. These countries are still

experiencing increasing seismic risk and will continue to

do so if earthquake fatality mitigation strategies are not

improved upon and operationalized.

4 Discussion

The potential causes for the nonlinear relationship between

urbanization and earthquake fatalities, and its implications

for mitigating earthquake risk in the future, are discussed in

this section.

4.1 The Relationship Between Urbanization

and Earthquake Fatalities

The nonlinear relationship between urbanization and

earthquake fatalities may partly be a function of population

Table 2 Factors included in a regression analysis and their association with earthquake fatalities in the earthquake-prone areas

Category Variables Model I Model II Model III Model IV

Beta (p value)

Hazard Earthquake-prone area (km2) 0.597**

(0.000)

0.197

(0.252)

0.216

(0.198)

0.3081

(0.083)

Average earthquake magnitude 0.080

(0.560)

0.135

(0.289)

0.143

(0.249)

0.183

(0.175)

Average earthquake depth (km) - 0.2491

(0.066)

- 0.273*

(0.029)

- 0.3041

(0.014)

- 0.3211

(0.010)

Vulnerability Vulnerability code 0.2111

(0.096)

0.135

(0.253)

- 0.005

(0.972)

- 0.084

(0.556)

Exposure Average population 1990–2015 0.527**

(0.004)

0.816**

(0.001)

0.916**

(0.002)

Average urban area 1990–2015 (km2) - 0.3601

(0.062)

- 0.5801

(0.051)

Urbanization Urbanization ratio in 2015 (%) 2.9641

(0.087)

Squared urbanization ratio of 2015 - 2.8991

(0.091)

R2 40.9% 51.2% 55.1% 58.2%

Akaike Information Criterion 94.89 87.24 85.16 85.52

The number of samples used for the regression was 50 because some countries did not have earthquake with fatalities during the studied period.

The values in bracket are the p values

**p\ 0.01; *p\ 0.05; ?p\ 0.1
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density. For developing countries with low levels of

urbanization, a large portion of the population is rural and

resides in single-story buildings that lack adequate pro-

tection from earthquake-induced shaking. When a large

earthquake event occurs, the collapse of these buildings led

to a large number of deaths (Jackson 2006). This is espe-

cially true for rural households in semiarid and arid cli-

mates (for example, Iran and Pakistan), where the main

source of building materials are mud bricks and shelters

have heavy clay roofing (Jackson 2006; Spence 2007;

Motamedi et al. 2012). This may also explain why the

estimated proportion of earthquake fatalities in rural areas

to total fatalities were over 80% from 2003 to 2018; such

was the case resulting from the 2005 Kashmir and 2015

Nepal earthquakes (Wyss 2018). In addition, countries with

low levels of urbanization typically struggle with poverty

and corruption, and the earthquake resistance of buildings

is largely overlooked, especially with the expansion of

informal settlements (Green 2008; Ambraseys and Bilham

2011; Bilham and Gaur 2013).

With the movement of population from rural areas to

urban areas with a high population density (that is,

urbanization), the exposure rate to earthquakes changes

(Jackson 2006; Doocy et al. 2013b; Bai et al. 2017). Fur-

thermore, most developing countries with earthquake-

prone areas lack or have weak enforcement of building

codes for earthquakes (Daniell et al. 2014), which affects

population vulnerability. Among the 94 countries having

earthquake-prone areas over the last 28 years, more than

70% of total deaths occurred in countries with a vulnera-

bility code of 4 or 5 in the PAGER system and an urban-

ization ratio between 20 and 60% (Fig. 5). If an earthquake

with a large magnitude strikes a rapidly urbanizing area

with a weak building resistance, the potential exists for a

large number of fatalities (Daniell et al. 2017). For exam-

ple, substantially more deaths occurred in urban areas than

rural areas from both the 1976 Tangshan Earthquake in

China (242 thousand deaths) and the 31thousand deaths of

the 2003 Bam Earthquake in Iran (EM-DAT 2018). In

other words, among countries with a middle level of

urbanization, both the collapse of fragile single-floor rural

settlements as well as unreinforced multifloor urban

apartments contribute to earthquake fatalities.

