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4 Modern global earthquake fatalities can be separated into two components:
5 (1) fatalities from an approximately constant annual background rate that is inde-
6 pendent of world population growth and (2) fatalities caused by earthquakes with
7 large human death tolls, the frequency of which is dependent on world popula-
8 tion. Earthquakes with death tolls greater than 100,000 (and 50,000) have
9 increased with world population and obey a nonstationary Poisson distribution
10 with rate proportional to population. We predict that the number of earthquakes
11 with death tolls greater than 100,000 (50,000) will increase in the 21st century to
12 8.7�3.3 (20.5�4.3) from 4 (7) observed in the 20th century if world population
13 reaches 10.1 billion in 2100. Combining fatalities caused by the background rate
14 with fatalities caused by catastrophic earthquakes (>100,000 fatalities) indicates
15 global fatalities in the 21st century will be 2.57�0.64 million if the average post-
16 1900 death toll for catastrophic earthquakes (193,000) is assumed. [DOI:

10.1193/1.4000106]

17 INTRODUCTION

18 From the perspective of global earthquake fatalities, the 21st century began ominously. In
19 2001, the M7.6 Bhuj, India, earthquake killed 20,085 people. In 2003, the M6.6 Bam, Iran
20 earthquake killed 31,000 people. In 2004, the M9.3 Sumatra-Andaman, Southeast Asia,
21 earthquake killed 228,000 people, mostly by a tsunami that swept across the Indian
22 Ocean. In 2005, the M7.6 Kashmir, Pakistan, earthquake killed 87,351 people. In 2008,
23 the M7.9 Wenchuan, China, earthquake killed 88,287 people. And in 2010, the M7.0
24 Haiti earthquake killed 222,570 people. All told, approximately 699,000 people died in earth-
25 quakes during the century’s first decade. While large losses of life in earthquakes have been
26 observed before, the occurrence of so many very deadly earthquakes within a single decade is
27 unprecedented. These very deadly earthquakes—along with the 2011 Tohoku, Japan, M9.0
28 earthquake, with its 22,626 death toll and huge financial impact—have prompted speculation
29 that the planet is experiencing the consequences of the large urban population growth in the
30 20th century (e.g., Bilham 2010). (Earthquake fatalities for earthquakes reported here are
31 described at the USGS’s world earthquake deaths Web site, http://earthquake.usgs.gov/
32 earthquakes/world/world_deaths.php, as of 26 April 2011. Uncertainty in the Haitian esti-
33 mated death toll is discussed later.)

34 The growing world population suggests that earthquakes should become increasingly
35 deadly because the expected number of earthquake deaths is proportional to the exposed
36 population and their vulnerability to earthquakes. This article explores the relation between
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37 global earthquake fatalities and world population. In addition to examining the relation
38 between global fatalities and world population, we postulate that earthquakes with large
39 death tolls can be represented by a nonstationary Poisson process in which their annual prob-
40 ability of occurrence is proportional to world population. The purpose of our investigation is
41 to use historical trends to predict both global fatalities and the number of catastrophic
42 (>100,000 fatalities) earthquakes in the 21st century.

43 While a correlation of global fatalities with world population is a reasonable expecta-
44 tion, it assumes that (1) the population of seismically hazardous areas as a proportion of
45 world population has remained approximately constant and that (2) the seismic vulner-
46 ability of buildings has remained approximately constant. We tested the first assumption
47 by compiling the aggregate population of the 31 countries that occupy the most seismi-
48 cally hazardous parts of the planet. The population as a percentage of world population
49 of these 31 countries remained remarkably constant from 1500 to 2010, approximately
50 62%. The countries were selected from the Global Seismic Hazard Map, a probabilistic
51 seismic hazard map, which estimates peak ground accelerations (PGA) with a probability
52 of exceedance of 10% in 50 years (GSHAP 2011). The 31 countries included those
53 where PGA exceeded 0.2 g in part of the country. The 62% compares favorably to
54 Bilham’s (2009) estimate that 65% of the world’s large cities today may be subject
55 to seismic shaking. The second assumption that building vulnerability has not changed
56 significantly at the global scale is more difficult to evaluate. Some countries, for exam-
57 ple, the United States and Japan, have decreased their risk by implementing seismic
58 resistant design while others may have increased theirs. An example of the latter phe-
59 nomenon was reported by Wyss (2005). He observed a disproportional increase of earth-
60 quake fatalities with population growth in an investigation of earthquake fatalities in the
61 front of the Himalaya. He concluded that seismic risk in the region was increasing in part
62 because buildings that were more vulnerable to lethal collapse during shaking were repla-
63 cing the traditional more seismically resistant wood-frame and bamboo construction. In a
64 more global investigation, Wyss and Trendafiloski (2011) used trends in the ratio of
65 earthquake injuries to fatalities, or the casualty ratio, to infer if newer buildings are
66 less seismically vulnerable. They concluded that the global casualty ratio in the last cen-
67 tury had increased as a result of improved building practice, which they interpreted to
68 indicate that newer buildings were less vulnerable or more seismically resistant. The
69 decrease of vulnerability, however, was not very statistically robust, and the investigation
70 was limited to the 20th century. For our investigation, we assume that the seismic vul-
71 nerability of new buildings did not, and will not during the 21st century, significantly
72 improve at the global scale.

73 Only a few investigations have explored the predictive potential of historical trends to
74 forecast future global earthquake fatalities. By excluding earthquakes with large numbers
75 of fatalities, Bilham (2009) fit the underlying residual fatality trends from 1500 to 1999
76 with curves obeying a power law. His residual curves generally underestimated later
77 fatality rates, which limited their predictive value. In an earlier investigation, Nishenko
78 and Barton (1996), compared the cumulative number of earthquakes to fatalities per
79 earthquake. As pointed out by Bilham (2009), their analysis indicated that one earth-
80 quake with a million fatalities may be expected per century if world population reaches
81 10 billion. Based on statistical regression, Nichols and Beavers (2008) proposed that

2 T. L. HOLZER AND J. C. SAVAGE



82 the mean annual number of fatal earthquakes for the time period from 1870 to 1999 could
83 be related to world population by simply multiplying world population in billions by a
84 factor of four.

