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Preface

This reprint is the third of three volumes that collect articles on the topic of Natural Hazards
and Disaster Risks Reduction. Some papers focus on aspects related to the different phases of the
risk cycle. Other papers deal with the issues, seismic hazards and natural hazards of very different
types (e.g., surface deformation, volcanic activity, dust storms, etc.) with an approach focused
on single or multiple hazards. However, all of them paint an important picture of the progress
of hazard studies and continuous risk management efforts. Climate change and human actions
play a central role in the papers’ discussions. The material within this work serves as a valuable
collection for scholars involved in comprehending the discussed phenomena and seeking specialized
solutions. Furthermore, given its practical attributes, it also provides support for technicians in
public administration dedicated to enhancing security in regions affected by these natural adversities

striving for sustainable development.

Stefano Morelli, Veronica Pazzi, and Mirko Francioni
Editors
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Abstract: The high intensity of the earthquake on Lombok Island on 5 August 2018, with a magnitude
of 7.0 Mb, caused material losses experienced by the affected residential areas. The Indonesian
Geological Agency in 2015 published a microzonation map that mapped zones prone to earthquake
shocks to mitigate disasters. This study aimed to compare the level of damage and loss in residential
areas due to earthquakes in Mataram City with earthquake-prone zones using a microzonation
map. The correlation between damage and loss value of residentials with microzonation maps was
evaluated using the overlay method. The results showed that the level of damage and the value
of the loss of houses in the high disaster-prone zone (red zone) showed the highest loss value. In
comparison, the level of losses in the moderate disaster-prone zone (yellow zone) and light disaster-
prone zone (blue zone) on the microzonation map shows a low and lower loss value. This study
concludes that the microzonation map helps determine the damage zone and the level of disaster
vulnerability caused by the earthquake hazard.

Keywords: microzonation; earthquake; level of damage and loss; disaster vulnerability

1. Introduction

The location of Indonesia in the collision zone causes frequent natural disasters.
Earthquakes are one of such disasters caused by tectonic activities. The dynamic interaction
of numerous tectonic plates in eastern Indonesia causes high seismicity rates, which resulted
in catastrophic damaging earthquake sequences on Lombok Island in 2018 [1-3]. Based on
the National Disaster Management Agency (BNPB) records, from the beginning of 2017
to June 2018, there have been 4006 disasters in Indonesia, with 30 tectonic earthquakes on
Lombok Island occurring in August 2018 with a magnitude of 5.9-6.9. The earthquake in
Lombok claimed at least 481 lives and caused an economic loss of US$ 514,000,000 as of
17 August 2018 [4]. These financial losses are caused mainly by damage to infrastructure
and buildings.

Natural disasters are a significant concern in Mataram City. A natural disaster is
an unanticipated event or set of circumstances that endanger and disrupts people’s lives
and livelihoods as a result of natural causes, both by natural factors and /or non-natural
factors and human factors, resulting in fatalities, environmental damages, property losses,
and psychological impacts [5]. Examples of natural catastrophes include floods, tsunamis,
earthquakes, and landslides [6,7]. After the earthquake disaster in Lombok in August
2018, the damage level of the Municipality of Mataram ranked fourth out of six regencies

Sustainability 2022, 14, 2028. https:/ /doi.org/10.3390/su14042028
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in Lombok with a total loss of US$ 69,008,289. The tremendous damage and loss to
the settlement sector reached a value of US$ 34,907,209, damage to the housing sub-
sector reached US$ 32,500,610, and other losses, including cleaning of debris, worth US$
1,600,470 [4].

Earthquakes are the vibrations or shocks that occur on the surface of the Earth caused
by the collisions between the tectonic plates, active fault zones, volcanic eruption activ-
ity, and rock debris. Lombok Island is located north of the subduction zone, where the
Indo/Australian Plate collides and subducts below the Eurasian Plate with a convergence
rate of 44-68 mm/yr [8].

It is crucial to distinguish between risk and vulnerability. Seismic risk is the risk of
damage and consequential loss to a particular structure or collection of structures over a
specific period. The anticipated losses from all degrees of hazard severity are included
in risk, taking their occurrence probability into account, whereas the vulnerability of an
element is generally specified for a specific hazard severity level. Seismic vulnerability
analysis in urban environments focuses mainly on building structural, geological, and
geographical information directly related to potential human and economic losses in the
case of a seismic episode [9]. On the other side, Lombok Island is locked between two active
faults, the Flores back arc thrust on the north with a convergence rate of ca. 9.9 mm/yr and
the normal fault of Sumbawa with a rate of 0.5 mm/yr [10]. Those faults influenced the
earthquake events in Lombok Island (Figure 1).

The earthquake with the greatest strength occurred on 19 August 2018, with a magni-
tude of 6.9 Mb, and the epicenter at a radius of 30 km NE of East Lombok. At the same time,
five other earthquakes occurred with a magnitude of 4.9 Mb-5.7 Mb, whose shaking inten-
sities were scattered in several areas in the island of Lombok, with the distribution shown
in Figure 2. The earthquake on the island of Lombok, taking place in July-August 2018, had
negative impacts, such as fatalities, damages, and material losses. From January through
October 2018, there were 98 earthquakes with a magnitude ranging from 4.1 Mb-6.9 Mb.
The depth of the earthquake sources was between 5.7 km—-121.9 km [11]; the earthquakes
that occurred were dominated in the NW-NE region of the island of Lombok.

The microzonation map of Mataram City from the Geological Agency (2015) is used as
an estimated vulnerability zoning model. The map is used as a basis to prepare a zonation
map by using the microtremor. Bertelli and Omori were the first to discover microtremors in
1909, while Guttenberg was the first to introduce engineering uses of microtremors [12,13].
Microtremor measurements are valuable for assessing seismic threats in the near-surface
substructure [14,15]. Microtremor (or ambient vibration) methods analyze the mechanical
qualities of the Earth’s subsurface, particularly seismic velocities, by measuring background
seismic noise. Seismic noise is the constant vibration of the Earth’s surface caused by
a combination of the low-frequency (less than 1 Hz) natural phenomena (earthquakes,
wind, tides, rivers, rain, variations in atmospheric pressure) and high-frequency (greater
than 1 Hz) human activities [16,17]. Idriss and Boulanger [18] showed that damage to
building structures due to earthquake intensity of ground shocks during an earthquake was
significantly influenced by local geological and soil conditions. The microzonation divides
or classifies areas of zones that have relatively similar potential shocks and disasters. Their
engineering characteristics have local effects. Hard rock sites will experience a low shock
intensity, while soft soil will experience a high shock intensity [19-22].

The purpose of this research was to determine the accuracy of the microzonation map
against actual building losses and damage when the Lombok earthquake in 2018 occurred.
The high accuracy of microzonation maps is perfect for development plans such as urban
planning and financial risk transfer strategies. The burden of the state budget will be
reduced in the future if disaster impact mitigation using the prediction of microzonation
maps goes well; in turn, it will also reduce casualties and material losses.
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Figure 1. (A) Map view of Lombok Island (Google Maps). (B) Cross-section of Lombok Island [10].
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Figure 2. Distribution and intensity map of the Lombok Island Earthquakes, January—October 2018
(Epicenter coordinate based on USGS).

2. Materials and Methods

The availability of microzonation maps is one of the factors that makes Mataram
City a research area, with well-collected data on losses and damages to buildings after
the 2018 Lombok earthquake. The city of Mataram has six districts, such as the Ampenan
District, Sekarbela District, Selaparang District, Mataram District, Cakranegara District,
and Sandubaya District. All districts have different values of loss and deterioration to the
buildings and their microzonation areas.

2.1. Study Area

Mataram is a land relatively flat, undulating topography, with a slope of 0-2% covering
an area of 3.216 hectares and a bumpy area with a slope of more than 2-14% surrounding
an area of 2.909 hectares. The altitude of Mataram City is approximately 0-50 m above
sea level. These conditions indicate that most of the city is a plain area. The western part
of the city is occupied by the flat-sloping area while the eastern has rather high-bumpy
relief. The overlay area, with flat physiography, has two conflicting implications. First,
flat areas have positive values, namely the construction of infrastructure and facilities
which physically have fewer technical obstacles, and the development funding is relatively
cheaper. Second, a flat area with an altitude almost parallel to the sea level has terrible
implications, including flood-prone areas.

Based on the Geological map of Lombok sheet West Nusa Tenggara [23], three rock
formations are covering the research area: Kalikupang Formation (Tqp), Kalibabak For-
mation (Tqb), and Lekopiko Formation (Qvl) that consists of volcanic rocks, sedimentary
rocks, and intrusive rocks whose ages range from Tertiary to Quaternary. The engineering
geological map of the Lombok Island, Mataram, lays on the geological unit of the Alluvium
deposit (Al), consisting of the river, coastal, and swamp deposits, composed of silty sand,
sandy silt, and loose sand [24]. Sedimentary swamp comprises sandy silt, silty clay, black to
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grey color, fine-medium grained, very soft-firm, medium to high porosity. River sediment
consists of sandy silt to silty clay and loose sand, brownish yellow-brown. It contains
gravel, fine-medium-grained, very soft-dense, low to moderate plasticity, 3.50-6.50 m
thick. Coastal deposits are black to grey sand, fine-grained, high porosity, containing shells.
The engineering geological constraints or geological disasters prone are floods, abrasions,
and tsunamis.

2.2. Damage and Loss Due to the Mataram Earthquake in August 2018

The earthquakes hit Mataram City, impacting six districts, including Ampenan, Sekar-
bela, Selaparang, Mataram, Cakranegara, and Sandubaya. The first earthquake occurred
on 5 August 2018, with a magnitude of 7 Mb at 19.46 CIT (Central Indonesian Time).
The coordinates of the epicenter of the earthquakes are 8.37° S, 116.48° E, about 27 km
NE. The depth of the quake is around 15 km. The aftershock that caused considerable
damage in Mataram was on August 9, 2018, at 13.25 CIT, with a magnitude 6.2 Mb located
at 8.36° 5-116.22° E, 27 km NE of Mataram with a depth of 12 km. On 19 August 2018, the
next earthquake occurred at 22.56 CIT, located 75 km NE of Mataram with the magnitude
V-VI of MMI (Modified Mercalli Intensity) [4].

The impacts of the Lombok earthquakes caused damages and losses in various sec-
tors such as residential, infrastructure, social, economic, and cross-sectoral, which have
disrupted public activities and services in the affected areas based on the data from the
Post-Natural Disaster Reconstruction and Rehabilitation Action Plan. This natural disas-
ter caused total damage and loss of 69,008,289 US$. The tremendous damage and loss
occurred in some sectors comprising the residential sector amounted to 34,905,750 US$; the
social sector amounted to 25,335,416 US$; the cross-sector amounted to 7,023,475 US$; the
productive economic industries amounted to 1,743,648 US$.

The amount or pattern of building damage caused by the earthquake that impacted
Mataram demonstrates the pattern’s conformance with the microzonation map. The
proportion of building damage by the district is depicted in Figure 3. The Sekarbela district
(21.66 percent) and Ampenan (19.76 percent) have suffered the worst damage, while the
Mataram district (8.75 percent), Selaparang (8.75 percent), and Sandubaya (7.76 percent)
have sustained minor damage. The Cakranegara district in the blue zone is the least affected
(1.7 percent).
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Figure 3. Buildings Damaged Map by the 2018 Lombok Earthquake in Mataram City.
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2.3. Microzonation Map

The Potential Earthquake Ground Shaking Hazard Map (Microzonation) Mataram
City, West Nusa Tenggara Province, produces three types of zones, namely red, yellow and
blue zones (Figure 4). The red zone indicates that the area has a relatively high level of
shaking with the morphology of volcanic fluvial plains. The yellow zone means that the
area has a fairly medium level of shock in volcanic fluvial plains. The blue one indicates that
the area has a relatively low level of shock with the morphology of the undulating volcanic
plain of volcanoes. Regional zones on the Microzonation Map of Mataram involve four
seismic microzonation parameters, which are dominant periods, soft sediment thickness,
average rock/soil amplification, and soil rock site classification.

) -8.5481°s
Gunungsari District Potential Seismic Hazard Zones |=
Of Mataram City S
| High  Medium | Low .
m

116.0547°E

-8.6293%s

Narmada
District

Figure 4. Microzonation Map of Mataram City (Modified from Geological Agency).

The red zone has the characteristics of a dominant period of more than 0.5 s, a soft
sediment thickness of more than 30 m, an average amplification ranging from 1.9 to 2.3,
and a site class of soft to medium soil. While the yellow zone has the characteristics of a
dominant period ranging from 0.25 to 0.5 s, a thickness of soft sediment ranging from 10 to
30 m, an average amplification ranging from 1.6 to 1.9, and a medium soil site class. Finally,
the blue zone has the characteristics of a dominant period of less than 0.25 s, a thickness of
soft sediment below 10 m and amplification below 1.6, and a hard soil site class.

After generating three types of zones based on the level of shock on the Earthquake
Potential Map (Microzonation) of Mataram City, West Nusa Tenggara Province, these zones
can be developed based on disaster mitigation recommendations for safer development.

The red zone has a relatively high level of shock. Therefore, this area is not recom-
mended to construct houses or critical and emergency (IV) facilities. However, once facility
(IV) has been built, it needs to be reviewed with special geological studies, site investiga-
tions, and specialized foundation designs. The yellow zone with a relatively moderate level
of shock is recommended for medium-risk (II) facilities built in this zone. The construction
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of medium-risk (II) facilities must comply with the provisions of the local building code.
The blue zone, which has a relatively low level of shock, is recommended to build facilities
in building categories I, II, III, and IV (Table 1).

Table 1. Matrix of potential earthquake hazard of Mataram City (Modified from Geological Agency, 2015).

Potential Seismic
Hazard Zone

Medium Potential
Seismic Hazard Zone

Landform

Land Use

Recommendations

Fluvio Volcanic Plan

Public services 70%,
Settlement 50%
Plantation 60%,

Industrial area 100%
Defense and security 50%,
Agricultural area 60 %

Essential and emergency facilities
(IV) should not be built in this zone.
Existent facilities (IV) should be
re-evaluated. Retro-fitting of facilities
(IV) should be performed.

Require special geological studies,
site investigations and special
foundation designs.

Low-risk facilities (I) can be built in
this zone.

Fluvio Volcanic Plain

Public services 15%,
Settlement 30%,
Plantation 25%,

Defense and security 30%,

Medium-risk facilities (I, IT) can be
built in this zone.

Enact and adopt building code
regulations that adequately represent

Agricultural area 20% the seismic hazards. (I, II)

Public services 15%, = Facilities (I, II, Il and IV) can be built
Undulating Fluvio Settlem.ent 200/° in this zone.
Volcanic Plain Plantation 15%, =  City development is recommended in

Defense and security 20%,
Agricultural area 20%

this zone.

Note: (Facilities I: low risk, such as agriculture, livestock, warehouse, fishery; Facilities II: Medium Risk, such
as housing, apartment, office buildings, markets, factories; Facilities III: High Risk, such as stadium, cinemas,
medical facilities, prisons; Facilities IV: Essential Facilities, such as hospitals, monumental buildings, schools,
energy generation center, public facilities for emergencies.)

According to the microzonation map, it has been found that each district has a zonation
of the potential hazardous ground shocks that differ according to the distribution of soil
and rocks characteristics. The largest red zone coverages are respectively in Sekarbela
(SK), Ampenan (AM), Mataram MA), Selaparang (SL), Sandubaya (SD) and Cakranegara
(CA). The results of microzonation research are directly proportional to the damage and
losses that occur. These facts are summarized in Table 1, where it has been found that the
Sekarbela (SK) district, with the most significant red zone of 88.52%, experienced enormous
damage and loss. Meanwhile, the Cakranegara (CA) district, which has the largest blue
zone of 85.37%, experienced the slightest damage and loss.

2.4. Worksteps

The Geographic information system is a computer-based information system that fo-
cuses on the geography of an area, which can be used and designed to compile, manipulate,
process, display, and analyze data that have spatial information. The relation between equal
intervals, natural breaks, manual and statistical examination, all of which are GIS-default
operations, are the most common mathematical approaches for data classification [25].

The GIS-based data for the land-use suitability analysis has been used in various
situations, including geological favorability [26-28]. Simple processes, such as laying a
road map over a map of local wetlands, or more complex processes, such as multiplying
and adding map characteristics of different values to calculate averages and correlations,
can be represented by these outputs. This process could be a visual action at its most basic
level, but analytical activities require combining one or more data layers [29-32].

The superimposed research was conducted by correlating the Earthquake Hazard
Potential (Microzonation) map of Mataram City, West Nusa Tenggara Province, with data on
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damage and losses in each district in Mataram Municipality, based on the BNPB report [4].
The comparison of the two data aimed to determine the correlation between both data is
either directly or inversely proportional, or even irregular way. The comparisons were
also made on the residential area data from each district obtained from the digitization
results of Google Earth satellite imagery. It was performed because the variable density of
residential could affect the value of losses caused by earthquake disasters.

This research uses the weighted overlay GIS method (Figure 5). The weighted overlay
method analyses spatial data using the overlay technique of several raster maps related
to the factors that affect the vulnerability assessment of a problem. Weighted Overlay
can combine various inputs in a grid map [33]. This method solves problems with many
criteria, such as optimal site selection or suitability modeling.

Microzonation Maps

J

Building Losses Data

Building Damages Data

I

The Relationship between
Building Damages/ Losses and Microzonation

Figure 5. Illustration of overlay method in this research.

Applying the latter approach to the case of the loss and damage data values and the
microzonation map units above (Figure 6), the average element values can be obtained
using Equation (1) [26]:

Y 0ij.zj

A=Y o

@

where are:

i = microzonation units

j =loss damage data values

z = variable in the source zones
dij = overlapping target zone
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ca C1 | A1 B1
c2| A1 B3
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Figure 6. Overlay of two polygon maps, producing a new set of polygons common to both maps.
The polygons in C are not linked to the polygons of maps A and B in a polygon attribute Table 2.

3. Results

The level of damage to buildings after the Lombok earthquake (Table 2), adapted
from the Mataram city redevelopment action plan in 2018, shows the number of damaged
houses in each district in Mataram City. The highest level of damage is in the Ampenan
(AM) district, where as many as 4773 units are dominated by light (3162 units), moderate
(957 units) and severe (654 units) damage; Second, the number of houses damaged in the
Sekarbela district was 3774 units, consisting of 1540 units heavily damaged, moderately
damaged (944 units) and lightly damaged (1290 units); Selaparang district contained 1972
damaged houses, dominated by light (1399 units), moderate (495 units), heavily (78 units)
damaged; in Mataram Regency, the number of houses damaged was 1467 houses, consisting
of lightly (1101 units), moderately (267 units) and heavily (99 units) damaged; Furthermore,
the Sandubaya district suffered damage as many as 1211 housing units, consisting of lightly
(1096 units), moderately (96 units) and heavily (19) damaged units; Finally, Cakranegara
Regency suffered damage as many as 270 houses, with light (246 units), moderate (18 units)
and six houses heavily damaged.

The value of losses due to house damage is calculated based on the standard value
of the level of damage due to the Lombok earthquake (Table 3), where total loss (100%) is
US$ 6320; heavily damaged (80%) worth US$ 5056; moderate damage (50%) worth US$
3160; and Low (20%) at $1264. Then the value of the loss for each district (Table 4) is the
highest loss suffered by Sekarbela (SK) of US$ 12,399,840, the second loss of Ampenan (AM)
US$ 10,327,512, followed by Selaparang (SL) of US$ 3,726,904; Mataram (MA) suffered a
loss of US$ 2,735,928; Sandubaya (SA) of US$ 1,784,768 and the last is Cakranegara (CA)
of US$ 398,160.
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Table 2. Level of buildings damages after the earthquake per district in Mataram City (adapted from
Mataram City redevelopment action plan, BNPB).

Damage Data (Units)

No District Heavy Moderate Light Total
1 Ampenan (AM) 654 957 3.162 4.773
2 Cakranegara (CA) 6 18 246 270
3 Mataram (MA) 99 267 1.101 1.467
4 Selaparang (SL) 78 495 1.399 1.972
5 Sandubuya (SD) 19 96 1.096 1.211
6 Sekarbela (SK) 1.540 944 1.290 3.774

Total 2.396 2.777 8.294 13.467

Table 3. Standard budget for house rehabilitation based on level of damage (BNPB).

Total Loss High Moderate Low
100% 80% 50% 20%
US$ 6320 US$ 5056 US$ 3160 US$ 1264

Table 4. Value of losses after the earthquake per district in Mataram City.

Value of Damage (US$)

No District Heavy Moderate Light Total

1 Ampenan (AM) 3,306,624 3,024,120 3,996,768 10,327,512

2 Cakranegara (CA) 30,336 56,880 310,944 398,160

3 Mataram (MA) 500,544 843,720 1,391,664 2,735,928

4 Selaparang (SL) 394,368 1,564,200 1,768,336 3,726,904

5 Sandubuya (SD) 96,064 303,360 1,385,344 1,784,768

6 Sekarbela (SK) 7,786,260 2,983,040 1,630,560 12,399,840
Total 12,114,176 8,775,320 10,483,616 31,373,112

The loss rating and dominance of the red zone reflect a pattern of conformity based
on the magnitude of losses caused by the earthquake (Table 5). The ranking of earthquake
losses is directly related to the prevalence of the red zone distribution in the districts
of Sekarbela (SK) and Ampenan (AM). It implied that areas with red zone domination
post-earthquake would also suffer significant losses. Based on the rating of the loss value
compared to the level of the vulnerability zone (red), it shows the suitability of the pattern.
The value of losses due to the earthquake is directly proportional to the dominance of
the red zone distribution in the Sekarbela and Ampenan districts. These show that post-
earthquake, subdistricts with high red zone dominance will also have high losses.

10
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Table 5. Comparative tables of regional microzonation and damage-loss data.

o Rank (Damages and Losses) Zone (%) (Microzonation)

District Population Damage Loss Red Yellow Blue

Sekarbela (SK) 5 2 1 88.52 11.48 0

Ampenan (AM) 4 1 2 79.81 20.19 0

Mataram (MA) 3 4 4 67.01 32.99 0
Selaparang (SL) 1 8 3 33.04 55.14 11.82
Sindubaya (SD) 2 5 5 17.36 0 82.64
Cakranegara (CA) 6 6 6 0 14.63 85.37

4. Discussion

The research area has a thickness of soft rock (volcanic fluvial deposits) which causes
earthquake waves to be trapped and amplified, explaining the higher degree of damage.
The distribution of damage from the earthquake on Lombok Island was irregular. The study
shows that the microzonation map helps determine the damage zone and level of disaster
vulnerability due to the earthquake hazards. Earthquake hazard microzonation mapping
is an essential tool for land use planning in infrastructure development and mitigation
strategies. It provides easy-to-read charts and maps, making it easier for governing bodies
to make decisions. It is highly recommended that microzonation studies support urban
planning development, residential areas, and areas of people’s economic activities in
disaster-safe areas.

Microzonation studies over large areas can support urban development plans and
designs. This study can mitigate potentially earthquake-prone areas by recording the
physical properties of rocks in static conditions so that determining the designation of an
area can be more manageable. This research is relatively inexpensive, easy, and suitable
for developing and utilizing regions. The blue zone area must be designated for housing,
buildings, and areas for community economic activities. While the yellow zone is suitable
for developing community activities such as workshops and carpentry, locations included
in the red zone allocates as a buffer area for environmental conservation that is reforested
by governance programs to reduce carbon emissions.

The level of damage to areas that caused significant losses is dominant in the red
zone, although the highest population is not in the areas where the loss rate is high.
Local governments should reform land usage and distribution following the disastrous
Lombok earthquake.

Based on the comparison between the level of building damage and the value of the
loss, it concluded that although the number of damaged houses in the Ampenan district
is the highest (4773 units) worth US$ 10,327,512, the loss value is still below that of the
Sekarbela district (3774 units), but the loss value is US$ 12,399,840. The number of houses
with severe damage dominates the number of damaged in Sekarbela (1540 units), while
the value of losses in other districts is proportional to the level of damage. The high level
of loss in Sekarbela, caused by the dominance of the number of heavily damaged houses
being more than Ampenan.

Future development planning may be more successful in site selection for important
infrastructure investment decisions with a scientific understanding of each earthquake
hazard level [34,35]. During the 2018-2020 timeframe, 61.000 homes were built for earth-
quake victims, ranging from mildly damaged to badly damaged homes, while 225.000
buildings were constructed for public amenities and social functions, and millions of dollars
were spent to recover the damage [36]. Risk transfer is a strategy to cope with the effects
of natural disasters. Natural disasters are unforeseeable, unpredictable phenomena that
can have a devastating impact on the population, wreaking havoc on infrastructure and
causing enormous human and economic losses [5]. An alternative to risk transfer is disaster
insurance, especially earthquake insurance. Earthquake insurance is essential to recover
from earthquake disasters and protect from the associated financial losses [37,38].
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5. Conclusions

Its location in the collision zone causes frequent natural disasters in Indonesia. Earth-
quakes are one of such disasters caused by tectonic activities. The dynamic interaction of
numerous tectonic plates in eastern Indonesia causes high seismicity rates, which resulted
in catastrophic damaging earthquake sequences on Lombok Island in 2018. The research
area in the present study has a thickness of the soft rock (volcanic fluvial deposits), causing
earthquake waves to be trapped and amplified, which explains the higher level of damage.
The distribution of damage caused by the earthquake on the island of Lombok is irregular.
Therefore, it can be concluded that mapping hazard zones based on microzonation are
directly proportional to the damage and losses caused by the earthquake. In other words,
areas included in the red zone are the most vulnerable to damage and losses. In other
words, areas included in the red zone are the most vulnerable to damage and losses.

Microzonation research is a valuable tool for mapping potential earthquake threats in
a particular area, making research more detailed and accurate. In addition, it is essential
to conduct regional tectonic research and its influence on local geological structures that
impact Tertiary bedrock covered by Quaternary volcanic rock from the eruption of Mount
Rinjani. It is suggested that local government improve the “building code” rules when
applying for building permits.

Based on the findings of this study, it is also suggested that additional models be
investigated to predict the amount of seismic activity, such as the Markov Chain model,
which has been applied to the Algerian region [39]. As a result, the seismic activity can be
observed using multiple models to gain a more comprehensive understanding. Meanwhile,
since this region is located in a steep area, land use for forests and farmland does not require
considerable consideration due to the earthquakes. As a result, substantial consideration
must be given to slope stability, building structures, and available types of settlement
materials [40].
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Abstract: The management of seismic risk is an important aspect of social development. However,
urbanization has led to an increase in disaster-bearing bodies, making it more difficult to reduce
seismic risk. To understand the changes in seismic risk associated with urbanization and then adjust
the risk management strategy, remote-sensing technology is necessary. By identifying the types
of earthquake-bearing bodies, it is possible to estimate the seismic risk and then determine the
changes. For this purpose, this study proposes a set of algorithms that combine deep-learning models
with object-oriented image classification and extract building information using multisource remote
sensing data. Following this, the area of the building is estimated, the vulnerability is determined, and,
lastly, the economic and social impacts of an earthquake are determined based on the corresponding
ground motion level and fragility function. Our study contributes to the understanding of changes in
seismic risk caused by urbanization processes and offers a practical reference for updating seismic
risk management, as well as a methodological framework to evaluate the effectiveness of seismic
policies. Experimental results indicate that the proposed model is capable of effectively capturing
buildings’ information. Through verification, the overall accuracy of the classification of vulnerability
types reaches 86.77%. Furthermore, this study calculates social and economic losses of the core
area of Tianjin Baodi District in 2011, 2012, 2014, 2016, 2018, 2020, and 2021, obtaining changes in
seismic risk in the study area. The result shows that for rare earthquakes at night, although the death
rate decreased from 2.29% to 0.66%, the possible death toll seems unchanged, due to the increase
in population.

Keywords: remote sensing; earthquakes; exposure evaluation; risk assessment; vulnerability assess-
ment; seismic risk management; Tianjin Baodi; China

1. Introduction

Urbanization refers to the transformation of rural populations into urban populations,
the migration of rural people into cities and people no longer working in agriculture [1].
Towns and cities are formed and increase in size with this process. In recent decades,
industrialization and modernization have accelerated the process of urbanization, and, as a
result, the proportion of the urban population has been increasing worldwide, notably in
China. China’s urbanization rate has increased steadily over the last decades. In 1950, 13%
of people in China lived in cities. By 2010, the urban share of the population had grown to
45% [2]. The Seventh Population Census of China, conducted in 2020, showed that about
63.9 % of the total population lived in cities in 2020.

However, as urbanization continues, the accumulation of the urban population
and wealth will directly increase the risk of disaster and pose challenges for disaster
mitigation [3-5].
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For China, earthquakes are the most damaging of all natural disasters. Over the past
decade, more than 50% of deaths from natural disasters in China were caused by earth-
quakes [6]. As a consequence of the influence of the Pacific Rim and Eurasian seismic belts,
China has the most frequent continental earthquakes in the world and faces a significant
risk of earthquake disasters [7,8]. Additionally, statistical data show that 41% of large
Chinese cities, 33% of prefecture-level cities, and 30% of county-level towns are located in
earthquake-prone areas [9].