A third conceptual urbanization stage occurs when

earthquake fatalities substantially decline, likely due to the

enactment and strong enforcement of building codes

(Crowley and Elliott 2012) and increased economic pros-

perity that situates more of the population in higher quality

structures (Jackson 2006). This is especially true for highly

developed countries, such as the United States, New

Zealand, and Japan. The data support this transition with

only a small portion of total deaths (1.3–1.7%) in global

earthquake-prone areas during 1990–2018 occurring in the

United States, New Zealand, and Japan (Fig. 5). Previous

studies also supported this finding (Ambraseys and Bilham

2011; He et al. 2018). For example, Spence (2007) found

that the annual fatalities caused by earthquakes to the total

population in the United States and Japan decreased from

41 and 2670 persons per million to 3.4 and 230 victims,

respectively. In contrast, the fatality number in Iran

increased from 308 persons per million pre-1960 to 2970

since the 1980s because of the weak enforcement of

building codes. Other researchers further support the

argument that urbanization provides a reduction in earth-

quake mortality risk by improving: (1) the technology for

sending earthquake alerts (Suárez et al. 2009); (2) knowl-

edge about mitigating seismic risk (Takeuchi and Shaw

2014); and (3) access to shelter during earthquakes

(Alçada-Almeida et al. 2009).

4.2 Implications of Future Urbanization in Global

Earthquake-Prone Areas

Population and urban land area will likely continue to

increase in global earthquake-prone areas in the future

(Table 3). According to the projections of population and

urban land area under the five Shared Socioeconomic

Pathways (SSPs) examined by O’Neill et al. (2014, 2017),

the population in global earthquake-prone areas will

increase by 376.23 (215.05–593.87) million from 2015 to

Fig. 7 Illustration of urbanization ratio inflection point for earth-

quake fatalities. The coefficients for the urbanization ratio and its

squared form in the regression model (Model IV) are 19.42 and

- 2.56, respectively. It can be estimated that the inflection point of

the urbanization ratio for earthquake fatalities is at e a4=�2a5ð Þ ¼
e 19:42=2=2:56ð Þ ¼ 44% (42–46%, 95% confidence interval). The shaded

area represents the 95% confidence interval
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2050, with a rate of growth of 24.9% (14–39.4%). Mean-

while, the increase in urban land area in global earthquake-

prone areas will likely be 60,991 (47,761–73,522) km2,

with a rate of growth of 65.0% (50.9–78.3%). Population

density in urban areas in global earthquake-prone areas will

decrease along with the increase in urbanization.

More than half of the total increase in population

(51.5%) in global earthquake-prone areas will occur in

nations that will have an urbanization ratio between 40 and

60% (Table 3). In particular, Pakistan, India, Afghanistan,

and Bangladesh will rank in the top four. The total popu-

lation growth in these four countries’ earthquake-prone

areas will reach 181.62 (92.62–300.05) million, accounting

for 48.3% (43.1–50.5%) of total population growth in

global earthquake-prone areas. This is consistent with

previous findings that most of the urban agglomeration

growth at risk will be in Asian developing countries (Bil-

ham 1999, 2009).

Our study reveals that these countries are mostly

expected to pass the 44% turning point in the urbanization

ratio by 2050, which implies that adequate strategies to

improve building resistance to earthquakes should be

adopted more rapidly than has been done in the past. For

the next three decades in these countries, a window exists

in which to provide a safer living environment for local

residents (Ambraseys and Bilham 2011; Uitto and Shaw

2016). Among these developing countries, increased

urbanization and population growth is typically accompa-

nied by the expansion of informal settlements and multi-

story buildings, which are especially vulnerable to

catastrophic natural hazards and disasters (Jaiswal et al.

2011a; Henderson et al. 2016). Thus, mitigating the seismic

risk of the urban poor and enhancing the seismic resilience

Table 3 Estimates of population and urban land in global earthquake-prone areas from 2015 to 2050 under the five Shared Socioeconomic

Pathways

2015–2050 Proportion* Rate of change

Population (million)

Global earthquake-prone areas 376.23

(215.05–593.87)

24.9%

(14.3–39.4%)

0\UR B 20% 0

(0)

0%

(0)

0

(0)

20%\UR B 40% 18.79

(9.46–28.91)

4.9%

(4.4–5.0%)

46.0%

(23.2–70.8%)

40%\UR B 60% 193.63

(105.30–322.26)

51.5%

(49.0–54.3%)

36.5%

(19.9–60.8%)

60%\UR B 80% 88.45

(36.68–147.18)

23.5%

(24.8–17.1%)

21.1%

(8.8–35.1%)

80%\UR B 100% 75.36

(55.91–95.52)

20.0%

(16.1–26.0%)

14.5%

(10.8–18.4%)

Urban land (km2)

Global earthquake-prone areas 60,991

(47761–73522)

65.0%

(50.9–78.3%)