85 EARTHQUAKE FATALITY CATALOGS

86 The completeness and reliability of earthquake fatality catalogs presents a significant
87 challenge to investigators of historical trends of earthquake fatalities (e.g., Guidoboni
88 and Ebel 2009, Hough and Bilham 2006). Records of early earthquakes (pre-1900) are
89 incomplete, and the historical fatality count is systemically underestimated (Bilham
90 2009). Reasons for the incompleteness of historical catalogs include a lack of systematic
91 reporting and the loss of records. Even official estimates of earthquake fatalities in very
92 recent events may be inexact because of imprecise and incomplete record keeping. This
93 uncertainty for modern events is illustrated by reported death tolls for the 2010 Haiti earth-
94 quake, which have ranged from 45,000 to 316,000 (Muggah and Kolbe 2011). We use here
95 the 222,570 fatality estimate that was posted on the USGSWeb site (cited in the Introduction
96 here) when this manuscript was submitted. This uncertainty can cause fatality estimates for
97 individual earthquakes to vary significantly between catalogs. In addition, seismological
98 aspects—including the location, source parameters, shaking levels, and even the dates—
99 of older earthquakes often are poorly documented. Interpretations are dependent on felt
100 and often incomplete reports of shaking to infer that an earthquake was responsible for fatal-
101 ities. The poor seismological documentation of some older events is a result of the absence of
102 widespread and systematic instrumental earthquake monitoring. Such monitoring did not
103 begin until the end of the 19th century. In fact, the ability to instrumentally locate earthquakes
104 with magnitudes greater than M6.5 dates back only to 1904 (Lee and Brillinger 1979).

105 To partially compensate for the inherent uncertainty in available earthquake fatality cat-
106 alogs, the present investigation made use of multiple catalogs. For our analyses of statistical
107 trends, we relied on three multicentury catalogs: Utsu (2002), the National Oceanic and
108 Atmospheric Administration (NOAA) online catalog, and the U.S. Geological Survey
109 (USGS) catalog of the world’s most destructive earthquakes. We also used two modern
110 short-term catalogs to highlight some of the characteristics of global earthquake fatalities.
111 We used these latter catalogs for illustrative purposes simply because we suspect that
112 they are more complete. Earthquake fatalities in all of these catalogs are typically total fatal-
113 ities for an earthquake, that is, they include fatalities from secondary effects, such as tsunamis
114 and landslides.

115 The two modern short-term catalogs that we used were compiled by the USGS. The
116 shortest and most recent catalog was compiled by Kristin Marano and colleagues for
117 their investigation of earthquake fatalities caused by secondary effects, that is, nonshaking
118 (Marano et al. 2010). It covers the period from 1968 to 2008 and includes earthquakes with
119 one or more reported fatalities. It is presumably the most complete of all of the catalogs.
120 A second valuable USGS catalog (USGS 2011a), available at http://earthquake.usgs.gov/
121 earthquakes/world/world_deaths.php, includes earthquakes since 1900 that have killed
122 more than 1,000 people. Both catalogs were updated to 2011 with fatalities by year
123 (USGS 2011b; http://earthquake.usgs.gov/earthquakes/eqarchives/year/).
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124 The multicentury catalogs were compiled by Utsu (2002), the NOAA Geophysical Data
125 Center, and the USGS. The Utsu (2002) catalog is his DEQ50 in which earthquakes with 50
126 or more fatalities that occurred between 1500 and 2000 are listed. It is available digitally in
127 Lee et al. (2002). The NOAA catalog, which is referred to here as the NOAA2010 catalog to
128 distinguish from earlier printed versions (e.g., Dunbar et al. 1992), is the National Geophy-
129 sical Data Center’s Significant Earthquake Database (2011), available online at http://www
130 .ngdc.noaa.gov/nndc/struts/form?t=101650&s=1&d=1. It includes earthquakes from 2150
131 BCE to 2011 CE. The USGS catalog (USGS 2011c) lists the most destructive earthquakes
132 from 800 CE to 2011 CE. This catalog includes only earthquakes with death tolls of
133 more than 50,000 and is maintained at http://earthquake.usgs.gov/earthquakes/world/most_
134 destructive.php. Earthquakes with more than 50,000 fatalities that are included in at least one
135 of the three catalogs are compared in Table 1. For completeness, earthquakes that Utsu (2002)
136 labeled as great are also listed; he did not specify fatalities for these earthquakes, but we
137 assumed “great” implied approximately 50,000 or more fatalities.

138 Although we were reluctant to modify these catalogs other than to update them to 2011,
139 we reviewed individual earthquakes with exceptionally large reported death tolls in the three
140 multicentury catalogs. Descriptions of older earthquakes often are sparse and subject to alter-
141 native interpretation. In particular, counts of fatalities may be poorly documented. An exam-
142 ple of a major reinterpretation is the natural disaster in Calcutta, India, in 1737. Many
143 earthquake fatality catalogs include (or have included) this earthquake, which is estimated
144 to have killed 300,000 people. Bilham (1994), however, concluded that it was probably a
145 cyclone or large weather event. Our review prompted us to delete only one earthquake in the
146 longest USGS catalog: the 1789 Palu, Turkey, earthquake, which is reported to have killed
147 51,000 people. Although it was originally described by Ambraseys (1989), it was omitted
148 from his updated compilation of historical earthquakes in the Mediterranean and Middle East
149 (Ambraseys 2009).