With the rapid development that has occurred in recent years, China’s earthquake
disaster mitigation strategy has paid more attention to pre-disaster prevention [10]. This is
consistent with the Sendai Framework’s focus on disaster preparedness and its emphasis on
understanding disaster risk, strengthening disaster risk governance, managing disaster risk,
and strengthening preparedness for an effective response [11]. Considering the changes in
seismic risk associated with urbanization is critical in improving seismic risk management
capabilities and the mitigation of seismic risk [12].

Generally, the seismic risk analysis models used by organizations or institutions
around the world, such as The Global Earthquake Model (GEM) [13] and the Federal
Emergency Management Agency (FEMA) [14], involve the quantification of three main
components, namely hazard, exposure, and vulnerability [15]. Assuming that seismic
hazard remains stable in the near future, then the seismic risk is primarily affected by
changes in disaster-bearing bodies and their vulnerability.

Furthermore, because social and economic losses due to earthquake disasters are
mainly determined by the destruction of structures, it is worth paying closer attention to
changes in the building stock.

In recent years, remote sensing technology has become widely used in seismic risk
assessment and management due to its ability to obtain large-scale geospatial information
quickly and effectively [16]. The international Group on Earth Observations put forward
the idea of estimating the seismic vulnerability of buildings through remote sensing data in
the work task of 2009-2011. Polli et al. [17] and Zhai Yongmei [18], respectively, proposed
earthquake disaster risk estimation workflows based on remote sensing images in 2009. Ini-
tially, researchers focused on distinguishing building types based on their height and shape
and how to extract geometric properties from remote sensing data about building shapes
using remote sensing [19,20]. To improve the accuracy of exposure information extraction,
combining statistical data, ground surveys, street views, and digital surface models with
proxies obtained from remote sensing data has become a popular approach [20-29]. As well
as this, to gather data for the risk assessment of historic monuments, the Wireless Sensors
Network (WSN) system is paramount [30-32].

Most of the intelligent analysis algorithms that were developed as a result of the
continuous evolution of computer vision tasks, from image-level understanding to pixel-
level understanding, were developed to solve the problem of extracting information from
remote sensing data.

Traditional feature learning methods often rely on creating features based on specific
expertise and therefore often show reduced reusability. In addition, sophisticated methods
may be required to handle irregular or complex data [33]. In contrast, deep learning meth-
ods learn deep features from the data themselves, which means expertise is not required,
and the results based on deep features are much better than shallow methods. In visual
recognition, convolutional neural networks outperform other deep learning models [34].
In principle, a CNN is a network that usually consists of many layers of operations, such as
convolution, pooling, nonlinear activation functions, and normalizing, that can be divided
into a feature extractor and a multilayer perceptron (MLP) [35]. In 2012, Alexnet [36] re-
freshed people’s understanding of CNN. Then, the VGG frame [37] and Resnet model [38]
were successively proposed. For semantic segmentation, Fully Convolutional Networks
(FCNSs), based on VGG and first proposed in 2015 [39], were the first to realize end-to-
end segmentation. Several other models, including U-net [40], SegNet [41], PSPNet [42],
DeepLab [43-45], and Mask R-CNN [46], are also capable of accurate segmentation, which
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is commonly used in remote sensing classification [47-50].Overall, although the research
on urbanization process analysis [51-58] and seismic risk assessment [17-29] using remote
sensing data has achieved many results, the specific research does not address the changes
in seismic risk caused by urbanization and the connection between the two. Accordingly,
there is no established methodology within the field of remote sensing applications for
understanding the seismic risk associated with urbanization.

Therefore, in this paper, a practical method of observing the changes in seismic risk
under urbanization based on remote sensing data is proposed. The objectives of this study
are as follows: (i) To improve the remote sensing data analysis method for earthquake
bearing-body detection by integrating deep learning semantic segmentation and ensemble
learning classification. (ii) To propose a comprehensive workflow for identifying seismic
risk change under urbanization processes using remote sensing data. The remainder of this
paper is organized as follows: Section 2 provides an overview of the study area and its
materials. A method for identifying structural vulnerabilities that integrates object-oriented
classification and deep-learning-based segmentation is described as well. Section 3 presents
the experimental results in the study area. Section 4 discusses improvements and future
directions. A comprehensive summary is given in Section 5.

2. Materials and Methods
2.1. Study Area
Figure 1 shows the study area of this article: the central area of the District Baodi,

Tianjin, China, with an approximate population of more than 200,000 people and an area of
35 km?, located at 39°43’ N,117°18’ E [59].
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Ninghe
. — kT
Beicherji ~0 75 15 30
117530
117°20°€
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2
117°20°E

117°15'€

Figure 1. (a) Location of the study area in China. (b) Baodi District of Tianjin. (c) Location of the
study area in Baodi. (d) Satellite map of the study area.

Tianjin is in the central part of the North China Plain. The city is a port city and the
only megacity in China to have experienced a major earthquake in recent decades. Tianjin’s
District Baodi is a short drive from Beijing, Tangshan City, and the Tianjin downtown
area [59]. The agriculture, industry, and tourism here have flourished over the past few
decades, and the district has grown from a village to a county, then to a district [60].
However, the district is at risk of earthquakes. Throughout its history, District Baodi
has been affected by many major earthquakes, including those of magnitude 7.8 in 1976
Tangshan and 8 in 1679 Sanhe-Pinggu [8]. These earthquakes caused extensive damage
to Baodi, and the earthquake intensity was as high as VIII CSIS (China seismic intensity
scale) in most areas [61]. An east-west fault in the region, the Baodi fault, shows evidence
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of activity in the Quaternary [62]. Over the last ten years, District Baodi was affected by
three earthquakes that measured magnitude 3.7, magnitude 4.0, and magnitude 3.3, on
14 January 2005, 18 June 2012, and 26 August 2012, respectively [8].

2.2. Data Sources

In this study, very high resolution (VHR) images, as well as medium-resolution
images were collected. They are mainly from Gaofen-2 and Sentinel-2 sensors. ALOS-1 and
WorldView-1 satellite data and Google Earth imagery were used as supplements in the years
2011, 2012, and 2014, as Gaofen-2 and Sentinel-2 satellites were not available over these
years. At the same time, the census data and statistical yearbook data of the corresponding
years were also collected, and the WorldPop [63] data were used as a reference for the
spatial distribution of the population. Table 1 shows the information from the data source.

Table 1. Source of datasets.

Dataset Source Spatial Resolution Time Scale

G(I;l_é6 China Center For Resources Satellite Data and Application % $;Z $ %8%:%85(1]

7Y.3 http://36.112.130.153:7777 / DSSPlatform /index.html (accessed on 9 March 2022) 2m/6m 20122016

Sentinel 2 https:/ /scihub.copernicus.eu/ (accessed on 9 March 2022) 10 m 2015-2021

Point of interest https:/ /Ibsyun.baidu.com/ (accessed on 9 March 2022) - 2018, 2020
Questionnaire Field survey - 2019

Statistical Yearbook http:/ /stats.fj.gov.cn/ (accessed on 9 March 2022) - 2011-2021

Census data

http:/ /stats.fj.gov.cn/ (accessed on 9 March 2022) 2010, 2020, 2021

In addition, four separate datasets were built for the four main tasks in this study:
(i) footprint segmentation of single buildings, (ii) shadow segmentation of single build-
ings, (iii) rural building groups, and (iv) vulnerability classification of single buildings.
Three of the datasets were instance segmentation datasets, and one was a multi-feature
classification dataset.

Based on VHR satellite imagery and ground surveys located approximately 50 km
from the study area, we produced data in shapefile format for 62,185 buildings. As shown
in Figure 2, the footprint of a building is highly detailed. Building property information is
given in the form of vulnerability type, usage, and floor numbers. Using ArcGIS Pro, we
turned these data into a dataset that can be used as a basis for training building instance
segmentation models, as well as for building vulnerability classification models.

Layer

structure type

[ Masonry

[ Reinforced Concrete
B sinole

] I Steel

Figure 2. 3D visualization of single building datasets.
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Additionally, 720 samples of rural building groups were derived from Sentinel 2 data,
and shadow contours of 3250 buildings from GF2. Figure 3 illustrates an example of the
instance segmentation dataset.

building shadow

Figure 3. Example of the instance segmentation dataset.

To verify the final results, this study conducted a field survey in the study area during
2019-2020, collected a sample of 823 buildings, as shown in Figure 4, and created a sample
of building structures by utilizing Baidu Maps API libraries.

117°20'E

117°15E

(e) (e)

Figure 4. Field survey samples and examples of structure types: (a) shear wall structure (dwelling),
(b) RC structure (hospital), (c) brick wood (dwelling), (d) RC structure (dwelling), (e) confined
masonry (dwelling), (f) field survey samples.
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2.3. Overall Workflow

In this section, the proposed workflow is described in detail. The seismic risk assess-
ment process involves the quantification of three major input components, namely, seismic
hazard intensity, exposure, and vulnerability [15].

Our understanding of the change in seismic risk resulting from urbanization relies on
the assumption that the seismic hazard remains relatively stable; thus, the change in seismic
risk is due to changes in the hazard-bearing body. When a disaster occurs involving an
earthquake, social and economic losses are determined by the destruction of buildings. This
form of structural change is the focus of our study. The primary role of remote sensing data
in this study is to extract building information from images taken over several years. Object-
oriented classification and deep-learning-based instance segmentation are integrated into
the pipeline to efficiently accomplish this task.

As shown in Figure 5, the overall workflow includes four main parts. Part 1: Building
object segmentation and feature extraction. The footprints of single buildings and rural
building groups are extracted from high- and medium-resolution imagery, respectively.
The image feature extraction is carried out with the building’s footprint as the object unit.
Part 2: Calculating the proxies in each object unit, according to the extracted object features,
and then conducting vulnerability classification to obtain the disaster-bearing body dataset.
Part 3: Calculating structural losses and the resulting economic and population losses at
three ground motion intensity levels. Finally, repeat the above work for different years to
obtain the results regarding changes in seismic risk during the urbanization process. In
addition, to extract the building footprint and features and the vulnerability classification
of the structure, multiple machine learning classifiers need to be pre-trained. This part can
be regarded as Part 0 of the whole process.
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Figure 5. The overall workflow consists of four major sections: part 0 to pre-train the segmentation
and classification models, part 1 to extract image features, part 2 to classify structural vulnerability,
and part 3, a seismic risk assessment.
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2.4. Building Feature Extraction

The acquisition of building parameters is probably the most time-consuming, tedious,
and expensive part of each seismic risk assessment [64]. In this study, three BMask R-CNN
classifiers were trained to extract footprints from single buildings and rural building groups,
respectively. The footprints of single buildings are taken as object units for multi-feature
extraction. The footprint of rural building groups can be directly applied to the classification
of vulnerability and the calculation of inventory, according to the survey data.

The third BMask R-CNN classifier extracts the shadows of single buildings to calculate
the height and number of floors. Other information on single buildings is extracted by
eCognition v9.3, Trimble, CA, USA. A pretrained random forest classifier is used for
structure vulnerability classification.

2.4.1. Mask R-CNN Framework

Mask R-CNN is a flexible object instance segmentation framework that efficiently
detects objects in an image while simultaneously generating a high-quality segmentation
mask for each instance [46]. Based on Faster R-CNN [65] and Fast R-CNN [66], Mask
R-CNN adds a branch to predict an object mask while preserving the branch for bounding
box recognition, thereby achieving pixel-level instance segmentation. Since Mask R-CNN
is easy to generalize to other tasks, it has been widely adopted in remote sensing object
classification. As shown in Figure 6, the original network structure of MASK R-CNN
includes several components. The multiscale feature maps are extracted from the input
image through the backbone part based on ResNet and the feature pyramid network (FPN).
These features are shared by the RPN part and the RolAlign layer. The feature map fed
to the RPN is further extracted to generate candidate ROIs. After filtering, the obtained
feature maps are used as proposals. The feature maps from the backbone part and the RPN
part are properly aligned with the input based on bilinear interpolation [46] through the
RolAlign layer. Finally, the aligned feature map enters two branches in the head part: one
is a fully convolutional mask prediction branch, and the other branch is divided into two
sub-branches for class prediction and bounding box regression [67].

FCN :
E
| resnet, FPN Roi Align |
' H 8\ regression - E
AR boxes :
y I \ |

NN

-"' proposals

Head

Figure 6. Structure and main components of Mask R-CNN framework [46].

2.4.2. BMask R-CNN Framework

When performing pixel-level instance segmentation based on Mask R-CNN, predic-
tions are made based on the local information. Although large receptive fields are obtained
through the deep framework, which helps to extract features and improve the accuracy
of classification, the information details, such as the shape information of the object, are
still elusive.
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To solve the problem of coarseness and indistinctness in the prediction output, Cheng,
T.H. et al. [68] proposed a boundary-preserving Mask R-CNN to exploit boundary informa-
tion and guide more precise mask prediction.

By adopting boundary features and boundary prediction, BMask R-CNN optimizes
the mask head in Mask R-CNN, as illustrated in Figure 7. The new mask head is called the
boundary-preserving mask head.

Backbone Y s Classification
RolAlign e —,
EETTIN o IR

RolAlign 4] !
7 X4 %256

RolAlign f{

Box Box Head

Predictor Mask

28x28 =

x256 Predictor

Boundary

Boundary-preserving Mask Head

= |dentity = = eeeses > 3x3 Conv

Figure 7. The overall architecture of boundary-preserving Mask R-CNN (BMask R-CNN). The dotted
arrow denotes 3 x 3 convolutions, and the solid arrow denotes identity connection unless there is a
specified annotation in the boundary-preserving mask head. “x4/x2” denotes a stack of four/two
consecutive convs [68].

Boundary-preserving mask heads synchronously learn object boundaries and masks.
First, features from the mask sub-network can provide high-level semantic information
for learning boundaries. Then, after obtaining the boundaries, the shape information and
abundant location information in boundary features can help to achieve more precise mask
predictions [68].

Since a boundary learning head branch is added to the multiple Mask R-CNN tasks,
the loss function of the model also needs to accordingly increase a component. Here, ref.
[68] proposes a combination of dice loss [69] and binary cross-entropy to optimize the
boundary learning

Ly (pv, Yo) = Lpice (Pv, Y1) + ALpcE (Po, ) 1)

in which Lpcg (pp, yp) is binary cross-entropy loss, with A as a hyperparameter to adjust the
weight. p; and y, representing the predicted boundary for a particular category and the
corresponding boundary ground truth, respectively.

The Dice coefficient is used to measure the spatial overlap or similarities between the
two sets. Here, the consistency between the predicted boundary and the corresponding
boundary ground truth is compared. Since Dice loss is insensitive to the number of
foreground /background pixels, it alleviates the class-imbalance problem. The calculation
formula of Dice loss is as follows:

221wa pi,yé +e
WY (o) + S (1)) + e

LDice(pb/ ]/b) =1 )

where H and W are the height and width of the predicted boundary map, respectively; i
denotes the i-th pixel, and € is a smooth term to avoid zero division.

Finally, after adding a boundary-preserving branch to Mask R-CNN, the combined
multi-task learning loss functions are as follows:

L= Lcls + Lhox + Lmask + Lb (3)
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where L s, Lyoy, and Ly, represent the loss of classification, localization, and segmentation
mask, respectively, which are identical to those in [46].

2.4.3. Post-Processing of Building Footprint

After obtaining the footprints of single buildings and rural building groups from
high-resolution and medium-resolution images, respectively, the post-processing of both
results must be performed. This mainly includes the following processes:

(i)  Eliminating non-structural misclassification by setting an area threshold;

(ii) Intersecting single buildings and building groups, keeping single buildings in the
rural building group, and eliminating redundancy in the two output footprints;

(iii) Calculating the actual building area of the rural building group.

In a typical rural residential setting in the study area, a class of simple structures with
intact roofs often causes buildings to be misclassified. A good example of this is shown
in Figure 8, where the roofs indicated in the red frame generally correspond to actual
buildings, whereas other roofs may be simple structures or serve only as shelter from the
sun and rain. To estimate the total amount of rural buildings, we apply the empirical
formula based on the ratio of the total land area of the rural buildings group to the total
area of the rural buildings.

Figure 8. (a) Blue boxes indicate a single household, while red boxes indicate buildings to be counted;
(b) red outline indicates rural building groups.

For our study area, the relationship between the group area of rural buildings and the
number of households is as follows:

group area = 652.77 m? x number of households + 1.4366 m> 4)

Further, according to the average floor area of each household, the building stock to
be counted can be obtained.

2.4.4. Estimating Floor Numbers

The height of a building is an effective way of assessing its seismic capacity and is
essential to the calculation of its area [16]. This can be extracted by applying the shadow
length of the building structure in the high-resolution optical image [18-20,27], SAR image
imaging geometric characteristics [18], LIDAR data [27], or DSM data [25-27]. Since high-
resolution LiDAR data and DSM data were not obtained in this study, the number of floors
in the building was inferred from the building shadows in the GF-2 data.

As illustrated in Figure 9, taking a regular building model as an example, according to
the angle of solar irradiation and the angle of satellite observation, the geometric relation-
ship between the building and its own shadow mainly presents two situations [70]. When
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partially occludes its own shadow. When the satellite and the sun are located on both sides
of the building, the shadow of the building can be fully exposed to the viewing direction.
north
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Figure 9. Building shadow geometry; the red and blue lines indicate the line-of-sight directions of
the sun and satellites, respectively: (a) side view of satellite and sun on the same side; (b) top view of
satellite and sun on the same side; (c) side view of satellite and sun on different sides; (d) top view of

satellite and sun on different sides.
According to the basic trigonometric function principle, the formula to calculate the
®)

height of the building in two different cases can be obtained [70]:
H=1tan w

here, H represents the height of the building, L; represents the length of the unobstructed
shadow, and w is the sun elevation angle. Considering the situation where the shadow

is occluded when the sun and the satellite are on the same side, it is necessary to infer H
©

according to L, and L3, as follows:
tan wtanf cos(f — ¢)
H=1L,
tan6 cos(B — @) — tanw cos(a — @)
tanwtan sin(p — ¢) @
tandsin(B — @) — tancwsin(a — @)

H =
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where 0 is the altitude angle of the satellite, « is the azimuth of the satellite, § is the azimuth
of the sun, and ¢ is the azimuth of the building. The computational difficulty is significantly
simpler when the satellites and the sun are on different sides of the building.

2.4.5. Occupancy and Population Disaggregation

We assume that the change in the POI of functional facilities is stable and that the
increase or decrease in POl in each year is purely dependent on the existence of buildings.
Based on the POI obtained in 2018 and 2020, the POI information has been assigned to the
building through spatial analysis. By 2020, there were 110 medical institutions of various
types, 63 educational institutions at all levels, 24 shopping malls, 39 enterprises exceeding
their designated sizes, and 238 manufacturing companies found in the research area.

Samples from the on-site investigation were used to count the density of people in
various buildings. These were divided into daytime and nighttime counts.

Table 2 represents the Indoor Population Density of different occupancy (people per
square meter).

Table 2. Indoor Population Density of different occupancies (people per square meter).

Occupancy Office Factory Business Education Medical Residency Other
Day 0.03 0.01 0.09 0.52 0.3 0.01 0.03
Night 0.001 0 0 0.12 0.1 0.033 0.001
2.5. Vulnerability Classification
Based on footprints of single buildings, object feature extraction was carried out in
eCognition [71]. Then, a pretrained Random Forest (RF) [72] classifier was adopted to
classify the vulnerability type of buildings. The selected features are shown in Table 3.
Table 3. Selected Features.
Type Features Data
Extend Area, length, length/width, width, border length VHR
. MR- . PN . image
Shape Asymmetry, compactness, density, elliptic fit, rectangular fit, main direction, shape index, roundness
Texture GLCM (homogeneity, contrast, dissimilarity, entropy, Ang. 2nd moment, mean, Std.Dev.) Multi-Spectral Data
Layer Values mean, standard deviation, HSI transformation P

2.6. Loss Assessment

In this study, approaches to loss assessment are based on structural damage. Moreover,
this study aims to determine the number of deaths and direct losses due to structural
damage caused by ground motions. Explicitly addressing the damage and loss caused by
secondary disasters such as surface fault rupture, landslides, soil liquefaction, fire, etc.,
as well as damage to infrastructures such as bridges and roads, is outside the scope of
this paper.

2.6.1. Structural Damage

Structural damage assessment based on vulnerability analysis is the basis for quan-
tifying economic loss and casualty. The vulnerability of structures that are exposed to
earthquake loading expresses the likelihood of the occurrence of certain damage levels
caused by seismic action [15].

Furthermore, the fragility model can be assumed to be a reliable measurement of dam-
age to a respective set of buildings with similar structural taxonomy of dynamic behavior.

Building damage states are divided into five levels, which are intact, slightly dam-
aged, moderately damaged, severely damaged, or collapsed, according to the damage to
structural members or the entire structure. The division points of five kinds of failures
correspond to the four limit state divisions of the structure in turn, and those from LS1 to
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LS4 gradually become more serious. The fragility model relates building response to seis-
mic demand inputs and follows the lognormal assumption [73], as given by Equation (8),
which refers to the conditional probability of various limit states of the structure under
different earthquakes.

F(x, 1, 0) =P(LSIx) = @ ((In (x/w))/ 0) )

here, ® is a standard normal cumulative distribution function and x denotes seismic motion
intensity, which is taken as peak ground acceleration (PGA). Parameters p and o are the
fragility model median and standard deviation of In (x). Table 4 presents the parameters of
the fragility model used for different structural typologies in this study.

Table 4. Fragility model parameters.

LS1 LS2 LS3 LS4

Typology Source
n o n o n o n o
Brick wood 0.2997 0.093 0.2005 0.1397 0.216 0.2175 0.2228 0.2837 [74]
Confined masonry 0.139 0.845 0.292 0.709 0.510 0.608 1.372 0.828 [75]
Reinforced concrete 0.267 0.785 0.540 0.548 0.841 0.506 1.629 0.558 [75]
shear wall 0.130 0.170 0.150 0.240 0.20 0.470 0.250 0.810 [76]
Bottom RC 0.122 0.2 0.145 0.2 0.213 0.2 0.461 0.2 [75]

According to the parameters of LSs (s =1, 2, 3, 4), Equation (8) calculates the probability
that the structure will reach LSs. Then, the probability of each DSi (i =0, 1, 2, 3, 4) of the
seismic intensity can be calculated:

Ppsp =1 —P(LS; 1x) )
PDSl = P(LS] | X) - P(L52 | X) (10)
Pps = P(LS; I x) — P(LS; 1x) (11)
PDS3 = P(LS3 | X) - P(LS4 | X) (12)

PD54 = P(LS4 | X) (13)

Based on the hazard level of the study area, we calculated the loss at three different
levels of ground motion intensity. The three ground motion levels correspond to rare earth-
quakes, moderate earthquakes, and frequent earthquakes, respectively. The probability of
exceedance during 50 years is 2-3%, 10%, and 63%, respectively.

2.6.2. Economic Loss

In this paper, the method used to calculate direct economic loss according to the
damage state, loss ratio, and replacement price refers to the provisions of China Code GB/T
18208.4-2011 (Seismic Field Work Part IV: Disaster Direct Loss Assessment) [77]. According
to this code, the formula proposed in this study for the calculation of direct earthquake
economic loss for H types of structures is as follows:

(1) The direct economic loss L4 of H building structure types and D damage levels in a
certain area is calculated as follows:

La=Y 1) pPrAiRy (14)

A, denotes the total area of the h-type structure with damage stated; R is the loss
ratio when the h-type structure has a damage state of d; and P}, is the replacement price of
the h-type structure.

(2) The direct economic loss Ly of the indoor property is calculated as:

Lg=Y 1Y pPyAsRy (15)
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where T is the ratio of the indoor property loss when the damage level of the h-type
structure is d; Pj, is the replacement unit price of the h-type structure; and y is the ratio of
the indoor property value of the building structure to the structural replacement price.

(3) The direct economic loss L¢ of decoration damage is calculated as follows:

Le=YHY DY 7273 QnAdSa (16)

S4 denotes the decoration loss ratio when the damage level of the h-type structure is d;
Qy, denotes the decoration price of the h-type structure; y; represents the correction factor,
considering the difference in economic development levels; v, represents the correction
factor considering building occupancy; and <3 represents the proportion of high-level
decoration. 71 and 7, values are specified in [77].

2.6.3. Social Loss

In this study, death and injury calculations were carried out according to the rela-
tionship between the damage state of the house and the casualty rate of people, without
distinguishing between structure types; the calculation formula is as follows:

Ni=) ppAiRDy (17)

NI = ZD 1Y Ad RId (18)

N; and Nj denote the numbers of dead people and injured people, RD; and Rl
represent the death and injury rate of people under different damage levels, A; is the area
of the building structure under the damage level, and p is the density of people in the room.
The fatality rate values used in this study are listed in Table 5.

Table 5. Casualty rates of different damage states.

Casualty Rate Moderate Damage Severely Damaged Destroyed
Death Rate 0.001% 0.5% 3%
Injury Rate 10% 15% 30%

2.7. Evaluation Indicators

The performance of the proposed algorithms was assessed using six metrics, namely,
IoU, precision, recall, F1-score for segmentation tasks, and Overall Accuracy and Kappa
coefficients for vulnerability classification.

TP
U= ——— 1

U= Th i FP+EN (19

. TP
Precision = TP+ EP (20)

TP
Recall = m (21)
Fl— 2% percision recall (22)
percision * recall
TP+ TN

Overall Accuracy = TP TN L FP T EN (23)

o PO - Pe
Kappa = —— B, (24)

where TP is the value of the true positives, FP is the value of the false positives, TN
is the value of the true negatives, and FN is the value of the false negatives. P is the
relative observed agreement among raters. P, is the hypothetical probability of chance
agreement [78].
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3. Results

In this section, the results obtained by applying the workflow and method mentioned
in Section 3 to the study area in Section 2 are presented. The results of the extraction of
disaster-bearing body information and the estimation of seismic risk will be described, as
well as the evaluation of the outputs.

3.1. Building Information Extraction Result

The building segmentation of the study area data is performed by the BMask-RCNN
model presented in Section 3. Table 6 shows the extraction accuracy of single buildings and
rural building groups. In terms of IoU, precision, recall, and F1 score, rural group buildings
exhibit a lower extraction accuracy than single buildings. Extraction examples of single
buildings and rural group buildings are presented in Figures 10 and 11. The results show a
small number of errors and missing records.

Table 6. Extraction Accuracy Evaluation.

Buildings IoU Precision Recall F1 Score
R“raglrziidmg 0.792079 0.898876 0.869565 0.883978
Single buildings 0.855615 0.924855 0.91954 0.92219

ground truth

Figure 10. Example of single building extraction results.

The accuracy of height and floor estimation is shown in Figure 12a,b. An excellent
linear fitting relationship exists between the height estimate and the real value, and the
error of the height estimate is within one meter. The difference between the estimated
number of floors and the actual number of floors may be as large as three stories, and the
error for from 5- to 10-story buildings is larger.

According to field sampling data, the Overall Accuracy for the building vulnerability
classification reached 86.77%, and the Kappa coefficient was 0.6538. Figure 13 shows
the distribution of building structures over different years. In Figure 13, the brick-wood
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structures represented by the color red are gradually disappearing in the study area. In
the extraction results for 2011, 2012, and 2014, brick-wood structures occupied the largest

portion of the study area. According to the extraction results, only a few brick—-wood
structures survived in 2016.

image ground truth result

Figure 11. Example of the rural building group.

height
layers

: . : . : 0 5 10 15 20 25 30
0 20 40 60 80 estimated layers
estimated height
(a) (b)

Figure 12.  Accuracy of height and floor estimation: (a) height and floor estimation;
(b) layers estimation.

However, the shear wall structures indicated in blue have been increasing since
2016. Meanwhile, brick-wood structures are being replaced with shear wall structures in
this process.

Nevertheless, the overall pattern at the center of the study area has not changed
dramatically, and the road between building blocks remains generally unchanged. This
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area of buildings remains unchanged and includes many functional facilities, including
schools, hospitals, malls, offices, etc.
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Figure 13. Distribution of building footprints over different years in the study area.

Furthermore, based on the above results, the construction area of various structures
in different years can be estimated. In 2020, the construction area of shear wall structure
buildings reached 15 times that of the area in 2011, from 0.842 km? to 12.643 square km?.
The proportion changed from 9.22% to 64.66%. Figure 14 illustrates how the area of each
structure type changes over the years of this study. From 2011 to 2014, the construction
area of various types of buildings remained stable, while the area for shear wall structures
steadily increased. The construction area of brick wood buildings dramatically declined
in 2016. However, the shear wall structure continued to grow into 2018 and saw a surge
in 2020.