0\UR B 20% 0

(0)

0%

(0)

0

(0)

20%\UR B 40% 905

(565–1516)

1.5%

(1.2–2.1%)

275.0%

(171.7–460.8%)

40%\UR B 60% 16,875

(13,042–22,428)

27.7%

(27.3–30.5%)

179.7%

(138.9–238.8%)

60%\UR B 80% 15,925

(11,766–30,521)

26.1%

(24.6–27.9%)

83.3%

(61.5–107.1%)

80%\UR B 100% 27,286

(22,388–30,521)

44.7%

(41.5–46.9%)

42.0%

(34.4–78.3%)

*The proportion refers to the change of population and urban land in each group of countries to the total change in global earthquake-prone areas.

UR stands for the urbanization ratio, percentage or urban population to total population. The values in bracket are the minimum and maximum

values among the five Shared Socioeconomic Pathways
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of high-rise buildings should be prioritized to decrease

seismic risk in developing countries.

Approximately 45% of urban land growth in global

earthquake-prone areas will take place in countries with an

urbanization ratio above 80% in 2050 (Table 3). This could

be good news for global seismic risk mitigation, as his-

torical urban expansion in the developed countries is

characterized by reinforced buildings for earthquake

resistance and sprawling development that disperses

impact (Spence 2007). Several developed countries have

successful historical experiences dealing with seismic risk

and mitigating fatalities during large earthquakes (Spence

2007; Crowley and Elliott 2012). If careful and rigorous

disaster planning and operationalization of policy to ensure

code enforcement for seismic resistance and retrofit of

buildings are upheld (Bilham 2009; Samaddar et al. 2017),

policy initiative will lead to further success stories.

Enhancing the resilience of buildings, infrastructure, and

urban systems in rapidly urbanizing cities would increase

the capacity to cope with catastrophic earthquakes by

medium and small urban centers.

4.3 Limitations and Future Perspectives

We analyzed the spatiotemporal dynamics of population

and urban land exposed to earthquake hazard globally, and

investigated the association between urbanization and

earthquake fatalities. The results suggest that as the

urbanization ratio increases from low to moderate values,

earthquake-induced fatalities also increase. However, as

the urbanization ratio increases from moderate to higher

levels (that is, 40–60%), fatalities decreased. Under data

limitations for our global analysis, the range of uncertainty

is highest at the ends of the urbanization ratio (that is, low

and high; Fig. 7). But with inclusion of variation in

earthquake fatality estimates the presented evidence sup-

ports a Kuznet’s curve type of response in fatalities due to

an increasing urbanization ratio. While we present an

analysis of the relationship between urbanization and

earthquake fatalities globally, the limited time span of 25

years and coarse spatial resolution of population and urban

land data may not be sufficient to form a definitive con-

clusion. We hope it will provide a point of departure for

further studies that use newly available population and

urban land datasets on various scales (Merkens et al. 2016;

Boke-Olén et al. 2017; Chen et al. 2020a; Chen et al.

2020b; Chen et al. 2020c).

Furthermore, some factors that can affect earthquake

fatalities, such as age and gender distribution were omitted

due to a lack of data availability at the global scale. Given

the disparate effect of catastrophes on different demo-

graphics (Vink and Takeuchi 2013), the geographic

heterogeneity of demography could provide additional

insight into at-risk populations or guide mitigations efforts

targeted at specific demographic segments of the popula-

tion (Jackson 2006).

Lastly, while it is likely that poor building resistance to

earthquakes in developing countries is a dominant driver of

the observed inverted U-shaped relationship between

urbanization and earthquake fatalities at the global scale,

new national or global data on the spatial distribution of

informal settlements and poorly constructed buildings are

required to understand the contribution of informal settle-

ments relative to other factors impacting earthquake

fatalities.

5 Conclusions

Over the past 25 years, approximately 67.8% of population

growth and 74.5% of the total deaths, or 307,918

(282,938–405,431) deaths in global earthquake-prone areas

took place in developing countries with an urbanization

ratio between 20 and 60% in 2015. In contrast, only 30.5%

of urban land expansion in global earthquake-prone areas

occurred in these countries. The relation between the

urbanization ratio and fatalities exhibited an inverted

U-shape, with a turning point at approximately 44%

(42–46%, 95% confidence interval), after considering other

factors such as hazard, exposure, and vulnerability.