150 The Utsu (2002) catalog contains many descriptive entries in the fatalities column.
151 Fatality estimates for 257 of the 1,025 fatal earthquakes listed in the catalog are described
152 by descriptive terms. Accordingly, we substituted 50, 300, 3,000, 30,000, and 50,000 fatal-
153 ities, respectively, for “many” (227 entries); “100s” (9 entries); “1,000s” (13 entries);
154 “10,000s” (3 entries); and “great” (5 entries) in his catalog. With these substitutions,
155 descriptive designations account for approximately 0.393 million of the 5.272 million
156 total fatalities in the catalog. Although observations and conclusions presented here reflect
157 these substitutions, we repeated the analyses without the substitutions to test if our con-
158 clusions remained valid, which they did. We will refer to the catalog with these substitu-
159 tions and the post-2000 earthquakes included as the updated Utsu (2002) catalog. Reference
160 to the Utsu (2002) catalog without the phrase “updated” indicates that the unmodified
161 catalog was used.

162 World population estimates were obtained from two sources. For pre-1900
163 population estimates, we relied on Biraben (1980). For post-1900 populations and
164 projections, we relied on compilations by the United Nations Department of
165 Economics and Social Affairs, Population Division, available at http://www.un.org/
166 esa/population/ (UNDESA 2011). Information on the population histories of cities
167 was from Chandler (1987).
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Table 1. Comparison of earthquakes with more than 50,000 fatalities in three earthquake fatal-
ity catalogs used in this investigation. Earthquake names shown in bold, normal, and italics type,
respectively, are USGS, NOAA2010, and Utsu (2002) catalog designations.

Time
(calendar
year) Earthquake Country

Fatalities

USGS NOAA2010 Utsu (2002)

856 Damghan Iran 200,000 200,000 –

893 Ardabil Iran 150,000 180,000 –

1033 Ramala Israel – 70,000 –

1042 Tabriz Iran – 50,000 –

1101 Khorasan Iran – 60,000 –

1138 Aleppo Syria 230,000 230,000 –

1169 Halab Syria – 80,000 –

1202 Southwestern Syria – 1,100,000 –

1268 Asia Minor Silicia 60,000 50,000 –

1290 Chihli China 100,000 100,000 –

1505 Kabul Afghanistan no estimate great
1556 Shaanxi China 830,000 830,000 830,000
1667 Shemacha Azerbaijan 80,000 80,000 80,000
1693 Sicily Italy 60,000 93,000 54,000
1695 Shaanxi China – 20,000 52,600
1703 Jeddo Japan – – great
1718 Gansu China – 73,000 75,000
1727 Tabriz Iran 77,000 77,000 77,000
1739 Ningxia China 50,000 50,000
1755 Lisbon Portugal 70,000 60,000 62,000
1779 Tabriz Iran 200,000 50,000
1783 Calabria Italy 50,000 30,000 35,000
1832 Hindu Kush Afghanistan – no estimate great
1844 Miyaneh Iran – – great
1861 Padang Indonesia – no estimate great
1868 Quayaquil Ecuador – 70,000 40,000
1908 Messina Italy 72,000 82,000 82,000
1920 Ningxia China 200,000 200,000 235,502
1923 Kanto Japan 142,800 99,331 142,807
1935 Quetta Pakistan – 60,000 60,000
1948 Ashgabat Turkmenistan 110,000 19,800 19,800
1970 Chimbote Peru 70,000 66,794 66,794
1976 Tangshan China 255,000 242,000 242,800
1990 Manjil-Rudbar Iran 40,000–50,000 40,000 35,000
2004 Sumatra-Andaman Indian Ocean 227,898 175,827 –

2005 Kashmir Pakistan 86,000 86,000 –

2008 Wenchuan China 87,587 87,652 –

2010 – Haiti 222,570 222,570 –
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168 FATALITY TRENDS

169 Three aspects of earthquake fatalities trends are relevant to the present investigation.
170 These aspects are illustrated in Figures 1 to 3. They include: (1) the significant contributions
171 of earthquakes with large death tolls to global totals, (2) the approximately constant back-
172 ground fatality rate when these earthquakes are removed, and (3) the increase in the number
173 of earthquakes with large death tolls in modern time.

174 The significant contribution from earthquakes with large death tolls is demonstrated for
175 the 20th century in Figure 1. Cumulative fatalities for two time periods, 1900–2011 and
176 1968–2011, are plotted. The two time histories are based on the post-1900 USGS andMarano
177 et al. (2010) catalogs. The salient feature of both time histories is that earthquakes with large
178 death tolls are superimposed on a smooth background trend. The impact of earthquakes with
179 large death tolls on the cumulative total is particularly clear in Figure 1. In fact, more than half
180 of the global earthquake fatalities in the 20th century were caused by only seven earthquakes.

181 Figure 2, based on the updated Utsu (2002) catalog, illustrates the dominant role of earth-
182 quakes with large death tolls for a longer time interval, 1500–2011 (see Table 1 for dates of
183 earthquakes with fatalities greater than 50,000). When all earthquakes in the updated catalog
184 are considered, the time history of global fatalities is dominated by steps that reflect the
185 occurrence of earthquakes with large death tolls. Removal of earthquakes with death
186 tolls greater than 100,000, however, produces an approximately linear background residual
187 curve, particularly after 1668. By excluding earthquakes with decreasing numbers of fatal-
188 ities (i.e., 100,000, 50,000, and 10,000), curvature of the resulting residual curves increases
189 slightly with decreasing thresholds for exclusion (Figure 2a). Of course, the magnitude of the
190 steps in the curves decreases when earthquakes with successively smaller death tolls are
191 removed. This results in smoother curves.