Grids are used to estimate the density of the building area. Figure 15 was made by
applying a 200 x 200 m grid. Comparing Figures 13 and 14, Figure 15 also illustrates that,
after experiencing a plateau in 2011, 2012, and 2014, the results in 2016 and 2018 show
the disappearance of low-density building areas. Meanwhile, the results for 2020 and

30



Sustainability 2022, 14, 6132

2021 demonstrate the emergence of high-density building areas near the boundary of the
study area.

construction area of each structure type in different years
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Figure 14. Construction area of buildings in different years.
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Figure 15. Construction area over different years in the study area, in a 200 m grid.

Table 7 shows the estimated total population for each year.
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Table 7. Estimated total population.

Year 2011 2012 2014 2016 2018 2020 2021
Day 240,344 240,260 258,043 268,555 274,613 360,118 369,280
Night 203,244 203,182 233,786 230,443 241,556 477,837 505,323

3.2. Estimation of Seismic Risk Changes

Based on the methods outlined in Section 3 and the results presented in Section 3.1,
estimates of losses under different ground motion levels, including direct losses in economic
terms and deaths due to seismic activity during night and daytime, were further obtained
for the study area. Table 8 provides a summary of the losses.

Table 8. Estimated economic and social losses.

Level Year 2011 2012 2014 2016 2018 2020 2021
Eco loss (billion RMB) 57.7964 57.7817 61.1094 54.6339 54.8115 66.6552 68.0225
Rare Night death toll 4662 4660 4762 3421 3270 3348 3362
Day death toll 4526 4524 4658 4371 4355 4480 4484
Eco loss (billion RMB) 40.8394 40.8280 42.8254 36.9838 36.8194 43.3709 44.1346
Moderate Night death toll 1896 1895 1939 1437 1384 1388 1390
Day death toll 1630 1629 1670 1540 1530 1554 1555
Eco loss (billion RMB) 8.0140 8.0123 8.7140 8.4178 8.6097 11.8013 12.1698
Frequent Night death toll 40 40 43 44 45 45 45
Day death toll 35 35 37 37 37 37 37

Figure 16 illustrates the trend in earthquake losses over many years based on different
levels of ground motion intensity. The estimated results of losses include death tolls
when earthquakes occur during the daytime as well as at night, as well as a death toll per
10,000 people when earthquakes occur at night. A direct economic loss is also incurred.

(a) (b)
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death toll
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death toll

1000 1000

o o

—Yare

2002 2014 2016 2018 2020 o2 2004 2016 2018 2620
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Figure 16. Variation trend of loss under different ground-motion intensity levels. The blue, orange and
green lines represent rare earthquakes, moderate earthquakes, and frequent earthquakes, respectively:
(a) estimated death toll when an earthquake occurs during daytime, (b) estimated death toll when
the earthquake occurs at night, (c) estimated death toll per 10k people when an earthquake occurs at
night, (d) estimated direct economic loss.

In general, for frequent earthquakes, there was little change in losses from 2011 to
2021, except for an increase in direct economic losses after 2018. In terms of loss estimates
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from moderate earthquakes, as well as those from rare earthquakes, the trends were almost
identical in recent years.

Firstly, it should be noted that the number of deaths caused by earthquakes occurs
during the day and night, with one obvious trend being that the results in 2016 decreased
compared with those before 2014 and began increasing thereafter. Additionally, after 2016,
the death toll when the earthquake occurred at night was much lower than the death
toll when it occurred during the day. A rare earthquake occurring at night will cause
1300 fewer deaths in 2021 than it did in 2011, which represents a reduction of one-third.
Second, the death rate has declined from 2011 to 2021. For example, the death rate per
10,000 people resulting from a rare earthquake declined from 229 in 2011 to 66 in 2021. It
can be said that the death rate decreased from 2.29% to 0.66%. Similarly, the death rate for
every 10,000 people affected by the moderate earthquake declined from 93 to 27.

Third, the economic losses showed a slight upward trend between 2011 and 2014 and
began to decline in 2016. There was an inflection point in 2018, and economic losses began
to rise after that year.

Figure 17 demonstrates the death toll of a rare earthquake that occurred at night.
According to the results of the death toll estimation, the spatialized results for 2011 to
2014 indicate that this stage is mainly characterized by lower values uniformly distributed
within space. In the 2016 and 2018 results, some low-value areas disappeared, while the
original high-value areas remained. Additionally, the results for 2020 and 2021 indicate
several increasing potential deaths.

Figure 17. Spatial distribution of population deaths caused by rare earthquakes occurring at night, in

a 200 m grid.
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4. Discussion

In this paper, we describe a new task regarding the perception of changes in seismic
risk due to urbanization, based on remote sensing data. By applying multi-source remote
sensing image data for different years and combining auxiliary information, we were able
to monitor the earthquake-bearing body changes within the study area as the urbanization
process continued and subsequently estimate seismic risk changes. Our work is based on
the assumption that the seismic hazard remains relatively stationary over ten years.

Building structure information was extracted using the improved Mask R-CNN in-
stance segmentation model, and the random forest classification algorithm was applied
after instance segmentation to obtain a classification result. Furthermore, a method of
earthquake disaster loss assessment was used to calculate the societal and economic losses
over different years based on the three earthquake intensity levels.

First, building object types were divided into single buildings and rural building
groups. Based on the BMask R-CNN model, we obtained relatively reliable results for both
building object types.

Several factors affect the extraction accuracy of single buildings:

The shadows cast by tall buildings and tall plants block the view of the buildings;
these are the major reasons for misclassifications. Additionally, some low buildings that
blend into the background environment are not identified. A third reason is that we use
annotated data with very fine edges and an edge-preserving model to construct a finer
outline of the building geometry. However, since the sample data have such a large number
of edges, it is still challenging to achieve the same level of building segmentation.

Factors that influence building segmentation accuracy in rural areas include:

In some cases, the plastic sheds surrounding rural buildings are similar in color, tone,
and geometric size to the buildings, which confuses their classification. As in single build-
ings, some backgrounds, such as barren land, cause misclassifications and omissions. More-
over, some independent buildings are also incorrectly classified as rural group buildings.

A redundant processing operation is carried out at the intersection between rural
group buildings and single buildings, based on the results of the single building extraction.

Although the results for estimations of the height of the building are relatively accurate,
there is a certain amount of variance in the estimation of the number of floors of the building.
This can be attributed to several factors: (i) There is a wide range of story heights in factory
buildings with a single floor, ranging from 3 m to 10 m. (ii) Additionally, classifications
of building use types do not always reflect the attributes of each specific building use.
An example would be a university campus, which contains a wide variety of buildings,
all of which are classified as one occupation, or a gymnasium that may be in a high-rise,
one-story structure. Furthermore, the height of the teaching building in schools is often
higher than that of the office. (iii) The third point is that the top floor of some buildings has
a decorative roof, and the number of floors is rounded off incorrectly.

Confusion between structures primarily exists among confined masonry, reinforced
concrete, and shear wall structures. This is particularly true for low-rise dwellings, which
usually have a variety of structural types and a close geometrical arrangement. Since
high-rise buildings are commonly shear wall structures, the number of stories plays an
important role in improving their classification accuracy.

As seen from the result, there has been a significant change in the building stock within
the study area from 2011 to 2021. This change could be attributed to several factors. First,
the gross floor area of buildings decelerated between 2014 and 2016 but subsequently grew
rapidly. A second characteristic of the change in building types is the decreased number of
brick wood structures, followed by a significant rise in the number of shear wall structures,
while other types of buildings continue to steadily change. Moreover, most of the buildings
that were reduced or added were residential. Third, the renewal of buildings occurs in a
variety of areas throughout the city, from the center to the edge.

The above analysis results are consistent with the period of demolition and recon-
struction in this area in the past. According to the statistical yearbook of the Baodi District,
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the district launched a relocation and reconstruction project in October 2015, involving
25,000 households and 66,000 residents, with an investment of 43.3 billion RMB yuan
(approximately 6551 million EURO). A total of 35 urban villages and 21 dormitories were
demolished in 2016, and, in 2020, 35 replacement communities were built, which are
currently in operation.

In this study, the calculation to estimate building area change was based on the extrac-
tion of the building’s footprint, the estimation of the number of floors, and the classification
of building types. Additionally, a change in the building use is implied. This is a major
difference from previous methods of monitoring urbanization expansion by identifying
impervious layers. We also consider this to be a fundamental issue in our research, and it
forms the basis for the determination of variations in specific earthquake losses.

There are still some limitations in our study that need to be acknowledged. Dur-
ing remote sensing analysis, first, we adopted a large private dataset to train the image
segmentation model and classification model, which is a time-consuming procedure that
needs to be performed carefully. This localized dataset has proven to be indispensable
in our research. Second, even though high-rise buildings and one-story rural dwellings
are classified with high accuracy, building structure type confusion exists among confined
masonry and reinforced concrete.

In calculations of population and economic losses, no earthquake simulation would
enable the results to be verified, as in the case of [79]. This means that the results of the
calculation presented in this paper are only theoretically reliable. Second, since the study
area is relatively small, we perform calculations by setting a consistent PGA value rather
than using the conventional seismic hazard model [80,81].

In future work, we will study transfer learning techniques to reduce the dependence
on sample size and examine the attention module. We will also study the subdivision
of the vulnerability function, as well as the spatialization of population data based on
remote sensing.

5. Conclusions

Identifying and mastering the changes in earthquake risk due to urbanization is crucial
to effectively adjust countermeasures to reduce earthquake losses and execute earthquake
emergency preparedness in a targeted manner. To achieve this goal, we propose an inte-
grated workflow incorporating deep learning and ensemble learning methods for remote
sensing image analysis. As an example, the urbanization process of the Baodi core area in
Tianjin was studied using remote sensing images taken in recent years. The type of build-
ing and changes in building area were analyzed from the extracted building information,
and the economic and social losses resulting from these changes were calculated at three
ground-motion intensity levels. Yet, the seismic loss calculation was made based on certain
parameters; additional factors such as geology, soil type, distance from the seismogenic
fault, seismic wave propagation, and secondary hazards were not taken into consideration.

According to our research, the study area has changed from a county seat to a dormi-
tory town of a big city as a result of urbanization. In the study area, the development of
commercial real estate eliminated low-quality housing and nearly doubled the number of
people that could be accommodated, but the growth rate of functional infrastructure was
relatively low.

New residential buildings have resulted in a reduction in the rate of night-time earth-
quake deaths in this area. The spatial distribution of the probability of a fatality also
changes accordingly. However, there is a possibility that the number of deaths caused by
rare earthquakes may not significantly decrease, given the dramatic increase in population.
This may be overlooked in the context of urbanization.

Earth observation data complement ground-collected data and play a pivotal role in
risk assessment and reduction [82]. Moreover, our study demonstrates that remote sensing
data can be a valuable resource to observe changes in seismic risk as a result of urbanization.
Although there are still some areas for improvement, the method based on remote sensing
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data can be used as a tool for updating seismic risk management plans and urban planning
in other parts of China in the future.
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Abstract: Since the beginning of 2020, the COVID-19 pandemic has caused unprecedented global
disruption with considerable impact on human activities. However, natural hazards and related
disasters do not wait for SARS-CoV-2 to vanish, resulting in the emergence of many conflicting
issues between earthquake emergency response actions and pandemic mitigation measures. In this
study, these conflicting issues are highlighted through the cases of four earthquakes that struck
Greece at different phases of the pandemic. The earthquake effects on the local population and on
the natural environment and building stock form ideal conditions for local COVID-19 outbreaks in
earthquake-affected communities. However, the implementation of response actions and mitigation
measures in light of a multi-hazard approach to disaster risk reduction and disaster risk management
has led not only to the maintenance of pre-existing low viral load in the earthquake-affected areas, but
in some cases even to their reduction. This fact suggests that the applied measures are good practice
and an important lesson for improving disaster management in the future. Taking into account the
aforementioned, a series of actions are proposed for the effective management of the impact of a
geological hazard in the midst of an evolving biological hazard with epidemiological characteristics
similar to the COVID-19 pandemic.

Keywords: earthquake emergency; COVID-19 pandemic; hazard interaction; compound emergencies;
multi-hazard management; emergency shelters

1. Introduction

The single-hazard approach is widely used by most countries worldwide in disaster
management and disaster risk reduction (DRR) because hazards are considered and man-
aged as isolated and independent phenomena. However, in some cases, different types
of hazards overlap and interact in the following ways: (i) natural hazards causing one or
more hazard events; (ii) human activities causing natural hazards; (iii) human activities
exacerbating natural hazard triggering; (iv) networks of hazard interactions (cascades)
forming; and (v) the concurrence of two (or more) hazard events are all examples of human
activities triggering natural hazards [1,2].

Gill and Malamund [1] studied how natural hazards, including earthquakes, tsunamis,
volcanic eruptions, landslides, floods, fires, and extreme weather events, among others,
interact. They were able to identify 90 interactions between 21 natural hazards. It is
impressive how the number of interactions can be increased if we add different types
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of hazards, such as biological as well as human-made hazards and related disasters and
crises. Through this synergy of phenomena and impact, we can imagine how many more
challenges, incompatibilities and contrasts can arise when disasters from different hazards
occur in parallel.

Since March 2020, when the World Health Organization declared a global pandemic
caused by the rapid worldwide spread of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection [3], the last type of such interaction between biological and natural
hazards has become a common occurrence. Since then, many countries have been negatively
impacted by natural hazards (earthquakes, floods, fires, hurricanes, and other phenomena)
and related disasters [4-7], all while attempting to address and mitigate an evolving
biological hazard: the COVID-19 pandemic. It is the most important biological hazard
that humanity has recently been called to face, as to date (12 June 2022) SARS-CoV-2 has
infected 535,125,479 individuals and has claimed the lives of 6,309,209 people (COVID-19
Dashboard at Johns Hopkins University (JHU); https:/ /coronavirus.jhu.edu/map.html,
accessed on 12 June 2022). Furthermore, the COVID-19 pandemic has impacted the daily
lives of billions of people and has raised many concerns about community exposure,
vulnerability, and preparedness. When this evolving biological hazard collides with natural
hazards that do not pause for a virus, these issues become even more complicated. Among
other complications, the scientific community and disaster risk management authorities
are debating the hierarchy of hazards, which can be used to resolve conflicting issues when
two (or more) hazards occur simultaneously. Important questions arise to do with the
most effective way of responding to competing hazards, and the most efficient disaster
management and DRR policies that are incompatible with pandemic mitigation measures.
These strategies and policies must be adapted and new innovative multi-hazard approaches
should be adopted to reduce individual and community vulnerability.

Many such issues arose during the collision of earthquake-related geological hazards
and the evolving pandemic. Many earthquake emergency response actions were incompat-
ible with the pandemic mitigation measures. This fact was highlighted in Greece after the
occurrence of large and destructive earthquakes from early 2020. It is important to note
that Greece, located in the Eastern Mediterranean region, is characterized by high seismic-
ity [8,9], ranking it first in Europe and sixth in the world among seismic active countries.
This high seismicity comprises frequent strong earthquakes [8,9] with a significant impact
on the local population, the natural environment, and the building stock, e.g., [10,11]. This
is attributed to the occurrence and activation of seismogenic structures, mainly related
to the subduction of the Eastern Mediterranean plate beneath the Aegean one along the
Hellenic Trench and to major onshore and offshore seismic faults along the margins of
neotectonic macrostructures, e.g., [12,13]. Typical examples of such events, which occurred
in different waves of the pandemic in Greece and will be examined in the context of this
research, are as follows (Figures 1 and 2):

1.  The Mw = 5.7 Epirus (northwestern Greece) earthquake generated on 21 March 2020
at the beginning of the first pandemic wave and two days before the installation of a
strict nationwide lockdown strategy;

2. The Mw = 7.0 Samos earthquake generated on 30 October 2020 during the second
pandemic wave and 7 days before the installation of a strict nationwide lockdown
strategy for the second time in Greece;

3. The Mw = 6.3 Thessaly earthquake that occurred on 3 March 2021 during the third
pandemic wave;

4. The Mw = 6.0 Crete earthquake that occurred on 27 September 2021 during the fourth
pandemic wave.

Regarding the seismotectonic setting of the aforementioned earthquake-affected areas,
the main source of the Mw = 5.7 Epirus earthquake was located on the Margariti thrust fault,
within the frontal area of the Ionian fold and the thrust belt of the Hellenic orogen [14]; the
Mw = 7.0 2020 Samos earthquake epicenter was located along the southern marginal fault
of the North Ikaria Basin [15]; the Mw = 6.3 2021 Thessaly earthquake epicenter was located
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along the margins of the Tyrnavos Basin [16]; and the Mw = 6.0 2021 Crete earthquake
was strongly related to the NNE-SSW-striking W-dipping faults of the Kasteli fault zone
located along the eastern margin of the Neogene to Quaternary Heraklion Basin [17].
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Figure 1. The epicenters of the studied earthquakes in Epirus, Samos, Thessaly, and Crete. They were
all generated in different waves of the COVID-19 pandemic in Greece.

Regarding the impact on the local population of Greece, these earthquakes resulted
in limited human losses (two fatalities from the Samos earthquake, one from the Thessaly
earthquake, and one from the Crete earthquake) attributed to the partial or total collapse of
unreinforced masonry structures. The reported losses could be characterized as minimal,
considering the extensive structural and non-structural damage observed especially in
old unreinforced buildings with load-bearing walls (Ref. [18] for the Samos earthquake;
Ref. [19] for the Thessaly earthquake). It is significant to note that the Samos seismic event
was the largest in Europe and Turkey and the most fatal worldwide amid the first year of
the COVID-19 pandemic evolution, if we also consider the 117 fatalities reported in Izmir
city attributed to the partial or total collapse of buildings with reinforced concrete frames
and infill walls [17].

Regarding the earthquake environmental effects, the Epirus earthquake triggered
rockfalls and river water turbidity in the earthquake-affected area. The Samos earthquake
induced primary effects comprising coseismic uplift and surface ruptures and secondary
phenomena including slope failures, ground cracks, liquefaction phenomena and hydrolog-
ical anomalies and the largest tsunami in Greece since 1956 [20]. The Thessaly earthquake
triggered extended liquefaction phenomena in recent deposits in the riverbeds of the
earthquake-affected area [19]. The Crete earthquake generated mainly rockfalls and slides,
as well as ground cracks within or close to landslide zones.
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Taking into account the new adverse conditions that have emerged in the field of
disaster risk reduction and management, this paper aims to (Figure 3):

1. Highlight the contradictory issues that arose in the emergency response to the afore-
mentioned earthquakes during different phases of the evolving COVID-19 pandemic
that did not exist in the pre-pandemic period;

2. Share the practices used during the emergency response;

3. Present the approaches that need to be adapted and adopted during emergency
response to earthquakes not only amid the current pandemic but also when geological
hazards collide with evolving biological hazards.

Furthermore, in the earthquake-affected regions of Epirus, Samos, Thessaly, and Crete,
an analysis of the COVID-19 pandemic’s evolution is carried out (Figure 3). The goal of
this post-event analysis is to determine the impact of the earthquake on the pandemic’s
progression in the affected areas, as well as to evaluate the effectiveness of the actions taken
in the early hours and days of the emergency response phase.

In this context, a brief description of the Civil Protection framework in Greece is given,
with emphasis on the existing general plan for the emergency response and immediate
management of the earthquake impact and effects (Figure 3). Particular emphasis is
placed on the single-hazard nature of this plan. The absence of a plan that takes into
account the interactions between geological and biological hazards is also highlighted. In
addition, reference is made to the COVID-19 pandemic mitigation strategies and measures
implemented during the last two years in Greece.
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Figure 2. The laboratory-confirmed daily-reported COVID-19 cases, intubated patients and fatalities
in Greece from the pandemic onset in February 2020 until late April 2022 based on the daily reports
of the National Public Health Organization (NPHO) of Greece. The studied earthquakes of Epirus,
Samos, Thessaly, and Crete are also presented.
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Civil Protection Framework in Greece

Incompatibilities between
earthquake emergency response actions
and pandemic mitigation measures
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Figure 3. Flow chart showing the approach followed in the present study.

2. Civil Protection Framework in Greece

In late February 2020, the pandemic came knocking on Greece’s door. The general
plans for dealing with emergencies and managing the consequences of each hazard were
also released at the same time. The General Secretariat for Civil Protection (GSCP) an-
nounced the formulation of the “Enceladus” earthquake plan, the “Dardanos” flood plan,
the “Iolaos” forest fire plan, the “Talos” plan for volcanic activity in the Santorini complex
(Aegean Sea), the “Voreas” plan for snowfall and frost, and the “Heraclitus” plan for large-
scale technological accidents, all of which are publicly available online at the GSCP site
(https:/ /www.civilprotection.gr/en, accessed on 10 May 2022).

In terms of earthquakes, the “Enceladus” plan aims to provide an immediate and
coordinated response from authorities at the national, regional, and local levels in order
to effectively respond to earthquake effects and manage them. The most significant flaw
or omission identified in the aforementioned is the lack of a general plan for dealing with
emergencies and managing the consequences of biological hazards. This gap, in the case
of the COVID-19 pandemic, was filled by the prevention measures against SARS-CoV-2
issued by the Ministry of Health (https://www.moh.gov.gr/articles/health/dieythynsh-
dhmosias-ygieinhs/metra-prolhpshs-enanti-koronoioy-sars-cov-2/, accessed on 10 May
2022) from 28 February 2020 and the information material and specialized instructions
of the National Public Health Organization (NPHO) (https:/ /eody.gov.gr/en/covid-19
/, accessed on 10 May 2022) from early February 2020 until the present. These bodies
are in constant contact with the European Center for Disease Prevention and Control
(ECDC) and the World Health Organization (WHO) to ensure that prevention measures,
information materials, and specialized instructions are kept up to date, taking into account
the pandemic’s evolution in Greece. The analysis of these plans also reveals that the existing
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plans use a single-hazard approach to assessing hazard potential, in which hazards are
treated as separate and unrelated events.

What happens, however, if a disaster induced by a natural hazard strikes in the
midst of the COVID-19 pandemic in Greece? Unfortunately, no plans exist to consider
potential interactions between natural and biological hazards. This is due to the fact that the
pandemic is a constantly evolving biological hazard that poses unprecedented challenges
and threats to all, including citizens and governments, patients, and health systems around
the world, putting public health and many other aspects of daily life and human activities
at risk. The COVID-19 pandemic has evolved into a rapidly changing emergency, with data
and measures constantly changing across Europe and around the world, affecting people
at all levels.

3. COVID-19 Pandemic Mitigation in Greece

On 26 February 2020, the first confirmed case of SARS-CoV-2 infection in Greece was
reported. Since then, the Greek government and authorities involved in the COVID-
19 pandemic management in Greece have taken precautionary measures to limit the
spread of the novel virus in the community and the pandemic’s effects on public health.
Mavroulis et al. [6] present the measures taken during the first and second waves of the
COVID-19 pandemic in Greece. During the first wave of the pandemic, Greece imple-
mented a strict nationwide lockdown strategy on 23 March 2020, which was extended until
4 May 2020. The emergency COVID-19 restrictive measures were gradually deescalated as
of 4 May, with the gradual reopening of retail businesses, commercial stores, educational
and religious activities, the lifting of travel restrictions across the country, and the gradual
lifting of national and international restrictions.

All daily activity resumptions and restrictions were accompanied by the majority of the
population’s continued protective measures. These included hygiene and social distancing
measures, restrictions on the maximum number of people allowed indoors and outdoors,
and guidelines for the use of masks and disposable gloves, both optional and mandatory
on occasion. Furthermore, authorities involved in COVID-19 pandemic management, such
as the Ministry of Health, the NPHO, and the GSCP, imposed COVID-19 and SARS-CoV-2
transmission prevention measures, taking into account all updated scientific data on the
pandemic’s evolution in Greece and around the world.

Despite the measures taken, the number of COVID-19 cases increased, and a second
wave of the pandemic began in Greece in early August, with a more aggressive course than
the first, according to daily reports of laboratory-confirmed COVID-19 cases, ICU patients,
and fatalities [21]. By mid-September 2020, the number of cases had surpassed the first
wave’s peak, and the number of ICU patients and fatalities had surpassed those of April
2020 when a nationwide lockdown was imposed. On 20 October, an upward trend in cases
began, peaking on 12 November with 3316 daily reported COVID-19 cases [21]. There
was a corresponding increase in the number of fatalities, which peaked on 28 November
with 121 casualties [21]. In December and January, there was a gradual decrease in daily
COVID-19 cases, ICU patients, and casualties. These figures never recovered to pre-October
2020 levels. This means that the virus was prevalent in the community and that an increase
in cases could occur at any time.

The main measures implemented by the government and the involved authorities
to limit the spread of the novel virus in the community during the second wave of the
COVID-19 pandemic in Greece were local-scale restrictive measures, such as local-scale
lockdowns in large cities, towns, and settlements, as well as a second national-scale lock-
down, which began on 7 November 2020. The earthquake on Samos struck on 30 October,
just days before the second national-scale lockdown.

The main guidelines announced by the involved authorities for preventing SARS-CoV-2
transmission, from the start of the pandemic in Greece on 26 February 2020 until the sec-
ond wave, included personal hygiene measures, cleaning and disinfecting areas, surfaces,
and items, restricting contact, and avoiding gatherings and overcrowding indoors and
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outdoors. The announced guidelines included hygiene measures in health-related busi-
nesses, hygiene rules for public transportation, protection measures in sports facilities,
educational units, workplaces, elderly care units, health units, health service units, and the
country’s entrance gates, as well as temporary reception and accommodation facilities for
refugees seeking asylum and unaccompanied minors and youths, and public infrastructure
protection measures.

Personal hygiene guidelines and advice comprised the following actions in order to
reduce the infection risk:

Keeping hands away from the eyes, nose, and mouth;
Avoiding sharing personal items;
Covering the mouth and nose with a tissue, sleeve or flexed elbow when coughing or
sneezing and throwing the tissue into a closed bin after use;

e  Regular hand washing with liquid soap and water for at least 20 s and careful hand
drying with disposable paper towels;

e  Using alcohol-based hand sanitizer containing at least 70% alcohol;
The cleaning and disinfection guidelines comprised:

Systematic and adequate ventilation of all areas with complete and frequent air renewal;
Frequent cleaning of commonly used smooth surfaces (e.g., knobs, handles, handrails
or railings, taps, etc.) with common cleaners and disinfectants;

e The use of appropriate protective equipment (gloves and work uniform) during
cleaning and disinfection;

e (Cleaning objects and surfaces of which a person who showed symptoms of SARS-CoV-2
infection had come into contact.

Physical social contacts were reduced by keeping a distance of at least 1.5 to 2 m and
avoiding contact with people who had infection symptoms (shaking hands, hugs, and kiss-
ing), avoiding gatherings and overcrowding, reducing contact with people who belonged
to vulnerable groups, and minimizing group activities and non-essential movements.

Since the second wave in Greece, the implementation of vaccines—initially for health
workers and very high-risk population groups and then for all other age groups of
the population—and the subsequent administration of antiviral drugs to patients with
COVID-19 infection have been useful tools for halting the pandemic and limiting its neg-
ative consequences on public health and all sectors of human activity. However, the
imposition or withdrawal of these pandemic containment measures—even after the arrival
of vaccines and medicines—is carried out according to the burden that the pandemic
occasionally places on the national health system.

4. Earthquake Emergency Response Actions, Incompatibilities with the COVID-19
Pandemic Mitigation Measures, and Adaptation for Dealing with Both Earthquake
and Pandemic Effects

Following the aforementioned earthquakes, the Greek government launched a massive
resource mobilization effort to aid the affected population. For disaster management, public
authorities from all levels of government, Civil Protection agencies and security and armed
forces, are mobilized. The main actions taken by agencies during the response to an
earthquake disaster can be divided into 11 categories [6,19,22]:

1. Initial earthquake notification;

2. First assessment of the impact, followed by mobilization of and coordination by the
Civil Protection authorities;

Civil Protection guidelines through emergency communications services;

Search and rescue (SAR) operations, first-aid administration and medical care;
Mobilization and contribution of volunteers;

Set up of emergency shelters;

Provision of emergency supplies and donations;

Psychological support for the affected population;
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9. Raising awareness and education for protective measures to successfully deal with
the continuous aftershock sequence;

10. Post-earthquake hazard mitigation and building inspections;

11. Immediate financial relief measures.

The emergency response actions for the mobilization, intervention, and management
of earthquake effects had never been tested before in the context of another crisis that
posed an additional risk to public health and, thus, human life. In the pre-pandemic
period, this sequence of actions would be completely unconcerned. With the earthquakes
in Epirus, Samos, Thessaly, and Crete, the local population and Civil Protection authorities
were confronted with unprecedented circumstances, including considerable earthquake-
triggered effects and the ongoing threat of the COVID-19 pandemic. During the COVID-19
pandemic, many conflicting issues arose from the start of the emergency response, owing
to the fact that the majority of emergency actions were incompatible with the pandemic
mitigation measures that had been implemented. This is due to the fact that, from the
first moments after an earthquake, emergency response actions and people’s reactions
involve or require the gathering of a large number of people in one location for an extended
period of time, the interaction of locals with rescue teams, volunteer teams, and disaster
management staff, as well as the unintentional violation of many basic hygiene rules
(e.g., regular hand washing, surface disinfection). During the pandemic, these actions
may result in clusters of SARS-CoV-2 infection cases within the affected area, hampering
emergency response and slowing the recovery process.