By 2050, more than 50% of the total increase in popu-

lation in global earthquake-prone areas will still take place

in developing countries with an urbanization ratio between

40 and 60% in 2050. Among the 94 countries having

earthquake-prone areas, 16 of them will pass the urban-

ization turning point (44%) before 2050. Special attention

to building resistance to earthquake fatalities should be

initiated in developing countries (Haiti, Pakistan, India,

Afghanistan, and Bangladesh) in the future to mitigate

earthquake risk.
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Suárez, G., D. Novelo, and E. Mansilla. 2009. Performance evaluation

of the seismic alert system (SAS) in Mexico City: A seismo-

logical and a social perspective. Seismological Research Letters
80(5): 707–716.

Takeuchi, Y., and R. Shaw. 2014. New insights of education sector

from East Japan earthquake and tsunami. In Disaster recovery,
ed. R. Shaw, 147–164. Tokyo: Springer.

Uitto, J.I., and R. Shaw. 2016. Sustainable development and disaster

risk reduction: Introduction. In Sustainable development and
disaster risk reduction, ed. J.I. Uitto, and R. Shaw, 1–12. Tokyo:

Springer.

UN (United Nations). 2015. Sendai framework for disaster risk
reduction 2015–2030. New York: United Nations.

UN (United Nations). 2019. World urbanization prospects: The 2018
revision. New York: United Nations Publications.

UNDP (United Nations Development Programme). 2018. 2018
statistical update: Human development indices and indicators.
New York: UNDP.

UNHCR (United Nations High Commissioner for Refugees). 2014.

Global strategy for settlement and shelter. http://www.unhcr.org/

530f13aa9.pdf. Accessed 20 Apr 2018.

UNISDR (United Nations International Strategy for Disaster Reduc-

tion). 2017. GAR atlas: Unveiling global disaster risk. Geneva:

UNISDR.

Utsu, T. 2004. Catalog of damaging earthquakes in the world (through

2002). Tokyo: Tokyo University and International Institute of

Seismology and Earthquake Engineering. https://iisee.kenken.

go.jp/utsu/index_eng.html. Accessed 21 Nov 2021.

van Vuuren, D.P., E. Kriegler, B.C. O’Neill, K.L. Ebi, K. Riahi, T.R.

Carter, J. Edmonds, and S. Hallegatte et al. 2014. A new scenario

framework for climate change research: Scenario matrix archi-

tecture. Climatic Change 122(3): 373–386.

Vink, K., and K. Takeuchi. 2013. International comparison of

measures taken for vulnerable people in disaster risk manage-

ment laws. International Journal of Disaster Risk Reduction 4:

63–70.

Ward, P.J., V. Blauhut, N. Bloemendaal, J.E. Daniell, M.C. de Ruiter,

M.J. Duncan, R. Emberson, and S.F. Jenkins et al. 2020. Review

article: Natural hazard risk assessments at the global scale.

Natural Hazards and Earth System Sciences 20(4): 1069–1096.
Wyss, M. 2015. Testing the basic assumption for probabilistic

seismic-hazard assessment: 11 failures. Seismological Research
Letters 86(5): 1405–1411.

Wyss, M. 2018. Rural populations suffer most in great earthquakes.

Seismological Research Letters 89(6): 1991–1997.
York, R., E.A. Rosa, and T. Dietz. 2003. STIRPAT, IPAT and

ImPACT: Analytic tools for unpacking the driving forces of

environmental impacts. Ecological Economics 46(3): 351–365.

123

820 He et al. Urbanization and Fatalities in Earthquake-Prone Areas

http://www.unhcr.org/530f13aa9.pdf
http://www.unhcr.org/530f13aa9.pdf
https://iisee.kenken.go.jp/utsu/index_eng.html
https://iisee.kenken.go.jp/utsu/index_eng.html

	A Global Analysis of the Relationship Between Urbanization and Fatalities in Earthquake-Prone Areas
	Abstract
	Introduction
	Materials and Methods
	Data
	Examining the Impacts of Urbanization on Fatalities in Earthquake-Prone Areas

	Results
	Earthquake-Prone Areas
	Population Change in Global Earthquake-Prone Areas from 1990 to 2015
	Urban Land Change in Global Earthquake-Prone Areas from 1990 to 2015
	Earthquake Fatalities in Global Earthquake-Prone Areas during 1990--2018
	The Relationship Between Urbanization and Earthquake Fatalities

	Discussion
	The Relationship Between Urbanization and Earthquake Fatalities
	Implications of Future Urbanization in Global Earthquake-Prone Areas
	Limitations and Future Perspectives

	Conclusions
	Acknowledgements
	References