Figure 1. Cumulative global earthquake fatalities from 1900 to 2011 for earthquakes with 1000
or more deaths and from 1968–2011 for earthquakes with one or more deaths.
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192 The large relative contribution from earthquakes that exceed different death tolls to global
193 earthquake fatalities is indicated by the separation of the curves in Figure 2a. The comparison
194 indicates that earthquakes with more than 10,000, 50,000, and 100,000 fatalities, respec-
195 tively, were responsible for 82%, 52%, and 25% of global fatalities. These estimates of rela-
196 tive contribution are for the time period 1600–2011 in order to remove the large impact of the
197 1556 Shaanxi, China, earthquake, which is reported to have killed 830,000 people.

(a)

(b)

Figure 2. Earthquake fatality data from updated Utsu (2002) catalog. (a) Cumulative global
earthquake fatalities, 1500–2011. Different curves show cumulative fatalities for earthquakes
for which only indicated death tolls were included. (b) Cumulative global earthquake fatalities
versus world population, 1500–2011.
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198 Estimated world population as a function of time is also shown in Figure 2a. By combin-
199 ing the population and fatality data in Figure 2a, we can show cumulative earthquake fatal-
200 ities versus population after 1600 (Figure 2b). Cumulative global earthquake fatalities
201 obviously are not a linear function of world population. In fact, the ratio of global earthquake
202 fatalities to world population has been steadily decreasing. This conclusion applies to the
203 background fatality trends as well (Figure 2b).

204 A modern increase in the number of earthquakes with large death tolls is suggested
205 in Figure 3. It shows the time history from 800–2011 of earthquakes in the world’s most
206 destructive earthquake (>50,000 fatalities) catalog published by the USGS. This catalog
207 includes only earthquakes with death tolls greater than 50,000. The time history indi-
208 cates that the number of these earthquakes began to increase in the late 17th century
209 relative to earlier centuries. No earthquakes with more than 50,000 fatalities were
210 reported in the 19th century, but this is a period for which the updated Utsu (2002)
211 catalog documents only 669,151 earthquake fatalities. Both the number of earthquakes
212 with death tolls of more than 50,000 and the total earthquake fatalities, 1,564,241,
213 increased in the 20th century to their highest level. In all, 16 of the 22 earthquakes
214 in the catalog occurred after 1666. The time history in Figure 3 also suggests that
215 the frequency of earthquakes with more than 100,000 fatalities has increased, particu-
216 larly since 1900.

217 We assume these trends are real and not an artifact of catalog incompleteness. Although
218 we were reluctant to use pre-1600 portions of catalogs for statistical analysis because of
219 concern about catalog completeness (Hough and Bilham 2006), we assumed that earthquakes

Figure 3. Individual earthquakes from 800 to 2011 with more than 50,000 fatalities from USGS
catalog. The 1990 M7.4 western Iran earthquake in which reported fatalities ranged from 40,000
to 50,000 is included.
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220 with extremely large death tolls (greater than 50,000 fatalities) were more likely to be
221 reported and their occurrence preserved in the historical record than are earthquakes with
222 smaller death tolls.

223 PREDICTED CATASTROPHIC EARTHQUAKES
224 AND GLOBAL FATALITIES IN THE 21ST CENTURY

225 The basic objective of this investigation was to establish the relation between global
226 earthquake fatalities and world population and to use it to predict future global earthquake
227 fatalities. Figures 1 and 2 indicate that global fatalities are not directly proportional to world
228 population, but in fact are dominated by the intermittent but increasing numbers of earth-
229 quakes with large death tolls that are superimposed on an approximately constant background
230 rate that appears largely independent of population growth. These observations prompted us
231 to estimate fatalities in the 21st century by separately predicting fatalities from a background
232 rate and fatalities caused by earthquakes with more than 100,000 fatalities, here referred to as
233 catastrophic earthquakes, and then combining them. We describe our analysis here.

234 The background annual rate of fatalities was determined from the updated Utsu DEQ50
235 catalog by excluding earthquakes with more than 100,000 fatalities (Figure 4a). A linear fit
236 (solid line in Figure 4a) to the cumulative background fatalities after 1825 closely approx-
237 imates the post-1825 observations. The fatality rate inferred from the linear fit is 8,895�30
238 fatalities per year (uncertainty quoted is one standard deviation). Orthogonal polynomials of
239 degrees 2, 3, and 4 furnish very good fits to the entire time period, 1600–2011 (Figure 4a).
240 The higher-degree polynomials, however, are more sensitive to short-wavelength trends,
241 which are of less interest here than the lower-degree polynomials that govern the long-
242 term trend. Extrapolation of the polynomial fits to the year 2100 suggests that the linear
243 fit to the post-1825 time period furnishes a minimum estimate of background fatality in
244 the 21st century (Figure 4A).

245 Fatality estimates for the 21st century based on the background fatality rate range from
246 0.890�0.003 million fatalities for a linear extrapolation to 0.98 million and 1.21 million
247 fatalities, respectively, for extrapolations based on second and third degree orthogonal poly-
248 nomial fits. The fourth degree polynomial yields 1.70 million, but the extrapolation is domi-
249 nated by the perturbation of the curve during the first decade of the 21st century, and we will
250 not consider it here. The curvature in the polynomial fits, however, is determined largely by
251 the 1600–1825 data, which, as explained below, may not be reliable. Thus, we adopt the
252 linear fit to the post-1825 data for extrapolation of the background fatalities.

253 We note that both the background fatality rate and the number of fatal earthquakes in the
254 updated Utsu (2002) catalog changed rather abruptly in about 1825 (Figure 4a, 4b). Figure 4a
255 shows that the background annual fatality rate increased from 4,150 to 8,895 fatalities per
256 year, respectively, for the time periods 1600–1825 and 1825–2011. Figure 4B shows that the
257 increase of fatality rate coincides with an increase in the reported number of fatal earthquakes
258 (>50 fatalities) in the updated Utsu (2002) catalog. The number of fatal earthquakes per year
259 increased from 1.3 from 1600–1825 to 3.8 from 1825–2011. Both increases presumably
260 reflect improved reporting because the annual number of events with less than 10,000 fatal-
261 ities before 1825 in the updated Utsu (2002) catalog is less than half of the annual number
262 after 1825 (Figure 4C). This suggests a bias in reporting, in which smaller (<10,000 fatalities)
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263 events have been underreported in the past. (We note that the cumulative fatality plot
264 (Figure 4a) is less sensitive to this bias because most of the fatalities in the updated
265 Utsu (2002) catalog are associated with earthquakes with more than 10,000 fatalities
266 (Figures 2b and 4d), which presumably are more reliably reported.)