To overcome the incompatibilities between earthquake emergency response actions
and pandemic mitigation measures, earthquake emergency response actions were adapted
to the unprecedented conditions of the parallel occurrence of geological and biological
hazards. These adaptations were made in light of a multi-hazard approach at all stages
of the earthquake emergency response, starting from the initial mobilization of the Civil
Protection authorities up to the conduction of awareness and education activities for the
protection of the local population during the continuous aftershock sequence.

The staff of the Civil Protection authorities, who contributed to the earthquake disas-
ters’ management, came mostly from other areas with different infection rates and different
degrees of public health emergency and risk for SARS-CoV-2 infection. Regarding the
implementation of self-protection measures and the protection of the local population by
the Civil Protection staff that participated in the emergency management in the earthquake-
affected areas, the main adaptations included the mandatory use of masks outdoors and
the frequent use of antiseptics, keeping physical distance from the local population, and
the disinfection of equipment and tools used by many people. These measures were strictly
used especially in actions that required interaction and closer contact with the local popula-
tion, such as SAR operations, the assessment of building damage, as well as the provision
of basic necessities and emergency supplies to the affected residents.

The adaptations for avoiding overcrowding and maintaining physical distancing in
emergency shelters comprised the use of a large number of different types of shelters
(Figure 4). A typical example of this approach is the emergency shelters used in the 2020
Samos earthquake-affected area. Many homeless and affected people were accommodated
in hotel rooms and tourist accommodation facilities. This measure ensured not only the
maintenance of physical distance between the affected people, but also the avoidance
of overcrowding in outdoor emergency shelters. This solution was possible because the
earthquake occurred during the autumn when the tourist traffic in Samos was low, resulting
in empty or closed hotels in the earthquake-affected areas. The accommodation of homeless
and severely affected people in the unaffected houses of relatives and friends also aided
the maintenance of physical distance.
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Figure 4. Several types of emergency shelters for the immediate housing of people in need after an
earthquake which were used at the Damassi (Thessaly) camp (a) after the 3 March 2021 Thessaly
earthquake. They comprised (b) camper vans, (c) tents, and (d) temporary container-type structures
in the same area. Amid the pandemic, the use of many different types of shelters contributed to the
avoidance of overcrowding in camps and the maintenance of physical distance in order to limit the
spread of the novel virus in the earthquake-affected community.

The same approach of using a large number of different types of emergency shelters
was applied in the case of the 2021 Thessaly earthquake, which occurred a few months later
during the third pandemic wave. The Civil Protection authorities used outdoor emergency
shelters, hotel rooms and tourist facilities, camper vans, and temporary container-type
facilities (Figure 4) as well as accommodation in the houses of relatives and friends. In this
way, it was possible to ensure a certain amount of space between groups and individuals
who camped in outdoor emergency shelters, which before the pandemic usually housed
the majority of earthquake-affected people.

During the collection and distribution of essentials, and especially during the distribu-
tion of meals to the affected people, volunteers used personal protective equipment at all
stages of the process (Figure 5a—c). As for the daily meals, these were most often prepared
in packet form (Figure 5¢,d) for further distribution to the affected people.

Regarding the post-earthquake building inspections, information activities were car-
ried out for civil engineering teams outdoors or in closed spaces with adequate ventilation
in the earthquake-affected areas. The appropriate physical distances between the partici-
pants were effectively maintained. For example, these activities were held either outdoors,
such as in the central square of the Town Hall of Eastern Samos in the capital city of the
homonymous municipality, or in large indoor spaces, such as indoor sports facilities with
large spaces, ensuring the maintenance of physical distance and adequate ventilation,
which ensured the safety of the participants during these briefings (Figure 6). In the case
of the Thessaly earthquake, the briefings were held in open spaces in the most-affected
settlements. In the case of the Crete earthquake, these briefings were held in the courtyard
of the 2nd Primary School of Arkalochori town, where the operational center had been
established by the Civil Protection authorities (Figure 6).

48



Sustainability 2022, 14, 8486

Figure 5. Typical views of the distribution of relief supplies: (a) in the operational center in the
Town Hall Square of the Eastern Samos municipality; (b,c) in the earthquake camp in Damassi
(Thessaly); and (d) in the earthquake camp at the exhibition center of the earthquake-affected town of
Arkalochori on Crete Island. The distribution of relief supplies was adapted to the new conditions
formed by the pandemic. Civil Protection personnel, members of the armed forces and voluntary
groups used personal protective equipment at every stage of the preparation and distribution of
supplies (c), and the meals were served packed (c,d).

Figure 6. Information activities for building inspections on the affected island took place in indoor
sports facilities after the 2020 Samos earthquake.

Moreover, building-damage documentation centers were set up outdoors. In these
centers, especially during the first hours and days of the emergency phase, it was impossible
to implement the measures of physical distancing due to the fact that many residents
gathered to report building and property damage. In this case, the use of masks and hand
sanitizers was vital. Thus, personal protective equipment supplies were available not only
for the affected people but also for the involved personnel.

Coordination meetings of the Civil Protection authorities involved in disaster manage-
ment took place during the emergency response, with the aim to assess the situation and
organize, coordinate and implement further actions. These meetings were conducted in
specially designed outdoor sites, which provided not only protection from large aftershocks,
but also comfort in maintaining physical distance (Figure 7). In these areas, all personal
protective measures including masks, hand sanitizers and disposable gloves when neces-
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sary, were available for both the affected people and the Civil Protection staff. In addition,
food supplies including bottled water and packaged food were also immediately available
and distributed to those in need by complying with all precautions against COVID-19.

Figure 7. (a,b) The coordination operation center after the 2020 Samos earthquake was set up outdoors
with spatial arrangement adapted to the pandemic mitigation measures. (c,d) The same approach
was applied in the case of the Arkalochori (Crete) earthquake. The coordination operation center was
also set up outdoors in the courtyard of a school, providing space for maintaining physical distance
and avoiding overcrowding.

In Samos, the operations coordination center was set up shortly after the earthquake
occurrence in the square in front of the Eastern Samos Municipality building in Vathy
(Figure 7a,b). There were seats placed at appropriate distances and personal protective
equipment supplies available for all involved when it was not possible to maintain distance.
The use of masks was mandatory. In Crete, the operations coordination center was set up
shortly after the earthquake occurrence in a courtyard of a primary school (Figure 7c,d)
located at the town most affected by the main shock on 27 September 2021.

Regarding raising awareness and education activities for the local population, sem-
inars were held by the Earthquake Planning and Protection Organization of Greece for
certain targeted population groups in all earthquake-affected areas in Epirus, Samos, Thes-
saly and Crete. These seminars were not held indoors, but outdoors (Figure 8), where all
the protection measures against the pandemic could be applied. The provided information
included training and guidelines for protection during the aftershock period against both
possible large aftershocks and the further transmission of the novel virus.

Regarding psychological support for the earthquake-affected people, it was provided
to everyone who was experiencing significant psychological stress by the regional and
local authorities and voluntary organizations acting in the earthquake-affected Samos,
always in excellent cooperation. In order to apply social distancing practices and to
avoid overcrowding during sessions, the psychological support was usually provided
after making an appointment for in-person counseling, while remote communication via
teleconference or videoconference was also available. In the case of in-person meetings,
wearing masks and keeping the appropriate physical distance was mandatory both indoors
and outdoors.

Table 1 summarizes the main actions taken during the first hours and days of the emer-
gency response that were incompatible with pandemic mitigation measures, as well as the
adaptations made in order to effectively deal with both the earthquakes and the pandemic.
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Figure 8. Awareness-raising and educational activities were conducted by the staff of the Earthquake
Planning and Protection Organization of Greece in the earthquake-affected Samos. Amid the pan-
demic, the activities were held outdoors with participants using personal protective equipment (mask,
gloves and antiseptics). (a—d) Views from workshops for the directors of primary and secondary
schools in Vathy town located at the northeastern part of Samos Island.

Table 1. Earthquake emergency response actions, incompatibilities with the pandemic mitigation
measures, and adaptations for the effective management of both the earthquakes and the pandemic.

Earthquake E.mergency Response Pandemlc.M.lt.lgatlor.l Measures and Adaptations for the Effective Management
Actions in the Incompatibilities with Earthquake .
. . . of both Earthquakes and the Pandemic
Pre-Pandemic Period Emergency Response Actions

Mobilization of Civil Protection Authorities

Two exclusive flights operated by Civil
Protection transported all required personnel a
few hours after the earthquake.
All the necessary safety measures were taken
It is prohibited to move, by any means,  during the flight (masks throughout the whole
Civil Protection staff should be on outside the boundaries of an area with a journey, one person sitting in each seat row,
time in the earthquake-affected area. larger viral load and higher infection rate. hand sanitizer).
It is prohibited to visit an area with larger
viral load and higher infection rate.

Application of preventive measures
comprising mandatory mask wearing, hand
washing and maintaining physical distance

during interactions between the local
population and authorities.

Coordination of the Civil Protection Authorities

Set up of Emergency Operations Centers
outdoors, with seats placed at appropriate
distances, personal protective equipment
supplies available for all involved, mandatory
use of face masks.

Coordination meetings take place
usually indoors in unaffected Gathering many people indoors for
buildings with the staff involved in several hours should be avoided.
disaster management.
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Table 1. Cont.

Earthquake Emergency Response
Actions in the
Pre-Pandemic Period

Pandemic Mitigation Measures and
Incompatibilities with Earthquake
Emergency Response Actions

Adaptations for the Effective Management
of both Earthquakes and the Pandemic

SAR Operations

SAR operations require close and
frequent contact not only with the
affected local population and local
authorities, but also with other
rescue teams and volunteers.

Rescuers should maintain the
appropriate physical distancing.

The special equipment can be used
by many members of rescue teams.

The use and exchange of items, tools and
equipment and the frequent use of
surfaces and spaces by many individuals
carries the risk of transmitting the
novel virus.

Mandatory use of masks indoors and outdoors,
frequent use of antiseptics, keeping physical
distance from the local population and
disinfection of equipment and tools used by
many rescuers.

Set up of Emergency Shelters

Overcrowding and coexistence of
many people in emergency shelters
over a long period of time.

High mobility usually observed in
emergency shelters during the first
hours and days of the emergency.

The accommodated people should
maintain physical distancing.

Use of different types of emergency shelters.
Outdoor camps, accommodation in hotel
rooms, tourist accommodation facilities and
unaffected houses of relatives and friends.
Personal protective equipment supplies
available for all involved in all shelters.

Mobilization and Contribution of Volunteers

Volunteers not only from the
affected area, but from every corner
of the country rush to the affected
area and provide support.

It is prohibited to move, by any means,
outside the boundaries of an area with a

larger viral load and higher infection rate.

It is prohibited to visit an area with larger
viral load and higher infection rate.

Volunteers distribute humanitarian
aid gathered from various sources.

Volunteers distribute meals to
affected people where necessary.

The distribution of items, tools and
equipment and the frequent use of surfaces
and spaces by many individuals carries the

risk of transmitting the novel virus.

Voluntary teams and their members
come into close contact with many
people and for many hours in the

affected area.

Volunteers should maintain the
appropriate physical distancing.

Mandatory use of masks indoors and outdoors,
frequent use of antiseptics, keeping physical
distance from the local population and
disinfection of items, tools and equipment.

Provision of Emergency Supplies and Donations

People from around the country
and worldwide are mobilized in
order to donate essential emergency
supplies to the affected population.

The whole process, from the collection of
emergency supplies to their final
distribution to the affected population,
involves risks for the public health
attributed to touching undisinfected
items and surfaces.

Mandatory use of masks indoors and outdoors,
frequent use of antiseptics, keeping physical
distance from the local population and
disinfection of items, tools and equipment.

52



Sustainability 2022, 14, 8486

Table 1. Cont.

Pandemic Mitigation Measures and
Incompatibilities with Earthquake
Emergency Response Actions

Earthquake Emergency Response
Actions in the
Pre-Pandemic Period

Adaptations for the Effective Management
of both Earthquakes and the Pandemic

Post-earthquake Hazard Mitigation and Building Inspections

Evacuation of the affected
population from several heavily
affected areas.

Residents and Civil Protection staff
should maintain the appropriate

Civil engineers inspect buildings physical distancing

during the emergency response.
This action requires interaction
with homeowners.

The involved Civil Protection staff applied
necessary individual preventive measures for
their safety and the protection of the affected
community (mandatory use of masks, regular

hand washing, and maintaining
physical distance).

Information activities were carried out for
participants in civil engineering teams in open
or closed spaces with adequate ventilation.
Civil engineers applied necessary individual
preventive measures for their safety and the
protection of the affected community
(mandatory use of masks, regular hand
washing, and maintaining physical distance).
Building damage documentation centers were
set up in open spaces.

Psychological Support for the Affected Population

Psychological support and
counseling sessions are carried out
in person and indoors.

These sessions pose a risk of spreading
the virus among participants and then in
the community.

Remote communication via teleconference or
videoconference was available. In the case of
in-person meetings, mandatory mask-wearing
and keeping appropriate physical distance
both indoors and outdoors

Awareness-raising and Education Activities
on the Earthquake Effects and Protective Measures

Seminars take place indoors in
educational facilities, properly
designed to accommodate many
people for many hours.

Gathering of many people indoors for
several hours should be avoided.

Outdoors seminars in safe places away from
the adverse effects of possible aftershocks and
easy application of pandemic mitigation
measures comprising mainly maintaining of
physical distance.

Transmission of information through the
loudspeakers of police patrol vehicles, calling
on the people to comply with the pandemic
prevention measures.

5. The Evolution of the COVID-19 Pandemic in the Earthquake-Affected Areas

The findings of the study on the pandemic’s post-disaster evolution during the first
weeks of emergency response and recovery in earthquake-affected areas are presented in
this section. They are based on laboratory-confirmed and daily-recorded COVID-19 cases
in earthquake-affected regional units derived from the NPHO’s COVID-19 epidemiological
surveillance daily reports. These reports are freely available online on the NPHO’s website
(http:/ /eody.gov.gr/epidimiologika-statistika-dedomena/ektheseis-covid-19/, accessed

on 30 January 2022).

Regional units are the smallest local government organizations for which daily case
numbers are announced in Greece and include the affected areas based on the above data
and the available sources of daily COVID-19 cases. As a result, we used data from the
above source in our research for the following regional units (Figure 9):

e  The Arta, Thesprotia, loannina, and Preveza regional units of the Epirus region, which

were affected by the Epirus earthquake;
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e  The Samos, Ikaria and Chios regional units of the North Aegean region, which were
affected by the Samos earthquake;

e  The Karditsa, Larissa, Magnesia and Trikala regional units of the Thessaly region,
which were affected by the Thessaly earthquake;

e  The Heraklion regional unit of the Crete region, which was affected by the earthquake
on 27 September 2021.
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Figure 9. The earthquake-affected regional units in Greece during the COVID-19 pandemic.

Mavroulis et al. [6] used the same methodology to investigate post-disaster trends and
factors affecting the evolution of the COVID-19 pandemic in areas affected by geological
and hydrometeorological hazards in Greece. In particular, it was taken into account that the
estimated incubation period of SARS-CoV-2 ranges from 2 to 14 days (median incubation
time: 5 days) [23,24] and that SARS-CoV-2 can be detected by the polymerase chain reaction
(PCR) test in infected patients up to 21 days after the onset of symptoms [25,26]. As a
result, COVID-19 cases reported 5 days after disasters could be attributed to disaster-related
adverse effects. Mavroulis et al. [6] suggested that it was appropriate to track the number
of daily confirmed cases in the 7 days (1 week) leading up to the disaster to determine the
pre-existing viral load and infection rate in each affected area.

Taking into account all the aforementioned data, the number of daily COVID-19 cases
in the present study was tracked:

e  From 14 March to 11 April 2020 for the Epirus earthquake generated on 21 March 2020
(Figure 10);

e From 23 October to 21 November 2020 for the Samos earthquake generated on
30 October 2020 (Figure 11);

e  From 24 February to 24 March 2021 for the Thessaly earthquake generated on 3 March 2021
(Figure 12);

e From 20 September to 10 October 2021 for the Crete earthquake generated on
27 September 2021 (Figure 13).
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CONFIRMED DAILY CASES OF COVID-19
IN REGIONAL UNITS OF EPIRUS REGION
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Figure 10. The evolution of COVID-19 cases in the earthquake-affected regional units of the Epirus
region before and after the occurrence of the 21 March 2020 Epirus earthquake. The laboratory-
confirmed, daily-recorded COVID-19 cases are from the NPHO’s COVID-19 epidemiological surveil-
lance daily reports [21] covering the period from 14 March to 12 April 2020.
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Figure 11. The evolution of COVID-19 cases in the earthquake-affected regional units of the North
Aegean region before and after the occurrence of the 30 October 2020 Samos earthquake. The
laboratory-confirmed, daily-recorded COVID-19 cases are from the NPHO’s COVID-19 epidemiologi-
cal surveillance daily reports [21] covering the period from 23 October to 21 November 2020.
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Figure 12. The evolution of COVID-19 cases in the earthquake-affected regional units of the Thessaly
region before and after the occurrence of the 3 March 2021 earthquake. The laboratory-confirmed,
daily-recorded COVID-19 cases are from the NPHO’s COVID-19 epidemiological surveillance daily
reports [27] covering the period from 24 February to 24 March 2021.
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Figure 13. The evolution of COVID-19 cases in the earthquake-affected regional units of the Crete
region before and after the occurrence of the 27 September 2021 Arkalochori earthquake. The
laboratory-confirmed, daily-recorded COVID-19 cases are from the NPHO’s COVID-19 epidemiologi-
cal surveillance daily reports [27] covering the period from 20 September to 18 October 2021.

According to the following graphs of the laboratory-confirmed and daily-recorded
COVID-19 cases (Figures 10-13), it is concluded that no considerable increase in the number
of COVID-19 cases was detected in the selected post-disaster period for the earthquake-
affected regional units of Epirus, North Aegean, Thessaly or Crete.

In disaster-affected areas around the world, a similar post-disaster trend in the evolu-
tion of the pandemic has been observed, including not only earthquakes but also hydrome-
teorological hazards such as floods and hurricanes. Silva and Paul [5] mention the M = 6.0
earthquake near Khoy (Iran) on 23 February 2020, the M = 5.3 Zagreb (Croatia) earthquake
on 22 March 2020, the M = 5.7 Magna earthquake in Utah, and the earthquake swarm that
hit Puerto Rico’s southern region in early 2020.

In the case of the earthquake in Iran, the first confirmed COVID-19 case was reported
a few days before the event, which could indicate that some cases already existed in the
earthquake-affected area, that there were no COVID-19 cases in the affected province prior
to the seismic event, and that there were less than 40 cases in the 14 days following the
event. Silva and Paul [5] assumed that even if the earthquake’s impact increased the virus’s
transmissibility, there were insufficient cases to cause an outbreak.

According to the Croatian Institute of Public Health, 87 COVID-19 cases were noted in
the most affected city of Zagreb before the earthquake, and 206 COVID-19 cases were noted
in the entire country. In the two weeks that followed, 337 cases were reported in Zagreb.
Based on Peitl et al. [28] and Civljak et al. [29], COVID-19 testing was disrupted for hours in
hospitals of the earthquake-affected areas, while people left their homes due to widespread
unrest and compromised physical distancing measures. The rise in COVID-19 cases could
be attributed to the earthquake’s potential disruption of safety measures [5]. They did not,
however, mention any other factors that could have contributed to the significant increase
in cases in Croatia following the earthquake.

After the M = 5.7 Magna earthquake in Utah and the earthquake swarm that hit the
southern region of Puerto Rico in early 2020, no significant increase in the number of
COVID-19 cases was found, as was the case in Iran. Insufficient pre-existing COVID-19
cases with low potential to trigger an outbreak during the post-disaster period were held
responsible for this post-disaster trend [5].

Mavroulis et al. [6] studied how the COVID-19 pandemic evolved in areas affected
by disasters caused by hydrometeorological hazards in 2020, such as the Evia flood on
August 9 and the lanos medicane on September 19. They used publicly available laboratory-
confirmed daily-recorded COVID-19 cases in disaster-affected areas for post-processing
in selected pre- and post-disaster periods, including one week before the earthquake and
three weeks after the earthquake, respectively. Only after the [anos medicane there was an
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increase in reported COVID-19 cases in the post-disaster period. After the Evia flood, there
was no change in the number of cases.

Mavroulis et al. [6] referred to a number of factors related to the pandemic’s evolution,
as well as disasters and their management plans, which may have influenced the post-
disaster evolution of cases. The pre-existing viral load and infection rate in the affected
areas, the severity of the disaster effects, and the measures adopted for the effective disaster
management of compound emergencies were all shown to have the potential to influence
the pandemic’s post-disaster evolution in disaster-affected areas.

In conclusion, the post-disaster evolution of COVID-19 in disaster-affected areas is
strongly linked to:

1.  The pre-disaster viral load and infection rate in the earthquake-affected areas;

2. The demographic characteristics of the earthquake-affected areas, comprising their
population density and spatial distribution;

3. The intensity of the generated earthquakes and the triggered effects on public health
(casualties and injured people), on nature (primary and secondary earthquake envi-
ronmental effects) and on building stock (damage to buildings and infrastructures);

4.  The need for immediate evacuation without the assistance of emergency responders;

5.  The number of evacuees;

6.  The number of people involved in managing the disaster during the immediate
response phase;

7. The restrictions on movement and access to the affected area before and after the
disaster for mitigating pandemic;

8. The level of training and preparedness of the responders and authorities involved in
the disaster management;

9.  The effectiveness of the measures adopted and amended by the responders and the
authorities involved in disaster management.

Taking into account the results of the analysis of the post-earthquake evolution of
the pandemic in the earthquake-affected areas and the factors with which this evolu-
tion is closely linked, we can argue that these measures—applied by the Civil Protection
authorities during the emergency phase and during the preparation of the immediate
response actions, with all the adjustments to the new conditions of the parallel occurrence
of earthquakes and the pandemic—can be considered effective in limiting the spread of
the pandemic in earthquake-affected communities. There was no increase in any of the
examined and analyzed cases under consideration in terms of the number of cases during
the post-earthquake period.

At this point, it should be mentioned that these cases may be considered as ideal, as
there was no increase in viral load and no increase in infection rate or infection outbreak in
the earthquake-affected communities during the pre-earthquake period. However, even in
these cases of pre-existing low viral load and low infection rates, the measures adapted
to the new specific conditions of the simultaneous occurrence of earthquakes and the
pandemic can be characterized as beneficial and effective, as they helped to maintain the
low viral load in the post-earthquake period, and in some cases to further reduce it. In any
case, they did not lead to an increase in viral load in the earthquake-affected communities.

In view of the latter finding, it can be said that strict compliance with the above adapted
measures would have beneficial effects, even in more unfavorable conditions formed by
the parallel occurrence of these hazards. Of course, in any case of a parallel occurrence of
geological and biological hazards which requires the application of emergency measures to
manage the impact on the local population, the applied measures should always be tailored
to the type and characteristics of the natural hazard, the epidemiological characteristics,
the physiographic and demographic characteristics of the affected area, the characteristics
of the affected population and, most importantly, the conditions created by the synergy
and the interaction of the aforementioned factors.
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6. Proposal of Multi-Hazard Measures for Managing Earthquake Disasters Amid
a Pandemic

Based on the good practices and lessons learned from the immediate response of the
Civil Protection services for the management of earthquake emergencies in Greece during
the pandemic, in this section we share multi-hazard approaches that must be adopted and
applied during earthquake emergency responses not only during the current pandemic,
but also during future biological hazards with similar characteristics.

The proposed approach constitutes a combination of the aforementioned measures
with similar measures that have been applied so far to effectively manage the impact
of concurrent crises formed by the simultaneous occurrence of natural and biological
hazards, including earthquakes and floods amid the pandemic (e.g., [4,30-32]), and aims to
effectively deal with the adverse conditions created when disasters and crises collide to
improve disaster management and preparedness in the future.

These approaches comprise:

e  Measures for first responders and staff involved in the emergency response phase
and increasing the type and number of emergency shelters to limit transmission risk
among the affected population;

Pandemic mitigation measures for accommodated staff and visitors in emergency shelters;
Administrative and engineering controls in emergency shelters, including changes to
facility layouts and supply distribution practices;

The designation of isolation facilities to separate suspected cases;

Remote psychological support.

The proposed measures are summarized in Table 2.

Table 2. Multi-hazard measures during the emergency response phase amid the pandemic.

Proposed Measures during the Emergency Response Phase
Amid an Evolving Biological Hazard

Measures for first
responders and staff
involved in the emergency
response phase

Screening for infectious disease before being transferred to the disaster-affected area;

Rapid diagnostic tests for COVID-19 detection before engaging in emergency response
operations and activities;

Regular assessment of the clinical condition of the staff;

Regular screening of temperature during operations;

Mandatory use of mask indoors and outdoors;

Regular hand washing with soap and clean water or the regular use of alcohol-based

hand sanitizer;

Covering the mouth and nose with a tissue, sleeve or flexed elbow when coughing or sneezing
and throwing tissue into closed bin after use;

Regular disinfection of equipment and surfaces heavily used and often touched;
Maintaining physical distance;

Avoiding places of overcrowding;

Seeking immediate medical care in cases of infection symptoms among the staff;

Activation of an emergency response plan in the case of the detection of infection symptoms
among the disaster-affected population;

Isolation of members of teams and staff of Civil Protection authorities who have even mild
symptoms or who are expecting test results and have mild symptoms, or who do not have
symptoms but have been in contact with a confirmed case.

Avoidance of
overcrowding in
emergency shelters

Increasing the number of emergency shelters of the same type;
Using different facility types as emergency shelters.
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Table 2. Cont.

Proposed Measures during the Emergency Response Phase
Amid an Evolving Biological Hazard

Mitigation measures in
emergency shelters

Measures for the staff of
the emergency shelters

Minimum staff needed for the shelter operation;

Screening for symptoms by the medical staff of the shelter;
Training for the detection and reporting of symptoms, infection
prevention and control within the facility;

Training for applying pandemic mitigation measures within the
emergency shelter;

Using face masks while staying in the emergency shelter, especially
during interaction with the disaster-affected people;

Regular hand washing with soap and clean water or the regular use
of alcohol-based hand sanitizer;

Using disposable gloves;

Implementing all appropriate measures for the management of a
person living in the shelter and suffering infection;

Immediate evaluation of accommodated people by responsible
medical staff;

Maintaining an appropriate physical distance between all people in
the shelter, including staff, disaster-affected people and visitors.

Measures for the
visitors of the
emergency shelters

Screening temperature before entering emergency shelters;

Using face masks throughout their visit to the emergency shelter;
Maintaining appropriate physical distance;

Regular hand washing with soap or alcohol-based hand sanitizer;
Avoiding visiting when feeling ill or if they have symptoms

of infection;

Administrative and
engineering controls in
emergency shelters

Modification of
facility layouts

Configuration of the emergency shelter spaces in order to maintain
physical distance between the affected people:

Individual rooms;
Separate areas;

Large facilities;
Guidance for spacing.

O00O0

Modification of food
distribution practices

Shelter equipped with adequate handwashing stations with clean
water, soap and disposable towels or alcohol-based hand sanitizer
for use prior to entering food lines;

Packaged meals prepared and served by staff wearing masks and
disposable gloves throughout the preparation and serving of meals;
Each family should consume meals in places that have been
predetermined, maintaining physical distance;

Individual and disposable serving items;

Continuous and regular cleaning and disinfection of the

used surfaces.

Restriction of mixing
between groups

Limiting interaction of families with other groups of residents
and staff;

Avoiding sharing emergency supplies;

Restriction of entrance to non-essential visitors;

Restriction of entrance to volunteers;

Restriction of mass gatherings;

Designation of outdoor spaces for religious services and
communal meetings.

Designation of isolation
facilities to separate
suspected cases

Facilities equipped with beds, oxygen cylinders and equipment for
monitoring temperature and oxygen levels;

Access to health assessment, medical care and counseling for the
isolated person if needed.
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7. Discussion

Many of these measures were proposed and implemented during the emergency re-
sponse phase after earthquakes generated in the early stages of the pandemic. In this phase,
the conditions were unprecedented and difficult for all involved in managing the effects of
the pandemic and in dealing with the parallel occurrence of disasters induced by geological
and biological hazards. However, the measures were effective as they were reverently
applied by the majority of the affected population. Furthermore, their implementation
was strictly monitored by Public Health organizations and Civil Protection authorities. It
is significant to note that, in the early stages of the pandemic, effective medical means to
combat COVID-19 infection and disease, such as antiviral drugs and COVID-19 vaccines,
were either non-existent or under development.

After 2 years of the pandemic—marked on the one hand by numerous human losses
worldwide, but on the other hand by the discoveries of COVID-19 vaccines and antiviral
drugs and extensive vaccination coverage in a large part of the world—it can be said
that strict compliance with the above adapted measures would have beneficial effects,
even in more unfavorable conditions formed by the parallel occurrence of these hazards.
These harsh conditions could be attributed either to single events or to a synergy of events
and triggering factors. Characteristic examples of such events and factors could include
the occurrence of earthquakes during the winter period, the triggering of earthquake
environmental effects and building damage in densely populated urban areas, the creation
of large numbers of displaced residents in need of immediate accommodation in emergency
shelters and camps, and increased viral load and infection rate resulting in COVID-19
outbreaks and clusters in the pre-disaster period in the areas of interest.

In the case of the relaxation of control measures and a subsequent increase in viral
load and infection rate, the majority of these measures should be reapplied at least for the
disaster-affected areas, and necessarily for all affected residents and participants in the
emergency response zones, among whom interaction cannot be avoided.

8. Conclusions

The COVID-19 pandemic has caused unprecedented global disruption. The disease
and the resulting mitigation measures have brought societies and many public services to
a halt. Such disruptions also have an impact on disaster risk reduction and disaster risk
management. Earthquakes, on the other hand, do not wait for the virus to vanish. From
the initiation of the pandemic, earthquakes have struck many countries around the world.
One of them was Greece.

The earthquake in Epirus (northwestern Greece) occurred on 21 March 2020, at the
start of the country’s first wave of the pandemic and two days before the imposition of
the first national lockdown. The Samos earthquake occurred on 30 October 2020, just
before the peak of the second wave of the pandemic in the country and 7 days before the
imposition of the second national lockdown. In 2021, two destructive earthquakes struck
Greece: the Thessaly earthquake on 3 March, during the third pandemic wave, and the
Crete earthquake on 27 September, during the fourth pandemic wave.

Considering Greece’s single-hazard management plans, the multi-hazard approach
needed to manage geological hazards (earthquakes and related phenomena) in the midst of
an evolving biological hazard (COVID-19 pandemic) has been a challenge for all involved
in the scientific community and for Civil Protection personnel. This challenge arose from
the fact that many actions, particularly during the first hours of the emergency response,
required direct communication, contact, and interaction with the disaster-affected popu-
lation. SAR operations, the establishment of emergency shelters following the disaster,
the contribution of volunteer teams, the distribution of emergency supplies, post-event
building inspections, hazard mitigation during the emergency response phase, psychologi-
cal support, and awareness and education activities during the aftershock period were all
included in these actions.
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New approaches were used to carry out all of these actions in the case of the earth-
quakes studied in Greece since the initiation of the COVID-19 pandemic. The main focus of
these approaches was on individuals and the community and taking preventive measures
against the spread of the novel virus, particularly by maintaining physical distance and
avoiding overcrowding, as well as proper mask use and hand hygiene. Considering the
post-disaster trend of daily cases and the pandemic’s evolution in the affected regional
units, it is possible to conclude that the multi-hazard approach to managing the negative
effects of the earthquakes and subsequent seismic effects amid the evolving pandemic in
the earthquake-affected areas was effective. As a result, we regard the actions taken by the
relevant authorities as good practices and important lessons learned for the management
of natural hazards and related disasters in the context of an evolving biological hazard.

The synergy of several factors and the characteristics of the affected areas and those
affected resulted in this effectiveness. The epidemiological characteristics of the affected
areas, such as the low viral load and infection rate in the affected communities, the demo-
graphics of the affected areas, such as the low population density, the sparse distribution of
residential areas in the affected regional units, and the accessibility to the areas during the
emergency phase, as well as the implementation of pandemic mitigation measures, were
among these factors.

We propose an approach that could significantly contribute to the safety of staff and
affected people in various phases of emergency response after an earthquake disaster amid
the evolving pandemic, keeping in mind the lessons learned from the emergency response
for the studied earthquakes” management. Individual and collective protection measures
for emergency responders and staff before and during their involvement in the affected
area, measures to reduce the risk of transmitting the virus to the affected community, and
measures to limit the spread of the virus inside shelters are all part of this strategy.

This strategy can be used not only in the event of a destructive earthquake during a
pandemic, but also whenever a disaster caused by a natural hazard has a significant impact
on the built environment, particularly buildings and infrastructure, necessitating the estab-
lishment of emergency shelters until normalcy is restored. It can also be used in seismically
similar areas with similar building vulnerability and susceptibility to earthquake-triggered
effects. The evolving pandemic and its consequences may exacerbate the effects on public
health and lengthen the time it takes to restore normalcy in affected areas if individual and
collective pandemic mitigation measures are not followed during an emergency.

The simultaneous occurrence of a natural disaster and an evolving biological hazard
(a pandemic) exposes the shortcomings of single-hazard approaches to disaster manage-
ment and emphasizes the need for a multi-hazard strategy. Every phase of the disaster
management cycle, specifically mitigation, preparedness, response, and recovery, should
use a multi-hazard strategy. Despite the difficulty of comprehending the interactions be-
tween different types of hazards and multi-hazard assessments, the adaptation of general
risk management plans and the adoption of multi-hazard approaches involving multi-
stakeholder participation are critical, as the frequency and severity of extreme events rise
due to the interaction of several factors and the collision of disasters and crises. National,
regional, and local government bodies, as well as volunteer teams and the armed forces,
should collaborate with scientists who specialize in natural and technological hazards,
related disasters, and all types of crises in order to provide the Civil Protection author-
ities with more knowledge, experience, and expertise. Innovative technology services
and tools to support the Civil Protection mission are important results of scientific and
operational synergy.

Despite the ongoing mass vaccination campaigns, it is possible that virus transmission
will remain high in the coming months. To avoid a resurgence of the pandemic, it is critical
for stakeholders and decision-makers to ensure that disaster management approaches
take this risk into account. Multiple ongoing disasters and crises are extremely difficult to
manage, but adopting the best practices that have emerged in this field is critical.
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Abstract: The Tanlu fault zone, extending over 2400 km from South China to Russia, is one of the most
conspicuous tectonic elements in eastern Asia. In this study, we processed the Global Positioning
System (GPS) measurements of Anhui Continuously Operating Reference System (AHCORS) between
January 2013 and June 2018 to derive a high-precision velocity field in the central and southern
segments of the Tanlu fault zone. We integrated the AHCORS data with those publicly available
for geodetic imaging of the interseismic coupling and slip rate deficit distribution in the central
and southern segments of the Tanlu fault zone. This work aims at a better understanding of strain
accumulation and future seismic hazard in the Tanlu fault zone. The result indicates lateral variation
of coupling distribution along the strike of the Tanlu fault zone. The northern segment of the Tanlu
fault zone has a larger slip rate deficit and a deeper locking depth than the southern segment. Then,
we analyzed three velocity profiles across the fault. The result suggests that the central and southern
segments of the Tanlu fault zone are characterized by right-lateral strike-slip (0.29-0.44 mm/y) with
compression components (0.35-0.76 mm/y). Finally, we estimated strain rates using the least-squares
collocation method. The result shows that the dilatation rates concentrate in the region where
the principal strain rates are very large. The interface of extension and compression is always
accompanied by sudden change of direction of principal strain rates. Especially, in the north of Anhui,
the dilatation rate is largest, reaching 3.780 x 1078 /4. Our study suggests that the seismic risk in the
northern segment of the Tanlu fault zone remains very high for its strong strain accumulation and
the lack of historical large earthquakes.

Keywords: Anhui CORS; velocity field; fault coupling; slip rate deficit; strain rates

1. Introduction

Tanlu fault zone, which is mainly characterized by right-lateral strike-slip and re-
verse components, is one of the largest fault zones in eastern China [1,2]. It runs from
Heilongjiang Province in the north to the shore of the Yangtze River, Hubei Province, in
the south, totaling 2400 km. The Tanlu fault zone crosses multiple tectonic blocks from
north to south and its internal structure is complex. Many earthquakes with magnitudes
larger than M; 5.0 have occurred in the Tanlu fault zone since the Quaternary [3]. For
instance, in 1668, an M;s 8.5 earthquake occurred in Tancheng, located on the Yishu fault
of the central segment of the Tanlu fault zone, resulting in huge casualties and property
losses [4,5]. Additionally, the Tanlu fault zone has also been influenced by the far-field
post-seismic effects of many large earthquakes during the past decades, such as the 2008
Wenchuan M; 8.0 earthquake and the 2011 M, 9.0 Tohoku, Japan Earthquake [6-8]. The
future seismic risk for this densely populated region is still not very clear due to the lack of
a detailed study of the crustal deformation and strain accumulation in the Tanlu fault zone.
The seismogenic potential on the Tanlu fault zone is largely dominated by the mechanical
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properties on the fault interface, in which the coupling ratio (also inferred as locking degree)
and slip rate deficit are two vital indicators that can shed light on the strain buildup on fault
interfaces. Many previous studies have explored the interseismic coupling and estimated
the slip rate deficit on a series of active faults using the Global Positioning System (GPS) and
Interferometric Synthetic Aperture Radar (InNSAR) measurements [9-11]. For instance, Zhao
et al. (2017) inverted the fault locking and fault slip deficit in the main Himalaya thrust
fault [12]. They have shown that the maximal magnitude and the rupture extents of large
earthquakes on a fault can be well constrained by the spatial distribution of interseismic
coupling. Therefore, a refined coupling image for the Tanlu fault zone could help us to
assess the strain buildup and future earthquake hazard in this region.

The characteristics of crustal movement and strain accumulation of the Tanlu fault zone
have been constrained by geodetic surveying; most of them are GPS observations [13-15].
Recently, Li et al. (2020) used the two periods of GPS horizontal velocity field in the north
China between 1999-2017 to invert the fault locking and slip rate deficit of the Tanlu fault
zone, by utilizing the back-slip dislocation model, and compared the differences between
two periods [16]. They found that the 2011 Tohoku Myy 9.0 earthquake played a vital role
in alleviating the strain accumulation of the Tanlu fault zone. Li et al. (2016) inverted the
fault locking and slip rate deficit of the Tanlu fault zone by using GPS horizontal velocity
of 2009-2014 in North China and verified that different reference frames have little impact
on the inversion results [7]. They suggested that the locking depth in the northern end of
the Tanlu fault zone is nearly 27 km depth, while the locking depth reaches 32 km in the
central segment and then it decreases to only 5 km in the southern end of the Tanlu fault
zone, exhibiting lateral variation of fault locking along the strike of the Tanlu fault zone.

It can be inferred that the first-order characteristics of the fault activity and strain
buildup on the Tanlu fault zone have been constrained by previous geodetic surveying.
However, we still found that fault slip and interseismic coupling distribution on each
segment of the Tanlu fault zone revealed by different studies show significant discrepancies.
We attributed them to various timescales of GPS data and different parameter settings
in the modeling. Additionally, the spatial resolution of interseismic coupling image on
the Tanlu fault zone remains low due to the lack of near-field GPS observation. With the
completion of the Anhui Continuously Operating Reference System (AHCORS) in 2011
and upgrading in 2016, there are more than 50 AHCORS stations throughout the Anhui
Province. Most of these stations are located in the near-field of the central and southern
segments of the Tanlu fault zone, providing a valuable chance for us to further study the
motion characteristics and strain accumulation in the Tanlu fault zone. In this paper, we
processed GPS data of 50 AHCORS stations from January 2013 to June 2018 with time
period of nearly 6 years. In combination with the data of Crustal Movement Observation
Network of China (CMONOC) between 1999-2016 computed by Wang (2020) [17], we
obtained a complete velocity field of the central and southern segments of the Tanlu fault
zone. This new velocity field is then employed to invert for the fault locking and slip rate
deficit on the central and southern segments of the Tanlu fault zone. Finally, we discussed
the characteristics of the fault slip according to two-dimensional velocity analysis. We also
analyzed the strain accumulation based on the least-squares collocation method, which has
the advantage that the higher the density of the site distribution, the higher the accuracy.
Our work provides useful constraints on the fault slip motion and sheds new light on the
seismic hazard of the central and southern segments of the Tanlu fault zone.

The rest of the paper is organized as follows. In Section 2, the tectonic setting of
the study region is described. In Section 3, datasets, methodology, and fault geometry
are presented. Section 4 demonstrates the results of fault coupling ratios, fault slip rate
deficit, and velocity profiles. Section 5 discusses how to use checkboard tests to assess the
spatial resolution of the fault coupling ratios, comparison with previous studies, strain
characteristics, and implication for seismic hazard.

65



Remote Sens. 2022, 14, 1093

2. Tectonic Setting

The Tanlu fault zone represents a NE-trending continental-scale strike-slip fault zone
with high levels of seismicity in East China and records the evolutionary history of plate
interactions in East Asia during Mesozoic and Cenozoic times [18]. The Tanlu fault zone is
commonly interpreted to have generated due to the collision between the North China block
and Yangtze Plate from the middle Triassic [19]. After that, the fault zone was transformed
to an extensional structure by the Cretaceous—Paleocene that controlled several grabens
filled by Cretaceous volcanic rocks and terrestrial clasts [20]. In terms of geographical
location, the Tanlu fault zone is always divided into three segments, that are the northern
segment in northeast China, the central segment in the Bohai Bay, and the southern segment
from Shandong Province to Anhui Province. The central and southern segments of the
Tanlu fault zone, which act as the boundary faults that separate the North China block
from the Subei basin and the Sulu belt, experienced a complex deformation characterized
by Mesozoic sinistral and Cenozoic dextral motions. The rock types across the fault zone
change abruptly from Archean to Paleoproterozoic high-grade metamorphic basement
rocks in the North China block to ultra-high-pressure metamorphic rocks and Mesozoic
granites in the Sulu belt [21]. The fault outcrops along the central and southern segments
of the Tanlu fault zone are diffusely distributed. The central segment of the Tanlu fault
zone is composed of five subparallel faults [20]. The fault activities of these faults remain
controversial. Both reverse and dextral slips have been proposed to explain the Quaternary
activities of these subparallel faults [20,22]. Many large earthquakes have occurred in
this segment, such as the 1668 Tancheng Ms 8.5 earthquake and the 1969 Mw 7.4 Bohai
earthquake, suggesting that the central segment is still an active earthquake zone [23].
In contrast, the fault activity of the southern segment of the Tanlu fault zone is much
weaker than the central segment, consistent with the weak seismic activity of the southern
segment [22].

3. Data and Methods
3.1. Data Processing

The GPS data we collected are mainly from AHCORS between January 2013 and June
2018. Figure 1 shows the spatial distribution of AHCORS stations. All the GPS data are
processed using the GAMIT/GLOBK software (Ver.10.7) with a double-difference approach
to generate daily solutions [24]. In the processing, we eliminated the GPS stations with data
integrity less than 90 percent. More than nine International GNSS Service (IGS) stations
around the Chinese mainland are adopted in the processing.

In the detailed processing strategy, we adopt the Vienna Mapping Function 1 (VMF1)
to correct the tropospheric delay, and a zenith wet delay parameter is estimated every
2 h [25]. The most recent global ocean tide model (Finite Element Solutions 2004, FES2004)
is used to correct the station displacements induced by ocean tides [26]. The detailed
geophysical models and parameter settings used in the processing are listed in Table 1.

The specific processing is as follows. Firstly, GAMIT is used to obtain daily solutions
that are loosely constrained for station coordinates and satellite orbits. Secondly, the global
H files released by Scripps Orbits and Permanent Array Center (SOPAC) are used for
network adjustment. Finally, the velocity field of AHCORS stations in the International
Terrestrial Reference Frame 2008 (ITRF2008) can be obtained through coordinate frame
transformation. For the convenience of tectonic interpretation, we transformed the hori-
zontal velocity field from ITRF2008 to a stable Eurasia frame using Euler vectors for the
Eurasian plate proposed by Wang et al. (2020) (—0.087, —0.514, and 0.741 mas/a) [17],
and the velocity field is listed in Table 2. Figure 2 displays the horizontal velocity field
on the central and southern segments of the Tanlu fault zone and its surrounding areas
under the Eurasia reference frame, including the velocity field of AHCORS calculated by
ourselves and the velocity field of CMONOC. Generally, the velocity of AHCORS stations
coincides well with the velocity of CMONOC stations, and our AHCORS stations show
higher precision thanks to the longer observation time.
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Table 1. Data processing strategy.

Data Processing Strategy Option
Sampling interval set sint = ‘30’
Number of epochs set nepc = 2880

Start time for processing set stime =0 0’
Choice of Experiment RELAX.
Type of Analysis 1-ITER
Choice of Observable LC_AUTCLN
Zenith Delay Estimation Y
Met obs source GPT 50
DMap VMF1
WMap VMF1
Use otl.grid Y
Use atml.grid Y
Use atl.grid Y

Table 2. Site velocity solution.

Station Ve 12 Ve EP dvec© Vn_I4 Vn_E¢ dvnf
AQSS 33.831 7.488 0.234 —10.813 —1414 0.168
AQYX 33.672 7.353 0.166 —11.961 —2.509 0.120
BZGY 34.786 8.504 0.161 —9.981 —0.568 0.155
BZLX 34.122 7.830 0.148 —10.666 —1.254 0.127
BZMC 33.767 7.509 0.157 —11.812 —2.325 0.143
CHCH 33.850 7.669 0.155 —12.460 —2.677 0.104
CHJU 33.475 7.249 0.152 —12.544 —2.890 0.105
CZDY 33.518 7.346 0.136 —11.340 —1.590 0.110
CZLA 33.876 7.769 0.150 —12.224 —2.311 0.120
CZMG 33.769 7.632 0.153 —12.219 —2.400 0.130
CZQ]J 33.485 7.358 0.149 —11.351 —1.465 0.128
CZQY 36.731 10.539 0.204 —11.237 —1.446 0.129
CZST 34.930 8.702 0.175 —12.303 —2.595 0.128
CZTC 33.338 7.294 0.149 —11.851 —1.808 0.128
CZZT 35.710 9.424 0.205 —12.047 —2.490 0.097
FYFN 33.736 7.380 0.147 —11.544 —2.265 0.120
FYFY 34.555 8.217 0.141 —10.189 —0.879 0.121
FYJS 35.317 8.953 0.147 —10.143 —0.924 0.119
FYLQ 34.635 8.261 0.155 —9.803 —0.595 0.125
FYTH 32.688 6.348 0.141 —11.228 —1.939 0.113
FYYS 32.883 6.583 0.158 —9.438 —0.014 0.115
HFCF 33.092 6.871 0.161 —11.345 ~1.712 0.124
HFFD 34.026 7.820 0.170 —11.239 —1.535 0.138
HSHS 33.885 7.713 0.176 —11.645 —1.793 0.130
HSQM 32.905 6.693 0.174 —11.953 —2.196 0.123
LAHS 33.551 7.237 0.164 —11.113 —1.666 0.130
LALA 33.863 7.569 0.145 —10.967 —1.480 0.099
MASM 33.091 6.979 0.156 —11.844 —1.899 0.133
S7ZDS 34.521 8.285 0.140 —14.830 —5.385 0.122
SZSX 32.867 6.741 0.156 —10.695 —0.902 0.143
SZXX 33.922 7.736 0.159 —12.062 —2.473 0.125
XCGD 33.422 7.372 0.167 —12.799 —2.664 0.127
XCJD 33.703 7.566 0.167 —9.387 0.553 0.125
XCJN 33.578 7.434 0.172 —12.919 —3.008 0.125
XCJX 33.686 7.551 0.178 —11.446 —1.494 0.128
XCLX 34.776 8.710 0.164 —12.279 —2.195 0.121
XCNG 34.176 8.082 0.181 —12.847 —2.809 0.130

2 East components under ITRF2008 reference frame.  East components under Eurasian plate. ¢ East velocity
uncertainties. 4 North components under ITRF2008 reference frame. ¢ North components under Eurasian plate. f
North velocity uncertainties.
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Figure 1. Distribution map of Anhui CORS stations. The red triangles are where the Anhui CORS
stations are located. White circles show earthquakes with 3.0 < Mg < 8.5 from 1 January 1900 to
31 December 2020 (https:/ /earthquake.usgs.gov, accessed on 14 December 2021). The largest white
circle is an M;s 8.5 earthquake that struck Tancheng on 25 July 1668. The blue broken line represents
the central and southern segments of the Tanlu fault zone, and the Yishu fault zone is a part of the
Tanlu fault zone in Shandong Province. The three red lines labeled by (a—c) represent the locations of
three velocity profiles across the Tanlu fault zone.

3.2. Modeling Approach

In this study, we adopted the Fortran-based DEFNODE software [27,28] for the in-
version. The DEFNODE software has been widely used to invert the interseismic block
rotation, fault locking, and slip deficit in the northwestern U.S., Pacific Northwest, and
southern Cascadia [29-31].

The DEFNODE program assumes that the movement of the points in the blocks are
the sum of the surface elastic deformation caused by the block rotation, the uniform strain
rates within blocks, and slip deficit at the block boundary due to fault locking. Constrained
by GPS vector, surface uplifts, earthquake slip vector, spreading rates, or other data, we
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can use grid searches or simulated annealing technique to estimate fault coupling ratios,
fault slip rates, and Euler pole at the block boundary. McCaffrey (2002) [32] proposed the
expression if there are no uniform strain rates within blocks:

B F N 2
Vi(X) = Y H(X € 8) [l = Y 3 3 @Giy(X, X [0 % Xt (1)
b=1 k=1n=1j=1

Where X is the position of GPS stations, B is the number of blocks, Ay, is the area range
of block B (H =1 if the station is within the range of block B, otherwise H = 0), i is the
unit vector in the 7 direction, and (), is the Euler rotation pole of block B with respect
to the reference frame. ; Q¢ = Q) — fQ r is the Euler vector of footwall block f relative
to the hanging wall block, F is the number of faults, Nj is the number of nodes for fault
k, j is the unit vector of direction j on the fault surface, ®, is the fault coupling ratio of
node 7 on fault k, and X is the position of node 7 on fault k. For G;; (X, Xyk), it represents
the response function of the velocity of surface point X in the direction of i generated by
unit slip in the j direction at node X,;x on the fault. V is velocity, and the unit of V is in
millimeters per year.
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32° 300
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24° 24°
20° 200
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Figure 2. GPS velocity field with respect to Eurasian plate. Blue and red arrows represent the velocity
field of CMONOC and AHCORS, respectively. The areas surrounded by dashed line are North China
block, Ludong block, and South China block. Error ellipses represent 70% confidence.
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If uniform strain exists in the block, the strain rate can be calculated by using Formula (2)
given by Savage et al. [33]. In this case, the model is obtained by adding Formula (1) to
Formula (2). The velocity caused by the internal strain in the block can be written as

Vo ] [ RsinfAA  RA6 0 £ 2
Vo | 0 RsinfpAA RAQ || 4

€p

where A and 6 correspond to the colongitude and colatitude, respectively, while the AA
and A are the colongitude and colatitude differences between the measuring point and
the regional geometric center. R is the mean radius of the regional geometric center and 6y
is the colatitude of the regional geometric center. V and ¢ are the velocity component and
strain rate component, respectively.

After the GPS horizontal velocity field of a certain region is solved, grid searches or
simulated annealing method are then used to invert the fault coupling ratios and slip rate
deficit. The coupling ratio is defined as a value between 0 and 1. A value of 1 indicates that
the fault patch is fully locked and a value of 0 means that the fault patch is freely creeping.
A value between 0 and 1 suggests that the fault is partly locked. The quality of parameter
fitting can be evaluated using the reduced x? statistic which is defined as follows [32]:

n

2= Z(;‘;)Z]/dof €)

i=1 i

where 7 is the number of observed data and r; is the residual of observed data. For f,
it represents the error weight factor, which is generally between 1 and 5 [34]. 0; is the
standard deviation and dof is the degrees of freedom.

In order to obtain a set of optimal solutions, we need to adjust the size of f repeatedly
during inversion to make )(% ~ 1, so that the model is able to simulate the observed
data accurately.

3.3. Block Definition and Fault Geometry

According to the geological and geodetic information, Zhang et al. [35] delimited active
blocks in China. As a result, our research area is bounded by the central and southern
segments of the Tanlu fault zone and divided into three parts: North China block, Ludong
block, and South China block. In the inversion process, we assumed that the South China
block is an internally stable rigid block, while there is uniform strain in the North China
block and Ludong block [2]. The central and southern segments of the Tanlu fault zone
have a strike of SSW, a downdip of NW, and the dip angle is fixed at 65° [36]. The fault
plane is composed of fifteen nodes along the strike, and the average distance between nodes
is about 50 km. Meanwhile, the setting of nodes along the downdip is based on the research
results of Li et al. [16]. According to the results of earthquake relocation [7], the depth
of earthquakes in the central and southern segments of the Tanlu fault zone are mostly
within 30 km, and only a few earthquakes exceed 30 km. Therefore, eight independent
nodes are set along the downdip direction, with the depth of 0.1 km, 5 km, 10 km, 15 km,
20 km, 25 km, 30 km, and 35 km. At present, no studies show that there is creeping in the
shallow of the central and southern segments of the Tanlu fault zone. Accordingly, a strong
constraint with fault coupling ratios of 1.0 is added to the nodes at 0.1 km and 5 km [32],
and it is assumed that only free slip exists below 35 km. The coupling ratios of the fault
between 0.1-35 km decrease monotonically along the downdip.
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4. Results
4.1. Fault Coupling Ratios

According to the parameter settings above, we utilized the velocity field data of
AHCORS and CMONOC to obtain our optimal coupling model. For the preferred model,
when the sigma scaling factor f of its horizontal velocity field data is taken as 2.754, x3
is just equal to 1.000 (the number of observations is 1290, the degree of freedom is 1212).
Figure 3 depicts the comparison between observed and predicted GPS velocity field and
the velocity residuals for the optimal model. The mean residual of the north and east
components is —0.223 and 0.058 mm/y, respectively. This indicates that the fitting result of
the model is precise.
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Figure 3. Comparison between observed and predicted GPS velocity field (a). Black and red arrows
are observed velocity and predicted velocity, respectively. GPS velocity residuals distribution for the
optimal model (b). The images in the upper left corner are the statistical histogram of residuals of the
east components and north components, respectively.

The fault coupling distribution on the central and southern segments of the Tanlu fault
zone is shown in Figure 4. For the convenience of analysis, the whole fault is divided into
three parts from north to south: the Weifang-Tancheng segment, the Tancheng—Jiashan
segment, and the Jiashan-Tongcheng segment. They are all located in eastern China, and
most places are plains and hills. From Figure 4, lateral variation of coupling distribution
can be found along the strike of the Tanlu fault zone. The Weifang-Tancheng segment is in
a state of high coupling 26 km below the surface, with coupling ratios above 0.8. Along
the downdip, the coupling ratios decrease with the increase of depth. The coupling ratios
of 26-30 km change from high coupling to medium coupling, and the coupling ratios are
about 0.6. Along the downdip, from 30 km to 35 km, the fault changes from strong coupling
to freely creeping. As for the Tancheng-Jiashan segment, its locking depth is 5 km below
the surface, which is much shallower than that of the Weifang—Tancheng segment. The
vicinity of Tancheng at the north end is in a fully coupling state within the uppermost
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26 km below the surface. The epicenter of the 1663 Tancheng M; 8.5 earthquake is close to
this region. The lower edge of the source fault is determined to be about 32 km depth [37],
coinciding well with the strong coupling area. For the Jiashan-Tongcheng segment, its
middle and north sections are in a medium coupling state. The middle section especially is
still in a strong coupling state 25 km below the surface; however, the south section is freely
creeping below the depth of 10 km. Generally, compared with the southern segment of the
Tanlu fault zone, the northern segment has a higher coupling degree and a deeper locking
depth, which means that the strain accumulation in the northern segment is more rapid.
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Figure 4. The three-dimensional (3D) spatial distribution of coupling ratios of the optimal model
inverted by AHCORS and CMONOC velocity field. Purple to red indicates the fault coupling
coefficient. The red places indicate that the fault is fully locked, and the purple places mean that the
fault is freely creeping; other colors suggest that the fault is partly locked.

4.2. Fault Slip Rate Deficit

Figure 5 shows the slip rate deficit of the optimal model on the central and southern
segments of the Tanlu fault zone. In Figure 5, the 3D spatial distribution of slip rate
deficit is similar to coupling ratios. For the Weifang—Tancheng segment, the slip rate deficit
is the largest within 30 km below the surface, ranging from 0.8 to 1.6 mm/a. For the
Tancheng-Jiashan segment, the slip rate deficit gradually decreases from north to south,
and the rate is between 0.6-1.0 mm/a. As for the Jiashan-Tongcheng segment, the slip rate
deficit is between 0.2-0.5 mm/a.

Fault slip rate deficit is calculated by multiplying the slip rate by the coupling coeffi-
cient. For the central and southern segments of the Tanlu fault zone, we can conclude, by
combining the coupling ratios in Figure 4, that although the segments are fully coupled
within 5 km underground, the slip rate deficit at the north is larger than that at the south,
indicating that the slip rate at the north is larger. This result is consistent with the conclusion
of Guo et al. (2011), that the slip rate of Tanlu fault zone gradually decreases from north to
south (1.24-1.06 mm/a) [38].