267 The increase in the frequency of catastrophic earthquakes with that of world population
268 prompted us to model their occurrence as a nonstationary Poisson process (see the online
269 Appendix). In a nonstationary Poisson process, the probability that an event will occur in the
270 time interval ðt; t þ dtÞ is λðtÞdt. If λðtÞ is a constant, the Poisson process is stationary. Here
271 we assume that the annual probability of the occurrence of a catastrophic earthquake is pro-
272 portional to population λðtÞ ¼ αNðtÞwhere α is a constant and NðtÞ is the world population at
273 time t. Then the cumulative number of events expected in the time interval ðS; tÞ is

274
α

ð
t

s
NðτÞdt. Given a sequence of n events at times t1; t2; : : : tn within the time interval

275

ðS; TÞ, the maximum likelihood estimate of α is
nð

T

S
NðτÞdt

(see the online Appendix).

276 Figure 5 shows the nonstationary Poisson process fits to the cumulative number of earth-
277 quakes with more than 100,000 fatalities in the updated Utsu (2002) DEQ50, NOAA2010,
278 and USGS catalogs (Table 1). The 100,000 death toll was selected as the threshold, rather
279 than 50,000, because of the ambiguity in the Utsu (2002) catalog with the descriptor “great.”
280 It is uncertain whether death tolls in “great” earthquakes exceed 50,000. Post-1500 was
281 selected because it coincides with the beginning of the time period covered by the Utsu
282 (2002) DEQ50 catalog. We then determined α for the catastrophic earthquakes (fatalities
283 greater than 100,000) in each of the three catalogs (updated Utsu 2002, NOAA2010, and
284 USGS) and compared the cumulative number of earthquakes observed with the expected
285 number predicted by the nonstationary Poisson distribution (Figure 5). Solid curves in
286 these plots represent the cumulative number of earthquakes expected from the maximum
287 likelihood fits to the data for a nonstationary Poisson process in which the probability of
288 an event in the time interval ðt; t þ dtÞ is αNðtÞ. We evaluated the nonstationary fit for
289 each catalog by comparing the observed number of catastrophic earthquakes in each of
290 the subintervals 1600–1836.36, 1836.36–1964.55, and 1964.55–2011, intervals chosen so
291 that the expected number of events in each interval is the same. We used Pearson’s chi-square
292 test to calculate the percentage P of independent trials from the nonstationary Poisson dis-
293 tribution that would be expected to give a better agreement with theory (online Appendix).
294 Any value of P in the interval (5% to 95%) is deemed acceptable. The values of α and P are
295 given in the legends of each of the plots in Figure 5. The values of α in the three plots do not
296 differ significantly, and the values of P are all within the acceptable range. However, some
297 caution is advised in accepting the significance of the fits in Figure 5 because of the small
298 number of catastrophic earthquakes in the 1500–2011 interval.

299 The dashed curves in Figure 5 represent the maximum likelihood fit to a stationary Poisson
300 process in which the probability of an event in the time interval ðt; t þ dtÞ is constant. The
301 nonstationary process furnished the better fit to the data in each of the three plots in Figure 5.

302 If world population were to remain constant at 6.12 billion and α ¼ 0.0098�0.0037 per
303 billion person years based on the USGS catalog, the nonstationary Poisson process implies
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304 that the world would experience approximately 6.0�2.3 catastrophic earthquakes in the 21st
305 century (uncertainty quoted is one standard deviation). If we use the United Nations
306 (UNDESA 2011) medium-fertility projections of world population for the 21st century,
307 which will grow from 6.12 to 10.1 billion, 8.7�3.3 catastrophic earthquakes are expected
308 in the century. This forecast is approximately a doubling of the four catastrophic earthquakes
309 observed in the 20th century when world population grew from 1.61 billion to 6.12 billion.

310 Total global earthquake fatalities for the 21st century can be estimated by combining
311 fatalities caused by catastrophic earthquakes with those caused by the annual background
312 rate. Estimates of global fatalities are compiled in Tables 2 and 3 for earthquakes with
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Figure 5. Cumulative number of catastrophic earthquakes (>100,000 fatalities) plotted as a func-
tion of time (a) updated Utsu (2002) DEQ50 Catalog, (b) NOAA2010 catalog, and (c) USGS
catalog (see Table 1). The values of α (in units of per billion people year) and P are quoted
in the legend for each plot. The solid and dashed curves, respectively, show the expected values
for the nonstationary Poisson process and the stationary Poisson process representations.
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313 death tolls greater than 100,000 and 50,000 (entries for the latter will be discussed later). The
314 tables show fatality estimates using the number of catastrophic earthquakes predicted with
315 each of the three long-term catalogs. Table 2 compiles minimum fatality estimates; Table 3
316 compiles “average” fatality estimates. The number of catastrophic earthquakes predicted
317 with each catalog (see column 2) is based on the United Nations medium-
318 fertility projection of world population in the 21st century, which is predicted to grow
319 from 6.12 billion to 10.1 billion. Because fatality estimates based on each catalog agree
320 at one standard deviation, only estimates based on the USGS catalog are discussed here.

321 The USGS catalog indicates that a minimum of 1.76�0.33 million fatalities will occur in
322 the 21st century (Table 2). The minimum estimate was derived by assuming a death toll of

Table 2. Predicted minimum global earthquake fatalities in 21st century, based on United
Nations (UNDESA 2011) medium-fertility population projections

Catalog

Catastrophic earthquakes

Background fatalities
(millions)

Total fatalities
(millions)Number

Fatalities
(millions)

Earthquakes with fatalities > 100,000 (Fatalities per earthquake = 100,000)
Utsu (2002) updated 7.5�3.0 0.75�0.30 0.89�0.003 1.64�0.30
NOAA2010 7.5�3.0 0.75�0.30 0.89�0.003 1.64�0.30
USGS 8.7�3.3 0.87�0.33 0.89�0.003 1.76�0.33

Earthquakes with fatalities > 50,000 (Fatalities per earthquake = 50,000)
Utsu (2002) updated 31.1�6.2 1.56�0.31 0.68�0.002 2.24�0.31
NOAA2010 27.1�5.1 1.36�0.26 0.68�0.002 2.04�0.26
USGS 20.5�4.3 1.03�0.22 0.68�0.002 1.71�0.22

Table 3. Predicted global earthquake fatalities in 21st century based on United Nations
(UNDESA 2011) medium-fertility population projections and 1900–2010 average death tolls
of catastrophic earthquakes

Catalog

Catastrophic earthquakes

Background fatalities
(millions)

Total fatalities
(millions)Number

Fatalities
(millions)

Earthquakes with fatalities > 100,000 (Average fatalities per earthquake = 193,000)
Utsu (2002) updated 7.5�3.0 1.45�0.58 0.89�0.003 2.34�0.58
NOAA2010 7.5�3.0 1.45�0.58 0.89�0.003 2.34�0.58
USGS 8.7�3.3 1.68�0.64 0.89�0.003 2.57�0.64

Earthquakes with fatalities > 50,000 (Average fatalities per earthquake = 138,500)
Utsu (2002) updated 31.1�6.2 4.31�0.86 0.68�0.002 4.99�0.86
NOAA2010 27.1�5.1 3.75�0.71 0.68�0.002 4.44�0.71
USGS 20.5�4.3 2.84�0.60 0.68�0.002 3.52�0.60
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323 only 100,000 for each of the predicted 8.7 catastrophic earthquakes. If the average post-1900
324 death toll for catastrophic earthquakes (193,000) is assumed, estimated global fatalities
325 increase to 2.57�0.64 million (Table 3). These estimates compare to 1.564 million fatalities
326 in the 20th century reported in the updated Utsu (2002) catalog.

327 Table 4 shows predicted global earthquake fatalities if world population reaches the
328 upper range projected by the United Nations, 15.8 billion, which is based on a high-fertility
329 rate. Global fatalities increase slightly to 2.92�0.75 million from 2.56�0.64 million. The
330 relatively small increase is the result of only a modest increase in the number of predicted
331 catastrophic earthquakes from 8.7�3.3 to 10.5�3.9.

332 DISCUSSION

333 This section addresses the reliability of the catalogs and the sensitivity of our analysis to
334 alternative assumptions. We conclude with discussion and speculation about the causes of the
335 observed trends.

336 As discussed previously, the completeness of earthquake catalogs, particularly for older
337 events, is not known. In our analysis, we used the catalogs in two very different ways: (1) to
338 determine and then extrapolate background fatality rates and (2) to count the number of cat-
339 astrophic earthquakes. The latter use requires a less complete catalog than does the former
340 use. For the latter use, it is required that the reporting of only catastrophic earthquakes is
341 approximately complete. For the former use, it is required that most of the earthquake fatal-
342 ities have been reported.

343 We believe that the inferred change of the background fatality rate in Figure 4a in about
344 1825 is a consequence of the incompleteness of the updated Utsu (2002) catalog. As shown in
345 Figure 4c the annual number of earthquakes with fatalities less than 10,000 in the 1600–1825
346 interval is less than half that in the 1825–2011 interval. The simple explanation for this dis-
347 crepancy is that the reporting of events with fewer than 10,000 fatalities was less complete in

Table 4. Predicted global earthquake fatalities in 21st century based on United Nations
(UNDESA 2011) high-fertility population projections and 1900–2010 average death toll of cat-
astrophic earthquakes

Catalog

Catastrophic earthquakes

Background fatalities
(millions)

Total fatalities
(millions)Number

Fatalities
(millions)

Earthquakes with fatalities > 100,000 (Average fatalities per earthquake = 193,000)
Utsu (2002) updated 9.0�3.6 1.74�0.69 0.89�0.003 2.63�0.69
NOAA2010 9.0�3.6 1.74�0.69 0.89�0.003 2.63�0.69
USGS 10.5�3.9 2.03�0.75 0.89�0.003 2.92�0.75

Earthquakes with fatalities > 50,000 (Average fatalities per earthquake = 138,500)
Utsu (2002) updated 37.5�7.5 5.19�1.04 0.68�0.002 5.88�1.04
NOAA2010 32.7�6.1 4.53�0.84 0.68�0.002 5.21�0.84
USGS 24.7�5.2 3.42�0.72 0.68�0.002 4.10�0.72
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348 the earlier interval than in the later interval. The discrepancy between the two intervals is
349 broadly consistent with changes in the NOAA catalog inferred by Nichols and Beavers
350 (2008). They considered fatalities per earthquake in both the full and 20th century portion
351 of the NOAA catalog as of 2000 and reported that the death toll per earthquake had decreased
352 from 8,026 to 4,477 fatalities. They hypothesized that the decrease was either caused by
353 under-reporting of smaller events in the older portion of the catalog or an increase in the
354 number of fatal earthquakes. Based on our analysis, we prefer their former interpretation.