4.3. Velocity Profiles Analysis

It is a conventional method to analyze the relative motion between blocks by GPS
velocity profiles across the fault. As shown in Figure 1, we have made three profiles from
north to south along the Tanlu fault zone. To facilitate the distinction, we represented them
as profile a, profile b, and profile ¢ from north to south, and the velocity profile results are
shown in Figure 6. Through the profiles, it is clearer to see some features of the velocity
field. For the velocity component parallel to the profile lines, when the slope of the red line
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is positive, it indicates extension, while when the slope is negative, it indicates compression.
Meanwhile, as for the velocity component perpendicular to the profile lines, positive slopes
of blue lines mean left-lateral. On the contrary, negative slopes are right-lateral [28,30,39].
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Figure 5. The 3D spatial distribution of slip rate deficit of the optimal model inverted by AHCORS
and CMONOC velocity field (mm/a). Purple to red indicates the slip rate deficit. The red places
indicate the slip rate deficit is large, and the purple places mean that there is no slip rate deficit.

In Figure 6, we compare the observed (points) and calculated (lines) GPS velocity and
found that there are a few misfits between observed and calculated velocity results from
longer distance to the profiles. However, on the whole, the fitting result is quite accurate.
From the profiles, the velocity parallel to the profile lines and perpendicular to the profile
lines changes slightly when passing through the fault; it is continuous without any obvious
step, indicating that the fault cannot slip freely and is still locked. At the same time, the
velocities of profile a, profile b, and profile ¢, whether parallel or perpendicular to the
profile lines, show a gentle negative slope. We also derived the slip rates and root mean
square error of the Tanlu fault by calculating the velocity of the profiles, as shown in Table 3.
Generally, the velocity parallel to the profiles is between —0.76 and —0.35 mm/a, and the
velocity perpendicular to the profiles is between —0.44 and —0.29 mm/a. Hence, it proves
that the fault among the profiles is right-lateral and compressive, and the compression
component gradually decreases from north to south. From geological studies, Li et al.
(2019) suggested that the kinematic characteristics of the Tanlu fault zone are right-lateral
and thrust [40], which is consistent with our result.

Table 3. Slip rates on the central and southern segments of the Tanlu fault zone (left-lateral with
tension is positive).

Segment Velocity Parallel to the Velocity Perpendicular to the
& Profiles/RMSE (mm-a~"') Profiles/RMSE (mm-a~1)
a —0.76/0.16 —0.44/0.22
—0.57/0.11 —0.40/0.15
c —0.35/0.16 —0.29/0.17
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Figure 6. GPS velocity profiles from north to south (a—c). The length of the profiles is less than
350 km, and the width is 160 km. The red points and lines represent the observed and calculated GPS
velocity parallel to the profile lines, respectively. The blue points and lines represent the observed
and calculated GPS velocity perpendicular to the profile lines. The gray dashed line represents the
Tanlu fault zone, and the median value of the yellow rectangle is the average of the velocities.
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5. Discussion
5.1. Checkboard Tests

We conducted a series of checkboard tests to determine the minimum distance along
the strike of the coupling ratios that the GPS velocity field can resolve. First, in the forward
modeling, we input the rotation parameters of the blocks to estimate the velocity of each
station, and then added the Gaussian noise to obtain a new velocity field. Finally, we
used the synthetic velocity field to invert the coupling ratios of the fault and compared it
with the forward modeling result [41,42], as shown in Figure 7. We compared the cases
where the distance between nodes along the strike is 50-70 km and found that when the
distance between nodes is 60 km and 70 km, the input information cannot be recovered
well, especially at the depth of 20 km below the surface. In Figure 7f, while the distance
between nodes is 50 km, most grid cells are recovered well except for a small part, which
may be caused by inhomogeneous distribution of velocity field. As a result, we chose
50 km as the minimum distance between adjacent nodes. From the spatial resolution of the
coupling ratios, we can conclude that in order to obtain the optimal inversion results, we
need to consider the GPS velocity density.

Depth (kmy
b3

5
£
1
o

2
S

Figure 7. Resolution tests for coupling ratios inverted by different distances between adjacent fault
nodes. Figures on the left (a,c,e) are 3D distribution of coupling ratios for forward modeling, and on
the right (b,d,f) are recovered 3D distribution of coupling ratios using the same inversion strategy.

5.2. Comparison with Previous Studies

In order to explore whether near-field data will affect the inversion results of the model,
we used only CMONOC velocity field to invert the distribution of fault coupling ratios
and slip rate deficit, as shown in Figure 8. Comparing the results of this inversion with the
results integrating the near-field data of AHCORS, we found that the fault coupling ratios
and slip rate deficit are quite similar. In the Tancheng-Jiashan segment, both of them are in
a state of strong coupling 26 km below the surface, and the difference mainly lies in the
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Tancheng-Jiashan and the Jiashan-Tongcheng segments, which also exactly corresponds
to the position of AHCORS velocity field. In the Tancheng—Jiashan segment, the locking
depth of the inversion result for the optimal model is relatively shallower than that of this
result. In the Jiashan—-Tongcheng segment, the inversion result of the optimal model is
strongly locked in the middle section, and the depth can reach 25 km, which is not reflected
in this inversion. As for slip rate deficit, except for the Jiashan-Tongcheng segment, other
parts are basically the same. Compared with the results of Li et al. (2020) [16], the main
difference is also shown in the south of Tancheng. As a result, we believe that this is caused
by the integration of near-field data, which significantly affects the inversion results.
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Figure 8. The 3D spatial distribution of coupling ratios inverted only by CMONOC velocity field
(a). The 3D spatial distribution of slip rate deficit inverted only by CMONOC velocity field (b). The
values in the northern segment are mostly larger than those in the southern segment.

5.3. Strain Characteristics

The inconsistency of spatial distribution of the GPS horizontal velocity field is a direct
reflection of crustal deformation. Different reference frame will lead to a large difference in
velocity field; however, the strain rates are not related to the reference datum, and it is one
of the crucial indicators to describe regional surface deformation directly [43—45].

Taking GPS horizontal velocity field as constraints, we used DEFNODE to invert
the coupling ratios and slip rate deficit of the Tanlu fault zone. Next, we utilized GPS
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horizontal velocity field to calculate regional strain rates, to describe surface deformation
characteristics and fault activity. In this paper, we chose the horizontal velocity field from
245 stations including CMONOC and AHCORS in the longitude and latitude range of
113" E-122" E and 27° N-38" N, and calculated the principal strain rates, dilatation rates,
and maximum shear strain rates of the central and southern segments of the Tanlu fault
zone and surrounding areas using least-squares collocation method. The horizontal strain
rates are shown in Figure 9.

38°N 38°N
36°N 36°N
16
34°N 34°N
12
32°N 32°N 8
4
30°N 30°N
28°N 28°N
114°E  116°E  118°E  120°E 122°E 114°E  116°E  118°E  120°E  122°E

Figure 9. Strain rates on the central and southern segments of the Tanlu fault zone. (a) Principal
strain rates and dilatation rates. Principle strain rates are shown as vector pairs and dilatation
rates are shown in background color. Positive dilatation rates show extension, while negative show
compression. (b) Maximum shear strain rates. White circles show earthquakes with 3.0 < M; < 8.5
from 1 January 1900 to 31 December 2020.

In Figure 9a, the principal strain rates near the Weifang—Tancheng segment of the
Tanlu fault zone are almost zero. The Tancheng-Jiashan segment corresponds to the
high-value area of the principal strain rates. Bounded by the Tanlu fault zone, the west
side shows a nearly E-W and N-S extension, while the east side is a NE-SW or NW-SE
extension. The principal strain rates of Jiashan—-Tongcheng are relatively small, and the
east side is dominated by approximately E-W extension, and the west side is nearly N-S
compression. For dilatation rates, the maximum value appears on the west side of the
Tancheng-Jiashan segment, which is 3.78 x 108 /a. It is in the north of Anhui Province,
where shallow groundwater has been exploited for a long time. Additionally, there are
abundant coal resources here, and years of mining have contributed to the subsidence of
the area. Therefore, we believe that it is likely to be caused by human activities, which
should attract public attention.

In Figure 9b, it can be recognized that the maximum shear strain rates in the central
and southern segments of the Tanlu Fault zone are smaller than those on both sides of the
Tancheng-Jiashan segment and the east of the southern segment of Tongcheng. Generally,
the maximum shear strain rates in the central segment of the Tanlu fault zone are much
larger than the southern segment, consistent with the geological results indicating that the
activity of the southern segment is weaker than the central segment [22].
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5.4. Implication for Future Seismic Hazard

Generally, we believe that the occurrence of an earthquake is a process of continuous
strain accumulation. When the accumulation reaches the limitation, it will break through
the stable state, resulting in sudden rupture of the fault zone [46—48]. Therefore, for the fault
zone with high coupling ratios and deep locking depth, this means the accumulation of
strain rates, and it is more likely to have a large earthquake in the future. At the same time,
slip rate deficit is also an important indicator of the rate of strain accumulation on active
faults [49]. Therefore, we have reason to pay attention to the places with high coupling
ratios, deep locking depth, and high slip rate deficit or abnormal strain rates on the surface.

For the central and southern segments of the Tanlu fault zone, according to the spatial
distribution of coupling ratios, we could find that the Tancheng—Weifang segment is in
a state of high coupling 26 km below the surface, with coupling ratios above 0.8. In this
segment, there are only two major earthquakes above M;s 8.0, occurring in Angiu in 70 BC
and Tancheng in 1668. Notably, the focal depth of the 1663 Tancheng M; 8.5 earthquake is
32 km, which is deeper than the strong coupling depth of 26 km based on our inversion
result. It indicates that the locking depth was at least 32 km before the earthquake, and
the locking degree has not returned to its previous state, which may be the reason why
there has been no earthquake with a magnitude lager than M; 8.5 in this region so far.
From geological studies, Li et al. (2019) considered that the age of the latest paleoseismic
event was about 12.8 + 4.0/ —3.7 ka through paleoseismic trough and AMS — C dating
method [40]. As a consequence, the recurrence interval of long-period large earthquakes is
the main feature of Late Quaternary activity in the central and southern segments of Tanlu
fault zone. In general, the fault coupling ratios and slip rate deficit of the northern segment
are larger than those of the southern segment, which indicates that the northern segment is
more prone to generate large earthquakes. Although it has been more than 350 years since
the 1668 Tancheng earthquake, the Weifang-Tancheng segment still deserves our attention.

For the distribution of the strain rates, the area with large principal strain rates also
corresponds to the high-value area of the dilatation rates, and the interface area between
extension and compression is always accompanied by a sudden change in the direction
of the principal strain rates. The places where the strain rates are abnormal may have
potential for disaster. They provide an important reference for us to prevent seismic hazard.

6. Conclusions

Using the data of AHCORS and CMONOC stations, we inverted the coupling ratios,
slip rate deficit, and velocity profiles by DEFNODE on the central and southern segments of
the Tanlu fault zone. We found that slip rate deficit and locking depth in the north is higher
and deeper than that in the south and it is more likely to produce strain accumulation. In
particular, the locking degree of the Tancheng has not been restored to the state before the
1668 Tancheng earthquake, so its adjacent region has not experienced a large earthquake for
a long time. Based on geological studies and historical large earthquakes, it can be seen that
the Tanlu fault zone is characterized by long-period recurrence interval of large earthquakes.
By comparing the coupling ratios and slip rate deficit, the fault shows that it has high
coupling ratios within 5 km under the surface; however, the slip rate deficit in the north is
larger. Hence, the slip rate in the north is also larger than that in the south. Subsequently,
we analyzed three velocity profiles across the fault zone. The result shows that the velocity
parallel to the profiles is between —0.76 and —0.35 mm/a, and the velocity perpendicular to
the profiles is between —0.44 and —0.29 mm/a, which indicates that the fault is right-lateral
strike-slip and compressive. Finally, we used least-squares collocation to calculate the
strain rates. The results suggest that where the principal strain rates are large, the value of
dilatation rates will also be large. The interface of extension and compression is always
accompanied by sudden change of direction of principal strain rates. These places with
abnormal strain rates have the potential for disaster.

While we used AHCORS data to obtain a high-precision velocity field on the central
and southern segments of the Tanlu fault zone, the measurements of the AHCORS, as is
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known, could be affected by various types of uncertainties and inaccuracies that arise from
different causes. It would be necessary to evaluate the fuzziness [50] and jumps of data [51],
which play an important role in estimating trends and forecasting in the future work. At
the same time, we believe that the setting of fault geometry can be further improved, such
as setting different dip angles at different depths of the fault. Additionally, only GPS data
were used to invert the coupling pattern of the Tanlu fault zone in this study. In the future,
a refined coupling model jointly constrained by multisource data (e.g., InNSAR and GPS
data) could help us to better understand the strain accumulation and seismic risk in the
Tanlu fault zone.

Author Contributions: Conceptualization, H.C., T.T. and S.L.; methodology, H.C. and S.L.; software,
H.C,; validation, H.C. and T.T.; formal analysis, H.C.; investigation, H.C.; resources, H.C.; data
curation, H.C.; writing—original draft preparation, H.C.; writing—review and editing, H.C., T.T. and
S.L.; visualization, H.C.; supervision, X.Q. and Y.Z.; project administration, T.T.; funding acquisition,
T.T. All authors have read and agreed to the published version of the manuscript.

Funding: This work is funded by Open Research Fund Program of Hunan Province Key Laboratory
of Safe Mining Techniques of Coal Mines (Hunan University of Science and Technology) under Grant
E22015, and also supported by the Natural Science Foundation of Anhui Province, China under Grant
1808085MD105. This work is supported by the National Natural Science Foundation of China under
Grant 42004001.

Acknowledgments: We are grateful to the Anhui Bureau of Surveying and Mapping for providing
the raw GNSS observation data. We sincerely thank Min Wang for publishing the velocity field data
of CMONOC.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:
GPS Global Positioning System
InSAR Interferometric synthetic aperture radar
AHCORS  Anhui Continuously Operating Reference System
CMONOC  Crustal Movement Observation Network of China

IGS International GNSS Service

VMF1 Vienna Mapping Function 1

FES2004 Finite 79 Element Solutions 2004

SOPAC Scripps Orbits and Permanent Array Center
ITRF2008 International Terrestrial Reference Frame 2008
3D Three-dimensional
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Abstract: Pre-seismic anomalies have the potential to indicate imminent strong earthquakes in the
short to medium terms. However, an improved understanding of the statistical significance between
anomalies and earthquakes is required to develop operational forecasting systems. We developed
a temporal integrated anomaly (TIA) method to obtain the temporal trends of multiparametric
anomalies derived from the Atmospheric Infrared Sounder (AIRS) product before earthquakes. A
total of 169 global earthquakes that occurred from 2006 to 2020 and had magnitudes of >7.0 and
focal depths of <70 km were used to test this new method in a retrospective manner. In addition,
169 synthetic earthquakes were randomly generated to demonstrate the suppression capacity of the
TIA method for false alarms. We identified four different TIA trends according to the temporal char-
acteristics of positive and negative TIAs. Long-term correlation analyses show that the recognition
ability was 12.4-28.4% higher for true earthquakes than for synthetic earthquakes (i.e., higher than
that of a random guess). Incorporating 2-5 kinds of TIAs offered the best chance of recognizing
imminent shocks, highlighting the importance of multiparameter anomalies. Although the TIA trend
characteristics before the earthquakes were not unique, we identified certain unexplained pre-seismic
phenomena within the remote sensing data. The results provide new insight into the relationships
between pre-seismic anomalies and earthquakes; moreover, the recognition ability of the proposed
approach exceeds that of random guessing.

Keywords: earthquake anomaly; multiparametric anomalies; thermal infrared remote sensing

1. Introduction

Earthquakes and their associated disasters are major hazards around the world. Accu-
rately predicting earthquakes would give communities more time to prepare [1,2]; however,
despite decades of research, earthquake prediction remains an open question [2-7]. Utiliz-
ing pre-seismic anomalies in remote sensing data has become a research focus owing to the
continuous development of space-based remote sensing technologies that provide various
geophysical parameters from the top of the atmosphere (TOA) to the Earth’s surface [8,9].
However, current anomaly detection methods fail to meet the requirements of operational
earthquake forecasting systems [10,11]. In particular, improved pre-seismic anomaly recog-
nition is fundamental to advancing short-to-medium term earthquake forecasting based on
remote sensing data.

Precursory signals are most significant in epicentral areas and close by, and their
possible correlation with earthquake preparation phases is the basis of earthquake forecasts.
By monitoring tectonic activity using remote sensing technologies in seismically active
areas, we can further our scientific understanding of pre-seismic diagnostic variation [12,13].
An earthquake is a dynamic process that involves the transition of mechanical energy,
electromagnetic radiation, and thermal effects [14]. Thus, many physical pre-seismic
parameters have been used to analyze the anomalous signals of earthquake events during
preparation phases [2,15-19]. Remote sensing data offer a variety of geophysical and
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geochemical parameters, and thereby provide abundant data for pre-seismic anomaly
detection [8,20]. Moreover, remotely sensed data derived from satellite platforms are
of high spatial and temporal resolution, take global measurements, generate rigorously
validated data products, are easily accessed, and have broad community applications.
Therefore, observable parameters have the potential to indicate the spatial extent, time
window, and magnitude of an imminent event at different time scales with various degrees
of probability. As such, remote sensing is the principal means of gathering and discerning
pre-seismic anomalous information to prepare for potentially destructive earthquakes.

The earthquake preparation phase involves complex nucleation and non-linear fault-
ing processes, and a variety of geophysical parameters have been considered for pre-seismic
anomaly analysis [15,21]. Promising correlations between pre-seismic anomalies and strong
earthquakes have been reported [4,8,9,15,20,22,23]. Surface temperature is a widely used
parameter to detect earthquake-related thermal effects, with anomalous changes of £10 K
being reported before earthquakes [24-26]. Near-surface air temperature is strongly related
to surface temperature, and significant anomalies of air temperature have been observed
prior to large earthquakes because of degassing and air ionization along the fault sys-
tem [27,28]. Column water vapor, which can be accurately estimated from remote sensing
data, shows anomalous changes in epicentral areas, possibly related to ascending fluids
and surface latent heat flux [29,30]. Outgoing longwave radiation (OLR) at the TOA is
another candidate precursor for predicting earthquakes [31]. OLR anomalies represent the
overall thermal effects from the clouds, atmosphere, and Earth’s surface, all of which are
impacted by seismogenic activity; large variations of >10 W/m? have been reported prior to
earthquakes [32,33]. Finally, multi-parametric analyses have been carried out with the aim
of improving correlations between pre-seismic anomalies and imminent shocks [30,33,34].

However, despite some promising advances, in practice, earthquake forecasting re-
sults indicate the low statistical significance of these precursors. As a result, forecasts
suffer from a high rate of false alarms when using remotely sensed land surface tempera-
tures [11], while the false alarm rate can be effectively suppressed using seismic catalog
data based on the natural time analysis approach [23]. Surface and atmospheric anomalies
can have different effects. The impacts of short-term meteorological disturbances and
anthropogenic interferences are difficult to eliminate. As such, anomaly detection methods
require improved knowledge of pre-seismic anomalous characteristics in both the spatial
and temporal domains to improve the forecasting ability.

Pre-seismic anomalies are influenced by topography, land cover, meteorology, and
deep tectonic features. Observable information that is drawn from deep strata only accounts
for a small proportion of most dominant features. Therefore, it is difficult to eliminate
the influence of non-tectonic factors on thermal infrared radiation and to extract weak
signals (i.e., pre-seismic anomalies) from strong noise backgrounds that reflect both nat-
ural processes and anthropogenic activities. Meanwhile, the pre-seismic phase before
a significant earthquake is important for identifying anomalous signals. Therefore, we
developed a pre-earthquake temporal integrated anomaly (TIA) method to describe the
overall anomalous variation in a specified period (from days to months). The foreshocks
before strong earthquakes are accompanied by a significant nucleation process [35] and
exhibit intensive enhancement with a power law [36-38]. This will affect the occurrence
and evolution of pre-seismic anomalies to a certain extent. By using the TIA, the influence
of the weakness, transience, and discontinuity of the anomaly was reduced to highlight
the overall change over a specific period. Then, the cumulative temporal trend of the TIA
was used to identify the intensive enhancement of seismic-related anomalies in different
time periods. Moreover, multiparametric TIAs were analyzed to inspect their feasibility for
improving earthquake forecasting ability.
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2. Data
2.1. Atmospheric Infrared Sounder (AIRS) Product

Hyperspectral infrared data make it possible to retrieve surface and atmospheric
properties into various geophysical parameters [39]. Since 2002, the AIRS on the Aqua
satellite has measured thermal infrared radiation emitted from the Earth’s surface and
atmosphere in a three-dimensional structure on a global scale twice a day. In this study, we
used the Aqua/AIRS L3 Daily Standard Physical Retrieval (AIRS-only) V7.0 (AIRS35TD)
product with 1-degree spatial resolution from descending (nighttime) orbits to estimate
pre-seismic anomalies, including skin temperature (ST; K), near-surface air temperature
(AT; K), total integrated column water vapor burden (CWV; kg/ m?), OLR (W/m?), and
clear-sky OLR (COLR; W/m?). These parameters measure information at different vertical
levels from the surface to the TOA and reflect the process of thermal radiative energy, which
can be affected by seismic-related anomalous interference. Using nighttime remote sensing
data minimizes the effect of solar radiation and improves the reliability of pre-seismic
anomalies [40,41]. The AIRS data from 2002 to 2020 were used for pre-seismic anomalies.

2.2. Global Earthquake Events

A total of 169 earthquakes representing the most significant seismic events of re-
cent years were collected from the USGS Earthquake Hazards Program (Figure 1). The
earthquakes were divided into inland, oceanic, and coastal for comparison, wherein most
earthquakes belonged to the coastal class. In addition, to validate the forecasting effective-
ness of TIA, 169 synthetic earthquakes were randomly generated based on three criteria:
(1) within £75° latitudes; (2) occurring between 2006 and 2020; and (3) for day t and posi-
tion p, we built a spatiotemporal cube of 11 x 11 pixels around p as the spatial dimension,
within which a day ranged between t — 60 and t + 90 as the time dimension, and if no
M > 5.5 earthquakes occurred within this cube, it was reserved. Randomly generated
earthquakes were iteratively produced to check these restrictions, and we collected the first
169 valid events. The synthetic events were more widely dispersed compared with the true
earthquakes in earthquake-prone regions (Figure 1a, light gray areas). This was due to the
random generation mechanism; compared with the true earthquakes, a higher proportion
of the synthetic earthquakes were in the ocean and inland classes; therefore, the number of
synthetic coastal earthquakes was very small compared with that of the true earthquakes.
As shown in Figure 1b, the temporal distribution of synthetic earthquakes was similar
to that of true earthquakes, and their interoccurrence time presented similar statistical
characteristics in Figure 1c, which indicates the rationality of the randomly generated
synthetic earthquakes.
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Figure 1. Characteristics of 169 global earthquakes (EQ) and 169 synthetic (SYN) earthquakes with
magnitudes >7 and focal depths <70 km from 2006 to 2020. (a) Spatial distribution of both true and
SYN EQs. The gray circles denote global 15,646 earthquakes with magnitudes >5.5 and focal depths
<70 km from 1980 to 2020, representing global active seismic regions. (b) Temporal characteristics of
EQ occurrences. (c) Statistics of interoccurrence time of both true and SYN EQs.

3. Methods
3.1. Pre-Seismic Anomaly Detection

A simple and yet widely used anomaly detection method was used to calculate the
initial anomalous values from five surface and atmospheric parameters. The Z-Score (ZS)
method is defined as the multiple of standard deviation (STD) between measured and
mean values [42], and its mathematical formula is:

78(x,y,t) = v(x,yf(s t()}(/—ygt(x,y), 1)

where v(x,y, t) is the pixel value at position (x,y) and at time ¢, yt(x, y) is the average of the
reference field for the same or similar period in multiple years, and é(x, y) is the standard
deviation of the reference field.

The daily reference field for each geophysical parameter is essential for calculating
anomalies on a robust basis. A time series-based reference field synthesis method was
developed to filter outliers in order to improve stability. A dataset of one parameter
(e.g., ST) at the same location on the same day during historical years was collected from
AIRS3STD data. Negative outliers were removed by retaining only samples with a negative
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deviation from the mean value of the dataset less than n times STD, where n is a scaling
coefficient of 3. Next, samples with a deviation from the mean value greater than n times
STD were regarded as positive outliers and were excluded from the dataset. These two
steps were executed for each pixel within the study area, and finally, a daily reference
field image was created to represent the long-term average status on that specific day. The
11-day moving window approach was applied to generate daily reference field according to
aforementioned method. For example, the reference field for 6 January 2010 was calculated
using AIRS data from 1 January to 11 January for each year from 2002 to 2010, representing
a 9-year average.

Anomalies calculated by any anomaly detection methods are based on mathematical
formula and observation data. A correlation between anomalies and seismogenic conditions
is not guaranteed. Moreover, real pre-seismic anomalous signals triggered by earthquakes
remain unclear. Therefore, recognition criteria were proposed based on empirical evidence
in order to refine anomalies and make them as close as possible to the true situation in terms
of spatial and temporal correlations [43]. Ina 5° x 5° spatial window surrounding a central
pixel (a total of 25 pixels), if pixels had absolute anomaly values of >2 (i.e., valid pixels),
and the average absolute anomaly value from these valid pixels was >2.5, the anomaly
value at the central pixel was considered valid and was retained for subsequent analyses.

3.2. Definition of TIA

The TIA of a pixel is a weighted average calculated from daily anomaly values within
a specific time interval (from several days to months). Two types of TIAs were calcu-
lated using positive and negative anomalies (e.g., warming and cooling anomalies for
temperature) derived from the ZS method for each selected parameter. Daily anomalies
were weighted by a given integration function with a temporal distance from the time of
earthquake occurrence used as the input. The integration function significantly affects the
value of temporally integrated anomalies. Thus, three functions were used to analyze their
differences and feasibility in detecting multiparametric anomalies prior to an earthquake.
The constant (CST) weighted integration function is an arithmetic mean method using all
selected daily anomaly values. Its formula is as follows:

L 10A
Lo O @

t=17n

TIAcst =

where t is the temporal distance relative to the day of an earthquake, which is set to zero; n
is the number of days used in the calculation; © is a flag with 1 for valid A; and 0 for invalid
Ay; and Ay is the valid anomaly value at day f, which was first calculated by Equation (1),
and then filtered according to the recognition criteria in Section 3.1.

Generally, anomaly magnitudes measured closer to the time of an earthquake are more
significant. Nevertheless, a TIA with constant weighted integration cannot denote this tem-
poral characteristic. Hence, using two additional methods, we assigned different weights
to anomaly points for each day of the integration interval. The Gaussian distribution is
widely used to describe a normal distribution in statistics and to define the Gaussian filter
in signal processing. The distribution of a Gaussian function is suitable for situations where
anomalies occurring closer to the occurrence day have a higher weight. The Gaussian
(GAU) weighted integration function was calculated as follows:
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where y is set to 0, and ¢ is the STD that controls the width of the shape of the Gaus-
sian function. The other integration function was the Laplace (LAP) distribution, which
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has a steeper distribution, causing the weight assigned to anomaly values to vary more
significantly. LAP is calculated as follows:

n e it
Li—o 250 " At

n e} —lt=pl
t=0 20¢ °

TIA AP = , 4)

where y is set to 0, t is a positive value of zero to 11, and ¢ is the STD of the distribution.

In general, the closer the timing of an anomaly to the time of an earthquake, the greater
the weight value for the GAU and LAP, but not for the CST (Figure 2). Among them, the
largest weight is from the LAP function in the first few days. If the anomalies for some
days are invalid, the corresponding weights of the integration functions are set to zero and
the change of the sum of weights reallocates the relative weights, causing different relative
weights among different functions. The TIA was calculated using 5 x 5 window data
around the epicenter pixel, where valid positive/negative anomalies were used to calculate
positive/negative TIAs (PTIA and NTIA, respectively). The temporal range for predicting
impending earthquakes was from 60 days before until the day of the earthquake itself.
Note that a longer anomaly window could capture more anomaly counts for anomalies
with short durations; however, it would also record more irrelevant anomalies, resulting in
higher uncertainties.
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Figure 2. Constant (CST), Gaussian (GAU), and Laplace (LAP) weight integration functions used in
the temporal integrated anomaly (TIA) calculation within a 60-day interval. In the LAP and GAU
functions, y is set to 0 and ¢ is 15. The red, blue, and green dots denote GAU, LAP, and CST weight
integration functions, respectively.

4. Results
4.1. Trend Characteristics of Multiparametric TIA

The time series of pre-seismic anomalies of different geophysical parameters used in
this study was first obtained within 60 days prior to a true or synthetic earthquake. The TIA
for each parameter was calculated with different time intervals according to the method
described in Section 3.2, and then the calculated TIA values were plotted in a cumulative
manner (Figure 3a). For example, the ST TIA value for the 10th day was calculated using
data from 0 to 10 days before the earthquake. Thus, the time series indicates the temporal
evolution characteristics of pre-seismic anomalies. When anomalies were observed in
multiple parameters, a pre-seismic anomaly was identified, and an alarm warned that an
M > 7 earthquake would likely take place within the 5° x 5° grid within the next few days
(Table 1). We identified four different TIA trends, especially for the first ~30 days prior to
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the events. For one earthquake, five parameters could present different TIA trends, even
when some parameters had no anomalous variation.