355 Although we cannot explain the apparent linearity in the cumulative plots of background
356 earthquake fatalities versus time (Figure 4a), we think it is real and not a result of deficiencies
357 in the underlying catalogs. There are biases (e.g., under-reporting of fatalities in the earliest
358 earthquakes) that should affect those plots, but one would not expect such extraneous effects
359 to produce a linear plot. Linear dependence is a very special case out of all the possible
360 relationships, and it is unlikely that an extraneous effect would transform a nonlinear relation
361 into that special case. Note that Bilham (2009, Figure 12) has plotted curves similar to
362 Figure 2a in which background earthquakes are taken as those with death tolls less than either
363 5,000 or 30,000, rather than the death tolls used here. In those cases, he concluded that the
364 cumulative fatalities associated with the background earthquakes was better explained by a
365 power law fit ðaþ bt10Þ than a linear fit. We suspect that the modest increase in the back-
366 ground rate with time is due to the improved reporting with time of earthquakes with smaller
367 death tolls.

368 We used linear extrapolation of the background rate for predictions despite the increase of
369 the fatality rate in the last ten years, 2001–2011. We do not believe a ten-year record is very
370 reliable for defining new trends. Nevertheless, as noted, a linear fit provides a minimum
371 estimate. On this basis, we used the constant rate to predict the background fatalities.

372 Testing the reliability of reports of catastrophic earthquakes in the earthquake fatality
373 catalogs is challenging because much of the uncertainty derives from pre-1900 earthquakes
374 for which documentation may be sparse and interpretations subjective. Without discovery of
375 new historical information for the oldest earthquakes, we are limited to the available infor-
376 mation. The existing ambiguity is illustrated by a comparison of the USGS, Utsu (2002), and
377 NOAA2010 earthquake catalogs (Table 1). The criterion for listing an earthquake in Table 1
378 was that fatalities exceeded 50,000 in at least one of the catalogs. The NOAA catalog
379 includes ten catastrophic earthquakes from 800–1500 while the USGS catalog lists only
380 five, which is a significant difference. It is also informative to note that death tolls of indi-
381 vidual earthquakes even in the modern era can vary significantly between catalogs. The 1933
382 Quetta, Pakistan, earthquake is assigned 60,000 fatalities in the Utsu (2002) and NOAA cat-
383 alogs, and only 30,000 fatalities in the USGS post-1900 catalog of earthquakes with 1,000 or
384 more fatalities. By contrast, the 1948 Ashgabat, Turkmenistan, earthquake is listed as cat-
385 astrophic in the USGS catalog (110,000 fatalities), but not in either of the other catalogs
386 (19,800 fatalities).

387 Because we could not rigorously evaluate the reliability of the reporting of catastrophic
388 earthquakes in the three multicentury catalogs, we tested the assumption of a nonstationary
389 Poisson process with each of the catalogs (Figure 5). This is not a completely satisfying test
390 because the catalogs do not represent entirely independent observations and presumably
391 inform each other to some degree. Nevertheless, the similarity of the fits is reassuring
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392 and indicates the nonstationary Poisson process predicts the occurrence of catastrophic earth-
393 quakes far better than a stationary Poisson process (dashed lines in Figure 5).

394 We also tested how well the nonstationary Poisson process fit earthquakes in the three
395 catalogs using earthquakes with 50,000 or more fatalities because the definition of the cat-
396 astrophic earthquake as an event with more than 100,000 fatalities is arbitrary. The fits were
397 made for longer time periods than in Figure 5 in order to take advantage of the full catalogs.
398 The time period considered for the USGS catalog was 800–2011, for NOAA2010 catalog
399 800–2011, and for the updated Utsu catalog 1500–2011. Results are shown in Figure 6.
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Figure 6. Cumulative number of earthquakes with >50,000 fatalities plotted as a function of
time. (a) Updated Utsu (2002) DEQ50 catalog, (b) NOAA2010 catalog, and (c) USGS catalog
(see Table 1). The values of α (in units of per billion people year) and P are quoted in the legend
for each plot. The solid and dashed curves, respectively, show the expected values for the non-
stationary Poisson process and the stationary Poisson process representations.
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400 In evaluating the significance of the fits, the overall time interval was divided into four sub-
401 intervals such that the expected number of events in each time interval was the same. The
402 values of α and P for each fit are shown in the legend for each plot in Figure 6. Values of α
403 found for the three catalogs do not differ significantly. Values of P found for the three
404 catalogs are all within the acceptable range, although that for the updated Utsu (2002) catalog
405 is marginal. There are a sufficient number of events in each of the plots in Figure 6 that we are
406 confident in the Pearson’s chi-square evaluation of the significance of the fits.

407 For α ¼ 0.0231�0.0049 per billion person years determined from the USGS catalog
408 (Figure 6c) and the medium-fertility population projections by the United Nations, one pre-
409 dicts 20.5�4.3 earthquakes with more than 50,000 fatalities in the 21st century. Values of α
410 determined from the updated Utsu (2002) and NOAA2010 catalogs do not differ significantly
411 from the α determined from the USGS catalog, but the fits to the cumulative number of
412 earthquakes were less satisfactory. On the basis of the fit to the USGS catalog of earthquakes
413 with 50,000 or more fatalities, we estimate that a minimum of 1.71�0.22 million fatalities
414 will occur in the 21st century based on the medium-fertility United Nations population
415 projection (Table 2). If a post-1900 average death toll (138,500 fatalities) for earthquakes
416 with death tolls greater than 50,000 is assumed, estimated global fatalities increase to 3.52�
417 0.60 million (Table 3). This estimate is not significantly different from estimated global
418 fatalities of 2.57�0.64 based on the 100,000 fatality criterion that we used to define a
419 catastrophic earthquake (Table 3).

420 We are inclined to place more confidence in the completeness of the USGS catalog with
421 regard to the reporting of earthquakes with 50,000 or more fatalities because it just focuses on
422 these earthquakes. In particular, Bruce Presgrave (2011, written communication) indicated
423 that the catalog, although originally based on the NOAA catalog, is periodically reviewed and
424 updated in light of new information.

425 Although we will argue that it is an oversimplification, it is tempting to conclude that the
426 increase in the frequency of catastrophic earthquakes was caused by the growth in size and
427 number of cities, which began late in the 17th century with the onset of the industrial revolu-
428 tion and improved municipal hygiene. Such growth, as has been pointed out by Bilham
429 (2009), increases the likelihood of catastrophic earthquakes by concentrating population.
430 This places more people at risk if an earthquake occurs nearby, and increases the potential
431 for massive loss of life. Without such population concentrations, catastrophic earthquakes are
432 less likely. The increase in the size and number of cities is documented in Figure 7, which
433 shows the history of the number of cities of different population sizes. It is based on the
434 compilation by Chandler (1987). City as used by Chandler (1987) includes suburbs lying
435 outside the municipal area. The history illustrates how large (>1,000,000 people) cities
436 are a modern phenomenon. The first city in the modern era to reach a million inhabitants
437 was Beijing, China, which grew to this size in about 1815 (Chandler 1987). By 1900, only 16
438 cities had populations greater than one million. Today, 476 cities have populations of a mil-
439 lion or more (Brinkhoff 2010). Even cities with more than 500,000 inhabitants are histori-
440 cally recent. In 1800, only six cities had populations in excess of half a million.

441 To test the hypothesis that the growth of cities is the primary factor controlling the increase
442 of catastrophic earthquakes, we used the urban population of the world instead of the world
443 population forNðtÞ in the nonstationary Poisson process. This population as a function of time
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444 was estimated from the number of cities exceeding a given population as shown in Figure 7.

445
However, the number α

ð
t

s
NðτÞdt predicted at any time t by a nonstationary Poisson process

446 with NðtÞ equal to the urban population increased too abruptly in the 20th century to fit the
447 observed cumulative number of catastrophic earthquakes for any of the three catalogs in
448 Table 1. This suggests that part of the world population living outside of cities is also signifi-
449 cantly contributing to the increase of catastrophic earthquakes. Thus, some catastrophic earth-
450 quakes result from the devastation of multiple, but closely spaced, villages (e.g., the 2005
451 Kashmir, Pakistan, earthquake), or in the case of tsunamis, multiple coastal inundations.
452 Such a conclusion could have been anticipated fromTable 1 because not all of the catastrophic
453 earthquakes listed there are associated with a specific city. This is not meant to imply that the
454 growth of cities is inconsequential. Clearly, the million-fatality earthquake striking a megacity
455 proposed by Bilham (2009) is more likely as the number of large cities and their size grows.

456 Finally, we note that for our predictions to be fulfilled, the percentage of the world popu-
457 lation living in earthquake-resistant buildings must not proportionally increase during the
458 21st century. Wyss and Trendafiloski (2011) concluded that seismic design and construction
459 practices have improved in the last 100 years and that these improvements have protected
460 populations from building collapse in some countries. The challenge that remains is whether
461 these improved practices will be adopted in other seismically hazardous areas. As we pre-
462 viously noted, we estimate that approximately 62% of the world population lives in countries
463 with a significant seismic hazard. Based on the UNDESA (2011) 2100 medium-fertility
464 population projections for these countries, we estimate this percentage will decline only mod-
465 estly to 47% in 2100. Thus, without a significant increase in seismic-resistant buildings at a
466 global scale, the number of catastrophic earthquakes and earthquake fatalities will continue to
467 increase, and our predictions are likely to be fulfilled.

Figure 7. History of total number of cities with different populations (data from Chandler 1987).
There were 476 cities in the world in 2010 with populations of more than one million.
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468 CONCLUSIONS

469 Global earthquake fatalities appear to be controlled by two processes: (1) a steady
470 background fatality rate, which has remained largely constant and independent of popu-
471 lation growth since 1825; and (2) large catastrophic (>100,000 fatalities) earthquakes,
472 which have been increasing in number over time. The annual background fatality rate
473 is 8; 895�30 deaths per year, which indicates that 0.8895 million fatalities will occur
474 in the 21st century even if no catastrophic earthquakes occur. Modeling of the three
475 long-term earthquake fatality catalogs indicates catastrophic earthquakes obey a non-
476 stationary Poisson process in which their rate is proportional to world population. Accord-
477 ingly, we predict that there will be 8.7�3.3 catastrophic earthquakes in the 21st century
478 assuming medium-fertility population projections by the United Nations. This estimate
479 compares to the four observed in the 20th century. This prediction implies that a mini-
480 mum of 0.87�0.33 million people will die in catastrophic earthquakes. The combina-
481 tion of these two estimates indicates minimum global earthquake fatalities in the 21st
482 century will be 1.76�0.33 million. Based on the average post-1900 death toll of cata-
483 strophic earthquakes (193,000), global earthquake fatalities in 21st century will be 2.57�
484 0.64 million.

485 Earthquakes with more than 50,000 fatalities also appear to obey a nonstationary process.
486 This indicates that 20.5�4.3 earthquakes with death tolls of more than 50,000 will occur in
487 the 21st century if world population follows medium-fertility projections by the United
488 Nations. Minimum global fatality estimates are 1.71�0.22 million, which compares favor-
489 ably at one standard deviation to the minimum estimate of 1.76�0.33 million fatalities based
490 on catastrophic earthquakes (>100,000 fatalities). If an average post-1900 death toll
491 (138,500) for earthquakes with more than 50,000 fatalities is assumed, global earthquake
492 fatalities in the 21st century will be 3.52�0.60 million, which does not differ significantly
493 from the estimate of 2.57�0.64 million fatalities based on catastrophic earthquakes
494 (>100,000 fatalities). Thus, estimates of global earthquake fatalities in the 21st century
495 are statistically independent of the death toll criterion—50,000 and 100,000 fatalities—
496 used to define a catastrophic earthquake.
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