Table 1. Fundamental forecasting parameters of pre-seismic anomalies in retrospective analyses
according to the trend characteristics of multiparametric TIA.

Parameters Values
Time range <10 days
Spatial extent 5% x 5° around the epicenter (equivalent of a circle with the radius of
patiat exte ~275 km)
Magnitude >7

Type 1: PTIA and NTIA decrease rapidly before the earthquake with negative anoma-
lies dominating the area near the epicenter (e.g., significant temperature reduction effects)
(see ST, AT, CWYV, and COLR TIAs in Figure 3). Prior to the 2011 M9.1 Great Tohoku
Earthquake, significant crust uplift was detected along with the full southward align-
ment of Global Positioning System (GPS) azimuths [19], which may have led to cold
water upwelling from the seafloor. Meanwhile, in a well 155 km northwest of the epicen-
ter, anomalous decreases in groundwater level and temperature were observed starting
3 months before the earthquake due to possible pre-seismic crustal deformation [44]. These
observations could explain negative anomaly phenomena. Similar phenomena can also
be observed for inland earthquakes. Significant cooling phenomena along the Himalayas
prior to the 2015 Mw 7.9 Nepal earthquake have been reported, and stress relaxation is
suggested as a possible explanation [24].
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Figure 3. Trend characteristics for multiparametric temporal integrated anomalies (TTAs) before the
2011 M9.1 Great Tohoku Earthquake, Japan, demonstrating enhanced negative TIAs close to earth-
quake occurrence. (a) Skin temperature (ST) TIA; (b) air temperature (AT) TIA; (c) total integrated
column water vapor burden (CWV) TIA; (d) outgoing longwave radiation (OLR) TIA; (e) clear-sky
OLR (COLR) TIA. The two subfigures for each anomaly show the positive and negative TIAs, re-
spectively. Negative days at the abscissa denote the days before the earthquake. The gray dashed
frame indicates the TIA trend characteristics. The red, blue, and green dots denote Gaussian (GAU),
Laplace (LAP), and Constant (CST) weight integration functions, respectively.
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Type 2: PTIA and NTIA increase rapidly before the earthquake with positive anomalies
dominating the area near the epicenter (e.g., significant warming effects) (see AT, CWYV,
OLR, and COLR TIAs in Figure 4). This phenomenon has been reported by many studies;
that is, anomalous increases in diverse parameters prior to earthquakes [15].
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Figure 4. Trend characteristics for multiparametric temporal integrated anomalies (TTAs) before the
2009 M7.7 Papua earthquake, Indonesia, demonstrating enhanced positive TIAs close to earthquake
occurrence. (a) Skin temperature (ST) TIA; (b) air temperature (AT) TIA; (c) total integrated column
water vapor burden (CWV) TIA; (d) outgoing longwave radiation (OLR) TIA; (e) clear-sky OLR
(COLR) TIA. The two subfigures for each anomaly show the positive and negative TIAs, respectively.
Negative days at the abscissa denote the days before the earthquake. The gray dashed frame indicates
the TIA trend characteristics. The red, blue, and green dots denote Gaussian (GAU), Laplace (LAP),
and Constant (CST) weight integration functions, respectively.

Type 3: PTIA increases and NTIA decreases rapidly before the earthquake, with
both positive and negative anomalies apparent in the area near the epicenter before the
earthquake (see ST, AT, OLR, and COLR TIAs in Figure 5). This bidirectional trend indicates
strongly anomalous perturbation around the epicenter [45].

Type 4: Similar to Type 3, with either PTIA or NTIA reaching a peak and then rapidly
disappearing within several days following the strong earthquakes (Figure 6). This delayed
phenomenon was observed for only a small percentage of the tested earthquakes.
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Figure 5. Trend characteristics for multiparametric temporal integrated anomalies (TIAs) before
the 2013 M7.7 Awaran earthquake, Pakistan, demonstrating simultaneously enhanced positive &
negative TIAs close to earthquake occurrence. (a) Skin temperature (ST) TIA; (b) air temperature (AT)
TIA; (c) total integrated column water vapor burden (CWV) TIA; (d) outgoing longwave radiation
(OLR) TIA; (e) clear-sky OLR (COLR) TIA. The two subfigures for each anomaly show the positive
and negative TIAs, respectively. Negative days at the abscissa denote the days before the earthquake.
The gray dashed frame indicates the TIA trend characteristics. The red, blue, and green dots denote
Gaussian (GAU), Laplace (LAP), and Constant (CST) weight integration functions, respectively.
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Figure 6. Trend characteristics for multiparametric temporal integrated anomalies (TIAs) before
the 2015 M7.2 Murghob earthquake, Tajikistan, demonstrating enhanced positive/negative TIAs
close to earthquake occurrence. (a) Skin temperature (ST) TIA; (b) air temperature (AT) TIA; (c) total
integrated column water vapor burden (CWV) TIA; (d) outgoing longwave radiation (OLR) TIA;
(e) clear-sky OLR (COLR) TIA. The two subfigures for each anomaly show the positive and negative
TIAs, respectively. Negative days at the abscissa denote the days before the earthquake. The gray
dashed frame indicates the TIA trend characteristics. The red, blue, and green dots denote Gaussian
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(GAU), Laplace (LAP), and Constant (CST) weight integration functions, respectively.
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4.2. Comparison between True and Synthetic Earthquake TIAs

A higher rate of earthquake alarms was triggered for true earthquakes compared
with synthetic earthquakes, and the rates decreased from 93.5% to 0% and from 85.2%
to 0% as the number of TIA parameters increased for true and synthetic earthquakes,
respectively (Figure 7a). The optimal number of parameters was found to be 2-5, for which
the recognition ability for true earthquakes was 12.4-28.4% higher than that for synthetic
earthquakes; when >6 TIA parameters were used, the rate of earthquake recognition
dropped significantly for both true and synthetic events. In total, we identified 627 TIA
for true earthquakes and 430 TIA for synthetic earthquakes. The different TIA types were
similar between the true and synthetic earthquakes (Figure 7b,c). For true earthquakes, the
NTIAs of ST, AT, CWV, and COLR had slightly more counts; for the synthetic earthquakes,
the PTIAs of AT and CWV, and NTIA of COLR had slightly more counts. This suggests
that NTIAs tend to correlate with true earthquakes, while PTIAs correlate with synthetic
earthquakes. This is consistent with the results of past studies in which significant negative
anomalies were confirmed around epicenters [24,45]. For true earthquakes, positive and
negative TIAs of AT and CWYV had the highest recognition counts (>15); for synthetic
earthquakes, positive and negative TIAs of ST and AT had the highest recognition counts
(>20) (Figure 7d,e). The TIA trend characteristics before earthquake occurrence were not
unique; however, the data revealed certain unexplained anomalous phenomena.
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Figure 7. Statistical results of multiparametric temporal integrated anomaly (TTA) trends for true and
synthetic (SYN) earthquakes (EQ). (a) Alarmed earthquake ratios as a function of TIA type counts for
TIAs based on 5 parameters multiplied by 2 types of positive or negative anomalies; anomaly counts
of different TIA types for (b) true and (c) synthetic earthquakes; “P”/“N” before the underscore
denotes positive or negative TIA (e.g., ST_P is positive skin temperature TIA); earthquake counts of
different TIA types for (d) true and (e) synthetic earthquakes.
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Positive /negative anomalies could have one of four combinations: (1) neither positive
nor negative TIA, (2) only positive TIA, (3) only negative TIA, and (4) both positive and
negative TIAs. For each geophysical parameter, the likelihood of identifying pre-seismic
anomalies was higher for true earthquakes than for synthetic earthquakes (Figure 8). More
specifically, synthetic earthquakes had more no-TIA situations, and the counts of the other
three combinations were less than those of the true earthquakes. While we identified a
small number of exceptions for the AT and CWYV TIAs, these results confirm that TIAs
for all parameters can identify pre-seismic anomalous signals to some extent (Figure 7).
As such, the proposed approach has good potential for predicting future earthquakes.
Remote sensing observations from space-borne platforms contain seismogenic information
that is subtle and transient compared with the strong background signals from natural
processes and anthropogenic activities. As a result, most precursory parameters also
had high missed detection and false alarm rates. Moreover, when the false alarm rate
was suppressed, the accuracy rate also decreased [45]. The TIA provides the potential to
improve forecast accuracy.
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Figure 8. Statistical results of temporal integrated anomalies (TIAs) for each geophysical parameter.
(a) Skin temperature (ST) TIA; (b) air temperature (AT) TIA; (c) total integrated column water vapor
burden (CWV) TIA; (d) outgoing longwave radiation (OLR) TIA; (e) clear-sky OLR (COLR) TIA.
‘None’ denotes neither positive nor negative TIA; P denotes only positive TIA; N denotes only
negative TIA; and P & N denotes synchronous positive and negative TIAs.

4.3. Statistical Analysis Based on Earthquake Locations

Earthquake location influences anomaly characteristics owing to different underlying
surfaces and medium properties. For true earthquakes, coastal earthquakes were the most
common (109), and inland earthquakes were the least common (13; Figure 9). OLR and
CWYV NTIAs recognized more inland earthquakes but with higher missed earthquakes
(Figure 9a). COLR TIA had a strong ability to recognize oceanic earthquakes with both
positive and negative anomalies. Similar patterns were observed for coastal and oceanic
earthquakes (Figure 9¢). The synchronous positive and negative TIAs always had poor
recognition ability for oceanic and coastal earthquakes. Land cover affects the spatial
distributions of diverse parameters, leading to high spatial heterogeneity, while seawater
has high thermal inertia, which changes thermal radiative transfer from the seabed to the
sea surface [8]. For instance, CWV increased after the 2001 Gujarat earthquake, for which
the epicenter was beneath the sea [29]. Significantly reduced sea surface temperatures have
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been observed prior to some earthquakes and may be related to the upwelling of cold water
from the ocean floor [46].
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Figure 9. Statistical results of multiparameter temporal integrated anomalies (TIAs) for (a) inland,
(b) oceanic, and (c) coastal earthquakes (EQ). ST, skin temperature; AT, air temperature; CWYV, total
integrated column water vapor burden; OLR, outgoing longwave radiation; COLR, clear-sky OLR.

Figure 10 shows the spatial distributions of recognition and non-recognition earth-
quakes. The recognized rates were higher near earthquake-prone regions (light gray areas).
Therefore, the proposed method provides insight into the apparent statistical significance
between anomaly phenomena and earthquakes and has a forecasting ability that exceeds
that of random guessing. Our results clearly demonstrate that seismically active regions are
the most appropriate for testing methods to forecast earthquakes (e.g., in Japan; [32,43]).
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Figure 10. Map of alarmed (temporal integrated anomaly [TIA] counts > 2) and not alarmed
earthquakes for both (a) true and (b) synthetic (SYN) events.

4.4. Statistical Analysis Based on Earthquake Focal Mechanisms

Focal mechanisms were obtained from the GEOFON data center of the GFZ German
Research Centre [47]. Focal mechanism solutions, which were only available for 94 of the
169 earthquakes (mostly those after 2011), were classified into strike-slip, normal, and thrust.
If more than one type existed for a given earthquake, the major component was chosen.
For normal earthquakes in Figure 11a, ST PTIA and OLR/COLR NTIAs showed the best
recognition ability. Thrust earthquakes were the most numerous (49 events) and were most
commonly associated with NTIAs (Figure 11b). For strike-slip earthquakes, synchronous
positive and negative TIAs (particularly OLR/COLR TIAs) had better recognition ability
than they did for the other earthquake types. Overall, negative anomalies were the most
prevalent phenomena for all earthquake types (Figure 9; [45]).
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Figure 11. Statistical results of multiparameter temporal integrated anomalies (TTAs) for (a) normal,
(b) thrust, and (c) strike-slip earthquakes (EQ). ST, skin temperature; AT, air temperature; CWV, total
integrated column water vapor burden; OLR, outgoing longwave radiation; COLR, clear-sky OLR.

5. Discussion
5.1. Implications for Earthquake Forecasts

The prediction of earthquakes has been recognized as a global problem [10]. Earth-
quakes are rapid energy release processes that must produce various anomalous phenom-
ena with respect to normal reference signals [4,19]. The basic assumptions are: (1) the
bigger the earthquake, the more obvious the anomalous signals; and (2) the shorter the
interval until the earthquake, the clearer the anomalous signals. TIA trend characteristics
were observed for both true and synthetic earthquakes; as such, earthquake alarms based
on the proposed method come with significant uncertainties. This is a prevalent issue
that impedes operational earthquake forecasting. Anomaly detection methods have good
performance for retrospective correlation analysis (i.e., high accuracy and low missed detec-
tion rates); however, earthquake forecasting based on prospective statistics in seismically
active regions has low forecasting capacity [45].

Despite the optimism of some researchers, routine and accurate earthquake forecasting
remains a challenge [48]. Therefore, new approaches (e.g., artificial intelligence) need to
be developed and verified [21]. The extension of natural time analysis to remote sensing
data is also an important aspect, based on the success of this approach, in the detection
of precursory phenomena of seismicity, surface displacements, Earth’s magnetic field,
and seismic electric signals prior to the strong earthquakes [7,19]. Combining multiple
data sources offers the potential to refine the detection of anomalous phenomena [4,15], as
confirmed by our results. Therefore, short-term earthquake forecasting models that combine
multiple data streams are deemed to be the most promising approach [43]. Moreover, a
robust and quantitative evaluation of anomaly detection methods is needed to gain new
insights into the feasibility of earthquake forecasts. By constructing a uniform baseline
using historical observation data and earthquake catalogs in retrospective and prospective
ways [45], we will be better able to compare various approaches and parameters, offering
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the potential to develop models for integrating precursors and anomaly detection methods
for operational earthquake forecasting.

5.2. Underlying Geophysical Mechanisms of Pre-Seismic Anomalies

The findings derived from rock experiments offer an experimental basis for relating
temperature anomalies to variations in crustal stress fields and tectonic activities from
remote sensing observations [49-52]. Elastic energy continuously accumulates in the
rock mass during earthquake preparation. Both theoretical calculations and laboratory
measurements indicate that temperature variations are related to the quantity of volume
strain measured under elastic stress conditions for solid materials. The thermal elastic
coefficient of roughly 1 mK/MPa is proportional to the principal stress [50,53]. When the
volume strain increases due to compression, the temperature also rises, while it will decline
in the tensile state. Accompanying thermal effects caused by the change in the strain
levels of the deformation field are likely associated with surface temperature, which can
be retrieved from thermal infrared (TIR) measurements [54]. TIR radiation field (e.g., ST,
AT, and OLR) derived from satellite observations serves as a feasible physical parameter
related to regional overall stress fields to some extent in this research field [55].

Fault deformation is always local and mostly deep below the ground surface. However,
multiparametric anomalies are widespread and regional at the seismogenic zones. The
geophysical mechanism of how the heating derived from fault deformation transfers to
the ground surface or the atmosphere is a key point. The thermal conductivity, thermal
inertia, and time constant of the thermal diffusion of rocks are the controlling factors for
transmitting the Joule temperature to the TIR radiation field. The low heat conductivity
of rocks delays the transfer of increased temperatures caused by fault deformation at the
scales of months to years, even decades. This is inconsistent with the satellite observation.
In p-hole theory [56-60], however, mechanical stresses between rocks lead to the activation
of peroxy defects deep in the Earth’s crust. These peroxy defects release electronic charge
carriers, electrons e” and holes h®. The h® have the remarkable ability to flow out into and
through the surrounding rocks that are less stressed or unstressed and to propagate rapidly
to the distant regions. When the h® arrive on the Earth’s surface, they lead to a series of
follow-up reactions. The exothermal recombination of h® on the Earth’s surface leads to a
stimulated TIR emission, another source of thermal radiation other than Joule temperature,
which could be received by satellite sensors.

This work illustrates the extensive TIR measurements that can be derived from a
satellite platform. It is worth noting that multiparametric anomalies may reflect the fault
activities of tectonically active regions that do not always correspond to an impending earth-
quake, as the anomaly is not a sufficient condition. Various non-seismic factors affect TIR
radiation changes and anomalous features [8], and the triggering of an earthquake is also
influenced by intricate geologic conditions, tectonic movements, and dynamic processes.

6. Conclusions

The short-term (days or weeks) pre-seismic period is a critical phase during which
stress accumulation becomes stronger and corresponding precursory responses (e.g., ST)
likely increase in amplitude. We developed a TIA method to obtain the temporal trend of
multiparametric anomalies derived from AIRS products before earthquakes; four types of
TIA trends were identified. A total of 169 global earthquakes with magnitudes of >7.0 were
used to test this new method in a retrospective manner. In addition, we generated 169 syn-
thetic earthquakes to test the suppression capacity of anomaly detection in tectonically
non-active areas. A time series-based anomaly removal method was developed to generate
the reference fields of ZS methods. Long-term correlation analyses showed that recog-
nition ability was 12.4-28.4% higher for true earthquakes than for synthetic earthquakes
(i.e., higher than that of a random guess). TIA incorporating 2-5 parameters was optimal
for recognizing the earthquakes, indicating that multiparametric anomalies can provide
complementary information to improve statistical significance. Our results confirm the
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appearance of TIA in spatiotemporal correspondence with forthcoming earthquakes, and
some unexplained anomalous signals around epicentral areas were observed. A greater
understanding of geophysical mechanisms and the development of new anomaly detection
methods would strengthen the uniqueness of pre-seismic anomalous phenomena.
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Abstract: This study intends to evaluate the possible correlation between the correlation dimension
(Dc) and the seismic moment rate for different late Quaternary active fault data, shallow crustal
earthquakes, and GPS on the island of Sumatra Probabilistic Seismic Hazard Analysis (PSHA). The
seismicity smoothing was applied to estimate the D¢ of active faults (Dg) and earthquake data
(Dg) and then to correlate that with the b-value, which will be used to identify seismic hazard
functions (SHF) along with the Sumatra Fault Zone (SFZ). The seismicity based on GPS data was
calculated by the seismic moment rate that is estimated based on pre-seismic horizontal surface
displacement data. The correlation between D, Dg, and the b-value was analyzed, and a reasonable
correlation between the two seismotectonic parameters, Dg-b, and Dg-b, respectively, could be found.
The relatively high D¢ coincides with the high seismic moment rate model derived from the pre-
seismic GPS data. Furthermore, the SHF curve of total probability of exceedance versus the mean of
each observation point’s peak ground acceleration (PGA) shows that the relatively high correlation
dimension coincides with the high SHF. The results of this study might be very beneficial for seismic
mitigation in the future.

Keywords: correlation dimension; active fault; earthquake; b-value; GPS; seismic moment rate;

seismic hazard function

1. Introduction

Sumatra Island, Indonesia, is located in the convergent plate zone. It accounts for the
high concurrent rate and the oblique NE-ward geometry between the subduction of the
Indian—Australian Plates and the overriding southeastern Eurasian Plate [1-3]. This high
convergence rate causes Sumatra Island to have many earthquakes annually, implying a
high-stress level. The five most significant earthquakes support the large historical catalog
of shallow earthquakes along the Sumatran megathrust over the last 250 years, M,, > 8.0.
As explained by references [3,4], the active fault on Sumatra Island has been termed the
1700 km long Sumatran Fault Zone (SFZ). The Sumatran seismotectonic map depicting
the Sumatran Subduction Zone, SFZ, and plot of the historical shallow large earthquake
data can be seen in Figure 1. Consistent with [1,5], the dominant right-lateral shear fault
zone accommodates most of the parallel components of the convergence of the sloping
plate between the Indian-Australian and the Sunda Plates and has an average slip rate of
~15-16 mm per annum along some of its length [6-8]. The Sumatra Fault Zone (SFZ) within
the mainland of Sumatra suggests that the released megathrust strain directly influences it.
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Figure 1. The Sumatran seismotectonic map depicting the Sumatran Subduction Zone and Sumatran
Fault Zone (SFZ) overlays with the historical shallow large earthquake data of 1925-2014 with a
magnitude (M) larger than or equal to 6.0. Historical earthquake data are based on Ref. [9].

McCloskey et al. [10] pointed out the effect of change in stress due to the 2004 Sumatra-
Andaman earthquake on the adjacent rupture zone in the Nias segment, which was even-
tually quaked in March 2005 northern part of the SFZ, which has not yet produced M7
onshore earthquake. Qiu et al. [11] and Cattin et al. [12] suggest that there exists the effect
of megathrust earthquakes on the SFZ. Sumatra Island was chosen as a master model
because of the large body of complete historical earthquake and active fault data of the
Northwestern Sunda Arc that can be found there.

Based on the previous study [13], late quaternary active faults in seismic hazard
assessments allowed us to capture the recurrence of large magnitude events and, therefore,
increase the reliability of the Probabilistic Seismic Hazard Analysis (PSHA). From a seismic
hazard point of view, the first step would be to identify a potentially active fault and
then evaluate the earthquake rate that each fault might generate. Swan et al. [14] and
others [15,16] proposed the various features of the potential factors controlling the location
and length of failure (i.e., rules for segmentation). Meng et al. [17] found that the largest
strike-slip and intraplate earthquake ever recorded offshore Sumatra has resulted from
the combination of deep extent, high-stress drop, and rupture of multiple faults. Using
geometrical constraints to identify persistent segment boundaries (where most or all of a
propagating rupture is arrested event after event) provided an important framework for
quantifying fault-based PSHA [18-20].

Sieh and Natawidjaja [3] and others [7,8,21] acknowledge that the Sumatran Fault is
very segmented. The SFZ has often been divided into 12-19 segments separated by a ~3 to
12 km wide stepover [3], limiting the break area that will break in one event [22,23]. Burton
and Hall [21] studied clustering by applying k-means analysis along the SFZ using shallow
earthquake data with a strike-slip mechanism. Burton and Hall [21] suggested that about
16 clusters partition the seismicity, and eight significant segments dominate the SFZ. The
results of Burton and Hall [21] may improve the previous seismic hazard study [7,24] from
the viewpoint of the probabilistic method.

According to Mandelbrot [25], fractal analysis can be used to describe the geome-
try of objects naturally. Many shreds of evidence of phenomena in space-time, such as
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seismicity, can be characterized and interpreted by fractal models using power laws (e.g.,
Refs. [26-35]).

Studies on the possible correlation between earthquake seismicity and the distribution
of active faults are limited. Sukmono et al. [30,31] studied the fractal geometry of the
Sumatran active fault system, the data used were active fault data, and the correlation with
the earthquake seismicity was not discussed very clearly. Pailoplee and Choowong [34]
studied the earthquake frequency-magnitude distribution and fractal dimension; however,
they only focused on using the earthquake catalog data. In this study, we use integrated data
of active fault, shallow earthquake catalog, and the GPS to understand better the possible
correlation between an earthquake and active fault seismicity based on the correlation
dimension (D¢) and its correlation with the b-value to estimate the seismic hazard.

Based on previous study results, the b-value in time and space can be related to the
phenomenon of stress levels before the occurrence of a large earthquake in a seismotectonic
area [26,28,32,33]. Wyss et al. [36] acknowledge that the application of earthquake statistics,
frequency-magnitude distribution (FMD) [37], and the correlation dimension (D¢) may
be a convenient approach for understanding local seismotectonic activities. Both the b-
values of FMD and D¢ values are significantly and directly associated with the stress
and earthquake phenomena. Pailoplee and Choowong [34] studied the FMD and D¢ in
mainland Southeast Asia, and their results suggest that the northern part of Sumatra Island
has a high-stress level.

Moreover, Bayrak and Ozturk [38] show that a low b-value is closely related to high
stress and strain loading. Therefore, it implies that we can expect to find a low b-value area
coinciding with a high seismic moment rate; thus, characterizing a correlation between the
D¢ values and the b-value could help better understand the possible seismic hazards by
identifying earthquake hazard functions (SHF). Furthermore, it might be very beneficial
for earthquake mitigation efforts, as these areas could be interpreted as having high-
stress levels.

Triyoso et al. [39,40] applied the least-square prediction method (LSC) over the entire
gridded area using pre-seismic GPS data. Their purpose was to estimate the horizontal
surface displacement in each grid or cell of the coastal area of Sumatra Island. The hori-
zontal crustal strain was calculated using the horizontal surface displacement estimated
by LSC in the entire study area of each cell. Furthermore, the horizontal crustal strain was
used as the input to calculate the seismic moment rate [41-44]. The stress level could then
be characterized based on the seismic moment rate; thus, it is possible to better correlate
the D¢ values and the b-values with the seismic moment rate to understand the stress
level [35,45].

This study aims to find the relationship between seismic b-values and the correla-
tion dimension (D¢) based on Sumatran Island’s earthquake and active fault data. Since
relatively high Dc is often directly associated with the stress level and earthquake phenom-
ena [34,35,45], finding seismic hazard function (SHF) with high Dc at several observation
points will be interpreted as areas with high-stress levels; thus, characterizing a corre-
lation between the Dc value and the b-value could help better understand the possible
seismic hazard.

The SHF is calculated based on an integrated seismic model of the earthquake catalog,
active fault data, and the estimated seismic moment rate. These are taken into consideration
to understand better the possible hazard that might occur. The analysis of seismic moments
around Sumatra Island refers to references [39,40], in which the approximation made by
reference [41] and others, such as Refs. [42—44], was adopted.

This study evaluated the correlation dimension for data from the late Quaternary
active fault and the shallow crustal earthquakes. First, the correlation between Dy, Dg, and
the b-value was analyzed using a cross-plot and then compared with the seismic moment
rate to estimate the SHF. In addition, the algorithm of the seismic smoothing based on the
previous study [39,46,47] is used to estimate the correlation dimension, as it is supposed to
obtain a more robust result.
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2. Data and Methods

The data utilized in this study are supported by Natawidjaja and Triyoso [7] and
others [8,9,39,48]. Pre-seismic GPS data refer to Ref. [49] and others [2,6,50-54]. The earth-
quake seismic data used in this study are based on earthquake data with a magnitude of
My > 4.7 and a maximum depth of 50 km selected from 1963 to 2020 (Figure 2A). This
study adopts the 5 km starting locking depth and 20 km of the seismogenic thickness or
25 km of the maximum seismogenic depth by referring to Ref. [39]; thus, the maximum
depth of earthquake catalog of 50 km or twice the maximum seismogenic depth is used.
Seismic zoning is based on the modified clustering of Burton and Hall [21]. The active
fault data are based on the newly revised results of the PuSGeN Team [48] for the Updated
Indonesia Seismic Hazard Map with new slip rates from recent geological and geodetical
(GPS) studies [8,48]. Based on previous studies [47], the MATLAB subroutine is used to
realize seismology and geological data modeling. The FORTRAN and MATLAB subroutine
based on Refs. [39,40] is used in the case of the GPS data. Mapping and plotting tools are
developed using MATLAB subroutine based on previous studies [39,40,47]. The summariz-
ing data used in this study can be found in the Supplementary Materials. They are shallow
earthquake catalog data, the boundary zone based on Ref. [20], the grid in MAT file format
LSQR 152 GPS data, and active fault data of SFZ.
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Figure 2. The shallow earthquake catalog data from 1963 to 2020 with the magnitude of Mw > 4.7
and a maximum depth of 50 km [9] of 19632016 and the GCMT catalog of 2017-2020, the active fault,
and pre-seismic GPS data (A). The b-value map overlays with the 15 zones area (B). The b-value is

estimated based on the maximum likelihood (2) using a constant number of 50 events on each grid.

2.1. Earthquake Frequency-Magnitude Distribution (FMD)

Frequency-magnitude distribution (FMD) is usually parameterized by using the
Gutenberg-Richter (G-R) power-law relationship [37]; such a frequency-magnitude re-
lationship is as follows:

log;,N(M) =a—b(M—M,) 1)

where N(M) is the number of earthquakes with a magnitude greater than or equal to M,
(magnitude completeness or minimum magnitude), a is a constant, and b describes the
slope of the size distribution of events. It is proportional to the productivity of the seismic
volume or the rate of earthquake production.
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The b-value is an important statistical parameter and is correlated with the possible
size of the scaling properties of seismicity. Generally, b-values are in the range of 0.3
to 2.0, depending on different regions. According to Ref. [55], the average b-value on a
regional scale is usually equal to 1. Lower b-values are often interpreted as possible regions
that are subjected to higher applied shear stress after the mainshock. In contrast, areas
having higher b-values are areas that have experienced slip. Based on the previous study,
high b-values are often found in areas with increased geological complexity, indicating
multi-fracture areas. The critical findings of an earlier study [38] show that a low b-value is
closely related to the low degree of heterogeneity of the cracked medium, enormous stress
and strain, high deformation rates, large faults, and thus, seismic moment rates. The most
robust method for calculating the b-value is maximum likelihood [56]. The formula can be

written as follows:

_ log(e)
b= (M — M, + 0.05) @

where M is the average magnitude value greater or equal to M., and M is the minimum
magnitude or the magnitude completeness. The 0.05 in Equation (2) is a correction con-
stant [38]. The standard deviation of the b-value with 95% of the confidence limit can be
estimated based on the equation suggested by Ref. [56] as ~ (1.96b//n), where n is the
number of earthquakes used to estimate the b-value of each zone.

2.2. Correlation Dimension (Dc) of Earthquake and Active Fault Data

In the chaos theory [57], the correlation dimension (D¢) is a measure of the dimension
of the space occupied by a set of random points. It is often referred to as a type of
fractal dimension. Using a two-point correlation dimension (D¢), the spatial and temporal
distribution patterns of fault and earthquake seismicity were shown to be fractal [32-36].
Analysis of the correlation dimension is a powerful tool for quantifying a geometrical object
of self-similarity, following Ref. [57], which defined D¢ and correlation sum C(;), as follows:

log C
D, = lim< °8 <f)) 3)

in which C(;) is the correlation function, r is the distance between two epicenters, and
supposing N is the number of pairs of events separated by distance R < r. If the epicenter
distribution has a fractal structure, the following relationship would be obtained:

2N <r
<t = (vnoT) @
C(r) ~ P ®)

where Dc is the fractal dimension (more strictly, the correlation dimension). Distance r
between two earthquakes could be calculated (in degrees) using:

r = cos™ ! (cos 0;cos 6; + sin 6; sin 6; cos(¢; — ¢y)) (6)

where (0;,¢;) and (0j,¢;) are the latitudes and longitudes of the ith and jth events, respec-
tively [26]. In this study, the algorithm of the box counting [58] is adopted to estimate
Dc, in which the binary image of the object is successively divided into finer equivalent
sub-regions (4, 16, 64, and more) by the ratio (r =2, 4, 8, and so on) on both horizontal and
vertical axis, respectively. Following the box counting algorithm, in which the object pixel
value is represented by logical 1 and the background pixel value is represented by logical 0,
then the Equation (3) could be written as follows,

. log N(r)
o)
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in which Ny is the number of the same size squared sub-regions containing one or more
pixels of value 1.

By plotting log r and log Nj;), the fractal dimension, D¢, could be obtained from the
slope of the graph’s line of least squares (LLS).

2.3. Seismicity Smoothing

In keeping with the previous study, the seismicity smoothing algorithm using the
Gaussian function approach, for example, was implemented [23,39,46,47]. To realize the
seismic smoothing algorithm, we first gridded the study area, then counted the number (1;)
of earthquake events with a magnitude greater than or equal to the reference (M,,f) in each
cell or grid. The counting result of #; represents the maximum likelihood estimate of 10%
or A-value for earthquakes with a magnitude larger than or equal to M, in each cell [59].
The n; values in each cell were then smoothed spatially by applying a Gaussian function.
The correlation distance c was used during smoothing. The following equation obtained
the smoothed value in each cell:

2
_ Aij

_ _ Ljne <
nj=-———

— ®)
b

Yje <

in which fj is normalized and addressed to preserve the total number of events, Aij is the
distance between the i-th and j-th cells, and c is the correlation distance. In Equation (7),
the sum is taken from cell j within a distance of 3c from cell i. When applying seismicity
smoothing in this study, a correlation distance of 50 km was used to estimate the A-value.

To derive the correlation dimension based on shallow earthquake data, denoted by
Dg, in this study, we first apply the seismicity algorithm using a distance correlation of
25 km. The Dg is then estimated by application of the box-counting algorithm using (7).

2.4. Active Fault Modeling

To derive the correlation dimension based on active fault data, denoted by Dy, in
this study, we first create the synthetic epicenter of an earthquake using fault distribution
data. The synthetic catalog algorithm is based on Refs. [47,60]. First, the fault earthquake
epicenter positions were distributed uniformly along with the active fault positions, with
each interval at a distance range of about 5 to 10 km. Subsequent synthetic epicenter
distribution data were smoothed with a distance correlation of 10 km. The Dk is then
estimated by application of the box counting algorithm using (7).

Furthermore, fault seismicity, or the A-values for active fault data, were modeled
by integrating shallow earthquake data from Ref. [9] of the (My, > 4.7, H < 50 km from
1963 to 2016) and GCMT catalog from 2017 to 2020 around the active fault zone and
the synthetic catalog data model. For shallow earthquake data around the active fault
zone and the synthetic catalog data model, we followed Ref. [60] by applying the seismic
smoothing algorithm based on [46] and using a correlation distance of 50 km and 25 km.
The integration between the two models was done by weighting the A-value model from the
earthquake catalog with normalized smoothed seismicity obtained from active fault data.

2.5. Geodetic Modeling

To obtain the geodetic modeling data, we assumed that the horizontal displacement
field of each observation point over the entire seismogenic depth is homogeneous and
isotropic. Furthermore, the horizontal displacement components of u and v are in E-W N-S
directions. Therefore, an assumption is needed to determine which signals of u and v are
not correlated [61,62]. The study area was gridded into 10 km x 10 km cell sizes to estimate
the surface strain rate based on GPS data. Basing our procedures on previous studies [39,40],
we calculated the horizontal crustal strain rate of each cell by applying the LSC method.
In keeping with previous studies around the Sumatra Islands [39,40], we applied the
least-square prediction method, which uses the horizontal surface displacement data to
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estimate the horizontal surface displacement of each cell in the study area. Furthermore,
the horizontal crustal strain was used as the input to estimate the seismic moments around
Sumatra Island. The following equation to calculate the scalar moment was adopted using
the formulation done by Refs. [41-44]:

My = 2uHA max(Jey , es] ) ®

where 1 is the rigidity, H is the seismogenic thickness, A is the unit area, and e; and e; are
the principal strain rates.

Finally, the annual seismicity rate model around the SFZ is estimated based on the
integrated annual A-value of the earthquake and active fault data as described in Section 2.4
and is weighted by the normalized seismic moment rate based on GPS data. This annual
seismicity rate model is then used to estimate seismic hazards.

2.6. Seismicity Rate Model: Earthquake Rate Formulation

In reference to Refs. [39,40,60], the rate of earthquake occurrence with a magnitude
above or equal to magnitude completeness as the magnitude reference (M,f) could be
expressed as:

Ni

Vi(z Mref) ~ T (10)

where N; is the number of earthquakes with a magnitude greater than or equal to magnitude

completeness (>M,), T is the period of observation, and v;, based on Ref. [60]’s research,

represents the likelihood of the A-value (10?) of the earthquake with a magnitude greater

than or equal to the reference magnitude (M,f). The M, could be greater than or equal
to M.

Furthermore, by substituting 10? of Equation (9) in the frequency-magnitude of the
Guttenberg—Richter equation [37], the following equation is obtained:

ﬁi(>— Mref) —bm —b(m—Mmax)
(> ~ — =7 — max
vi(>m) In(10) 10 (1 10 ) (11)

where n;(>M,) is the estimated number of earthquakes above or equal to magnitude
completeness, T is a period of observation, and b is the b-value.

The annual seismic rate model around the SFZ is used to estimate seismic hazards
based on the result as described in Section 2.5.

2.7. Seismic Hazard Function (SHF) Estimation: Ground Motion Prediction Equation (GMPE)
and Probability Exceedance (PE)

In reference to Refs. [39,40,60], the probability of exceedance (PE) of the annual earth-
quake rate with magnitudes greater than or equal to M., which can be converted into the
estimated ground motion (PGA) using Ground Motion Prediction Equation (GMPE) at
point of observation, can be expressed as:

Pa > ao) = Py(m > m(ay Ry)) = 1 — el Wm0 (12)

where Py (m > m(a,, Ry)) is the annual PE of earthquakes in the kth cell, m(a,, Ry) is the
magnitude in the k" source cell that could produce an estimated PGA of a, or larger at
the observation point, and Ry is the distance between the site and the source cell. The
calculation of the SHF parameter is based on [60]. The function m(a,, Ry) is estimated
based on the GMPE relation. The GMPE used is based on the results of [7], in which the
GMPE of Ref. [63] is used. In this study, the GMPE of Ref. [63] is updated with the GMPE
of [64]. The total PE distribution of PGA at the site was estimated based on a given radius
of the influences of the surrounding source cells, which can be expressed as:

P(a > a,) =1—] [Px(m > m(ao, Ry)) (13)
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By substituting the GMPE in (13), we can obtain the annual PE of the particular PGA
or PGV as follows:

P(a>a,)=1-— He(_Vi(Zm(”O/Rk>)) — 1 — e—2vi(zm(ao,Ry)) (14)
Furthermore, for a given time duration T, the PE could be estimated as follows:
P(a>a,)=1— He(—TVi(Zm(ﬂo,Rk))) — 1 — e~ ZTvi(Zm(ao,Ry)) (15)

Thus, each grid’s annual PE of specified ground motion is calculated using (14). Then,
for a given time duration of T, the PE of a given value of the ground motion is computed
using Equation (15).

3. Result and Discussion

The motivation of this study is to determine the relationship between seismic b-values
and the correlation dimension (Dc) based on earthquake and active fault data in the
Sumatra Islands. The purpose of using both the shallow earthquake catalog data and the
active faults to estimate the correlation dimension (Dg and Dg) is to find a better correlation
with the b-value, which will be used to identify earthquake hazard functions (SHF) as a
function of D¢ along with SFZ. The SHF is calculated based on an integrated seismic model
of the earthquake catalog, active fault data, and the estimated seismic moment rate. These
are addressed to produce an annual seismic rate model based on the combined data sources
for probabilistic seismic hazard analysis. In addition, the pre-seismic GPS data are used to
estimate the seismic moment rate model based on the estimated horizontal crustal strain.
The estimation of the seismic moment around the Sumatra Islands refers to Refs. [39,40], in
which the approximation made by Ref. [41] and others, such as Refs. [42—44], was adopted.

The shallow earthquake catalog data from 1963 to 2020 with M,, > 4.7 and a maximum
depth of 50 km [9] of 1963-2016 and GCMT catalog of 2017-2020, the active fault and
pre-seismic GPS data are used in this study (Figure 2A). The active fault data are based
on the newly revised [9] and recent studies [8,48]. The pre-seismic GPS data are based
on [2,6,49-54]. The zonation based on the clustering study of [21] is adopted for estimating
D¢ and the b-value. In this study, about 15 zones around SFZ are used by following their
suggestion [21] to merge the zonations 15" and 16.

First, to estimate the b-value, we grid the study area based on 15 zones around the
SEZ by 10 km x 10 km. Furthermore, the b-value is calculated based on the maximum
likelihood (2) using a constant number of 50 events on each grid. The result can be found
in Figure 2B.

Based on the result of Figure 2B, the mean b-value of each zone is calculated, and the
Dg and Dr are estimated using (7) based on the box-counting algorithm. Furthermore, the
cross plotting between Dg or Dg with the mean b-value is constructed. The result can be
seen in Figure 3A. In this study, the purpose of evaluating both Dy and Dr is to find a better
correlation between the correlation dimension and the b-value utilized to estimate the SHF
of the SFZ or the sites in the SFZ selected zone.

The correlation between Dy, Dg, and the b-value was then evaluated by referring to the
previous studies [34,35,38] in which linear regression was applied. Based on Figure 3A, a
reasonable correlation between two seismotectonic parameters, Dg-b, and Dg-b, for Sumatra
Island can be found. It appears that the relationship of Dg-b seems better compared to Dg-b.
It is probably related to the certainty of the distribution of the geometry data. The surface
break of the late quaternary active fault is better than the distribution of the epicenter of the
earthquake data. Next, to better understand the focal mechanism of the GCMT earthquake
catalog in the depth range of 10 to 50 km around the SFZ depicts the strike-slip with a right
lateral mechanism, as shown in Figure 3B.
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Figure 3. The cross-plot Dg, Dg, and the mean b-values are estimated based on the 15 zones (A). The
focal mechanism plot is based on the GCMT catalog of shallow earthquake data for earthquakes at
depths less than or equal to 50 km with a magnitude larger than or equal to 4.7 in the earthquake
period between January 1976 to December 2020 [65,66] (B).

The next step calculates the Dy over the entire area of the 15 zones using the equation
Drp = 2.851 — 1.272b with the input of the b-value map of Figure 2B. The result can be found
in Figure 4A. Figure 4A shows the map of the estimated Dr overlay with the historical large
earthquake catalog around the SFZ. The relatively high D¢ coincides with the historical
data of the large earthquakes with a maximum depth of less than 50 km from 1925 to 2014.
To enhance the contrast of DF, we then constructed the map of Df subtracted by the mean
of D over the entire area of the 15 zones. Furthermore, we selected about ten sites to
evaluate the SHF. The result can be found in Figure 4B. Referring to Figure 4B, relatively
high D¢ (D¢ > the mean of D) is distributed along zone 1, zone 5, zone 6, zone 8, zone 10,
and part of zone 11; most of the previous historical large earthquakes are found.

The reliable annual seismicity rate model needs to be constructed to estimate the SHF
on each site we selected. To assess the reliability of the annual seismicity rate model in
this study is developed by integrating shallow earthquake catalog, active fault, and the
pre-seismic GPS data. The summarized workflow in this study based on Sections 2.3-2.6
could be described as follows. First, we smoothed the shallow earthquake catalog data
around the study area using a 50 km correlation distance. Next, the synthetic catalog
data model based on active fault data are smoothed using a correlation distance of 25 km.
The integration between the two models was done by weighting the A-value model from
the earthquake catalog with normalized smoothed seismicity obtained from active fault
data. Furthermore, the shallow crustal dynamic data are incorporated in this study by
following [39]; it is used GPS data.
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Figure 4. The map of Dy overlay with the historical earthquake catalog with the My, > 6.0 around
the SFZ (A). Dr is calculated using equation Dg = 2.851 — 1.272b with the input of the b-value map
of Figure 2B. The map of (Dp—mean of D) over the entire clustered zone boundary of Burton and
Hall [21] and selected about ten sites to evaluate the SHF starting from the North-West to South-East
(B). The relatively high D¢ coincides with the historical shallow large earthquakes data of Ref. [9]

from 1925 to 2014.

The algorithm for constructing the model using the GPS data are as follows. First, we
developed the seismic moment rate is based on Sumatran Island’s horizontal crustal strain
model. In this step, the least-square prediction method [39,40,47,61,62,67] was applied to
calculate the horizontal crustal strain based on each cell’s horizontal surface displacement
estimation over the entire study area. Furthermore, each cell’s seismic moment could be
calculated using Equation (8) [41-44]. We assumed the rigidity (1) and the seismogenic
thickness (H) to be 3.4 x 101 dyne‘crn_2 and 20 km, respectively [39,40]. The result of the
seismic moment rate model can be found in Figure 4A. Figure 4A shows that the areas with
relatively high correlation dimensions (D) coincide with high seismic moment loading
rates, implying high tectonic stress loading that could pose the risk of producing significant
earthquake hazards. The result of this study is aligned with the previous study [34,35];
however, the advantage result of this study is that we could understand the correlation
between the high D¢ with the possible present-day strain loading since we incorporate the
present-day shallow crustal movement data. It is suggested that the algorithm of this study
is applicable in the other active tectonic area as far as the data are available.

Finally, the annual seismicity rate model around the SFZ is estimated based on the
integrated annual A-value of an earthquake and active fault data as described in Section 2.4
and is weighted by the normalized seismic moment rate based on GPS data as is shown in
Figure 5A. The result can be found in Figure 5B. Figure 5B shows the annual seismicity rate
model that we propose as the most reliable model to estimate seismic hazards along SFZ.
In addition, the model is suggested to have a better certainty in geometrical source and
rate distribution.
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and the normalized seismic moment rate model based on the GPS data (B).

Furthermore, the SHF curve of the total probability of exceedance versus the mean of
the peak ground acceleration of each observation point (sites #1 to #10) was constructed
using the maximum radius distance of about 100 km with a magnitude range of 6.0-8.0.
Since seismicity smoothing was used, the point source model was applied, and the source
depth was placed at about half of the seismogenic thickness (about 20 km), with the starting
locking depth being 5 km [39]; thus, a source depth of 15 km was used. The period of
the SHF evaluation was set at about 50 years. The result of the SHF curve can be seen in
Figure 6A,B. Another critical finding in this study is that the relatively high correlation
dimension coincides with a high SHF curve, and it could be summarized that the areas with
a relatively high correlation dimension (Dg) overlap with high seismic moment loading
rates, which may imply high tectonic stress loading that could pose the risk of producing
significant earthquake hazards in the future.

111



GeoHazards 2022, 3

SHF (Mean)- with Max. Distance: 100km

SHF (Mean)- with Max. Distance: 100km

10° 10°
e e SHF Site#f1 D R SHF Site#6
BN ======= SHF Site#2 N O N SHF Site#7
Q, B0, ======= SHF Site#3 Ve o ======= SHF Site#8
R L SHE Sitett4 B N, T SHE Sitetto
Ny e T S SHF Site#5 o, &, - SHF Site#10
L) = .,
'\C;\\ \8-\:&«.\. \Eﬂl:l ., ~ (oW
N, Q '*O__ "‘-.O 'l:_\ . S
o 107 NN RN g 107 ‘@ir-\“n b
g ] S ma, o ‘?C;-G&-\‘ b
[ Sl I8 @ BN e
) LY O e~ it R T
'ﬁ ™ \ -“\ O."'x e ~, Iﬁ w‘l‘:‘l:x“os b4
u “ . o. 2l R, R N
O. o, 0 g 5 @2\_ .\"O
=] s, .., o i ‘\:\-"‘. s
E 2 \\. \"\ E 2 '\@_ S .
10 - D.\ 10" -\_\;::\
’ o, b“'\
\. \-\‘
3!
n\
(A) (B)
1 0-3 L L el 1 0.3 ' | I
0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.15 0.2 0.25

Peak Ground Acceleration (g)

Peak Ground Acceleration (g)

Figure 6. The graphs show the SHF curve of each observation point (A,B). The SHF curve of total
probability of exceedance versus the mean of the peak ground acceleration of each observation
point (sites #1 to #10) was constructed using the maximum radius distance of about 100 km with a
magnitude range of 6.0-8.0. The source depth was set at half of the seismogenic thickness, which was
about 20 km, and the starting locking depth of 5 km was used; thus, 15 km of the source depth was
used. The period of the SHF evaluation was set at about 50 years.

4. Conclusions

This study could characterize a reasonable correlation between two seismotectonic
parameters, Dg-b and DE-b, for Sumatra Island, especially around SFZ. The relationships
are Dp-b and Dg-b, respectively (Dg = 2.851 — 1.272b) and (Dg = 2.5242 — 1.0702b). It is
found that the relationship of Dp-b seems better compared to Dg-b. The result leads to the
fundamental understanding that the certainty of the source geometry distribution based
on the surface break of the late quaternary active fault is better than the distribution of the
epicenter of the earthquake data.

The correlation dimension map in this study concludes that the relatively high D¢
coincides with the historical data of large earthquakes from 1925 to 2014. The most critical
finding in this study is that the areas with relatively high D¢ coincide with high seismic
moment loading rates, implying high tectonic stress loading that could pose the risk
of producing significant earthquake hazards in the future. The advantage of this study
compared to the previous research is that we could understand the correlation between the
high D¢ with the possible present-day strain loading since we incorporate the present-day
shallow crustal dynamic data.

In this study, we have proposed the algorithm to construct the most reliable annual
seismicity rate model along the SFZ. The model is estimated based on the integrated annual
A-value of the shallow earthquake, active fault, and seismic moment rate derived from the
GPS data. We suggest that the annual seismicity rate model tends to have better certainty
in geometrical source and rate distribution.

Another critical finding of this study leads us to conclude that the relatively high corre-
lation dimension coincides with a high SHF curve. Therefore, it could be summarized that
the areas with relatively high D¢ overlap with high seismic moment loading rates, which
may imply high tectonic stress loading that could pose the risk of producing significant
earthquake hazards in the future. This study also led us to the understanding that the
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high correlation dimension is closely related to the possibility of high seismic hazards in
the future.
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data (combined of PUSGEN catalog of 1963-2016 and GCMT catalog of 2017-2020), estimated b-value
based on a constant number of 50 events, the boundary zone based on Ref. [21], and grid in MAT file
format, LSQR GPS data, active fault data of SFZ and other materials related to the estimation results
in this manuscript.
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Abstract: The Ms 8.0 Wenchuan earthquake occurred on 12 May 2008, in the Sichuan Province of
China, and it was accompanied by a series of strong aftershocks. The mechanisms contributing
to the triggering of the Wenchuan aftershocks have attracted international attention. In this paper,
based on previous analysis of spatiotemporal distribution of aftershocks regarding pore pressure
diffusion of deep fluid, we established a three-dimensional hydraulic-mechanical coupling model
and investigated the influence of fluid migration and its mechanical effects in the Longmenshan fault
zone by using FLAC3D software. We obtained the characteristics of the pore pressure diffusion and
fault reactivation within 70 days in an area NA. The results show that the pore pressure significantly
increases up to 80 MPa during fluid intrusion into the fault plane. The pore pressure increase along
the fault dip is greater than that along the fault strike, with a maximum difference of 3.18 MPa. The
increase in pore pressure along the fault reduces the effective stress and leads to fault reactivation. The
evolution of the fault reactivation area calculated in the model is compared with the spatiotemporal
characteristics of the aftershocks. This study is meaningful for furthering the understanding of the
role of deep fluids in fault dynamics and aftershocks triggering.

Keywords: numerical simulation; pore pressure; hydraulic-mechanical coupling; spatiotemporal
distribution of aftershocks

1. Introduction

Earthquakes are often accompanied by changes in the physical properties, chemical
compositions, and other aspects of deep fluids [1-5]. The stress changes caused by a
mainshock can cause the diffusion of trapped fluids along a seismogenic fault, thereby
reducing the effective stresses and leading to further rock failure and triggering after-
shocks [6,7]. Geophysical inversions show that some earthquakes are located in areas
containing fluids or with high pore pressures, such as the 1995 Kobe earthquake [8], the
2001 Bhuj earthquake [9] and the 1938 Kutcharo earthquake [10] in Japan, and the 2009
L’Aquila earthquake in Italy [11]. Furthermore, there is much evidence to support that
the spatiotemporal distribution of some aftershocks may be driven by the migration of
fluid [12], including aftershocks of the 1992 Landers earthquake in the United States [13],
the 1995 Antofagasta aftershocks in northern Chile [14], the 1997 Umbra—Marche after-
shocks in Italy [6], the 2004 Sumatra aftershocks [15], and the aftershocks that occurred in
2014 in the West Bohemia/Vogtland region [16].

The Ms 8.0 Wenchuan earthquake is one of the largest disasters in China in recent
years. The mechanisms related to its triggering have been the focus of international at-
tention and have become an attractive field. Some scholars suggest that the occurrence of
the Wenchuan earthquake is related to the filling of the Zipingpu reservoir, e.g., [17-19].
Ge et al. [17] calculated stress changes caused by the filling of the Zipingpu reservoir at the
depth of the Wenchuan hypocenter and found that its filling could cause an earthquake to
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occur earlier than it otherwise would have. Lei et al. [18] analyzed the relationship between
reservoir-induced stress changes and seismicity near the reservoir. They found that the
filling of the Zipingpu reservoir caused Coulomb stress changes up to 0.05 MPa at 10 km
depth along the central fault of the Longmenshan fault zone, which could have contributed
to the Wenchuan earthquake. Sun et al. [19] used a three-dimensional porous elastic model
to estimate that filling the Zipingpu reservoir increased Coulomb stresses by 1 kPa at the
depth of the Wenchuan earthquake hypocenter. Although there is not yet a consensus
on whether the Wenchuan earthquake was triggered by the filling of the Zipingpu reser-
voir [20], these studies show that even small stress changes caused by fluids can lead to the
acceleration of seismicity. However, compared with surface reservoir impoundment, the
stress changes caused by deep fluid migration may be greater at the depth of the earthquake
hypocenter [21-23]. Many scholars have demonstrated the possibility that deep fluid may
exist in the Longmenshan fault zone using geophysical and geochemical methods [24-27].
Liu et al. [1] analyzed the Wenchuan aftershock spatiotemporal distributions by pore
pressure diffusion mechanics and suggest that the movement of deep fluid may trigger
aftershocks in the Longmenshan fault zone (Figure 1). However, it was mainly studied
from the point of view of hydraulic dynamics without considering the mechanical process.
It is necessary to further discuss the role of deep fluid migration in the triggering of the
Wenchuan aftershocks by considering a coupled hydraulic-mechanical model.
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Figure 1. Spatiotemporal distributions of aftershocks [1]. Reproduced with permission from Liu et al.,
Tectonophysics; published by Elsevier, 2014, with Number 5270230803519.

In this study, based on the analysis of spatiotemporal distribution of Wenchuan af-
tershocks [1], we build a three-dimensional hydraulic-mechanical coupling model for
investigating the process of deep-fluid diffusion along the fault and calculated its mechani-
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cal effects on fault reactivation using FLAC3D software. The calculated fault reactivation
area is compared with the spatial and temporal distribution of Wenchuan aftershocks. The
results provide an insight into the role of pore pressure diffusion in triggering aftershocks
and the relationship between deep fluids and the seismogenic process.

2. Study Area

Based on focal mechanisms and distribution of hypocenters of the Wenchuan after-
shocks and the Longmenshan fault zone structure [28], there are some areas containing
similar types of seismicity along the Longmenshan fault zone. Because the focal mech-
anisms of the aftershocks are similar in such areas, it is likely that they have the same
triggering mechanisms [29], that is, the pore pressure diffusion of trapped deep fluid which
is initiated by stress changes caused by the mainshock [6], as observed in aftershocks
related to fluid migration elsewhere [11].

Pore pressure diffusion is one of the main methods of analyzing the spatiotemporal
distribution of earthquakes and extracting information on fluids involved in earthquakes,
e.g., [7,30-32]. If the first earthquake in an earthquake sequence is considered as a fluid
intrusion point, then if the distance between the first earthquake and its aftershocks (r)
gradually increases with time (f), these points will follow an envelope line in an r—t plot.
The emergence of an envelope line demonstrates that the earthquakes are triggered mainly
by the diffusion of pore pressure, which can be used to estimate hydraulic diffusivity, D [7]:

r=4nDt )

Liu et al. [1] analyzed the spatiotemporal distribution of aftershocks for the areas with
the similar focal mechanisms and concentrated hypocenters and evaluated the hydraulic
diffusivities for such areas along the Longmenshan fault zone. An area NA is located in the
north of the Longmenshan fault zone (Figure 2a). Considering the aftershocks triggered by
pore pressure diffusion may have multiple stages [1], the aftershocks within 70 days in the
area NA are analyzed (Figure 2b). The spatiotemporal distribution of the aftershocks in the
NA area is plotted on the r—t plot (Figure 2c) and the M—t plot (Figure 2d). The aftershocks
in the area NA (Figure 2a) are more in line with an envelope shape in 7t space (Figure 2c)
than other areas and suggest that the aftershocks in the area NA were mainly triggered by
pore pressure diffusion. The hydraulic diffusivity D was estimated roughly to be 1.8 m?/s
from the envelope line, with a corresponding permeability of k = 3.7 x 10~'> m? [14]. The
estimated value is reasonable compared to the seismogenic fault rock permeability [33].
Therefore, we select the area NA as the study area here and establish a three-dimensional
hydraulic-mechanical coupling model based on the previous work.
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Figure 2. (a) The area NA. The star denotes the location of the Wenchuan mainshock, the solid
black lines denote faults, F1 denotes the back fault, F2 denotes the central fault, and F3 denotes the
piedmont fault (Deng et al., 2003). (b) Spatiotemporal distribution of aftershocks in the area NA.
The grey color represents the topography of the area. (c) The r—t plot for the area NA. The red lines
are the envelope lines for different hydraulic diffusivities D and the blue circles denote aftershocks.
(d) The M-t plot for the area NA.

3. Method

The fault rock was treated as an equivalent porous medium in the hydraulic-mechanical
coupling model. The migration of fluid in a porous medium obeys Darcy’s law [34], and the
rock stresses obey the Terzaghi effective stress principle [35]. The equations for calculating
pore pressure and stress changes are briefly described below.

3.1. The Mathematical Model

Based on Darcy’s law and mass conservation, the fluid flow in the fault and rock
matrix can be expressed by [3]:

(¢ppS
05 _ 9 [ok(VP — pgv2)] + 0, @
in which ¢ is the porosity, p is the fluid density, kg/m>, S is the saturation, k is the
permeability, m2, P is the pore pressure, Pa, and Q is the source term, m3/s.
Assuming that the rock is an isotropic elastic medium in the fault, the stress state
influenced by the fluid can be represented by the Terzaghi effective stress principle:

o =0 —aP, 3)

where ¢’ is the effective stress, Pa, ¢ is the total stress, Pa, and « is the Biot coefficient.
Fault reactivation occurs when the difference between the maximum and minimum
principal stresses is sufficiently large [36]:

o  o01