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ABSTRACT

Ecuador is a country with high seismic risk, due to its proximity to the Pacific Ring of Fire. Hereby, strong
seismic events are able to occur generating tsunamis, of which an impact may be imminent and whose
response time will be short for the evacuation of the population to a safe place. Additionally, there are cities
along the Ecuadorian coast that lack safe areas, understood as elevated areas and outside the flood or impact
area. Therefore, within the current study in the city of Salinas, we contemplate an architectural and structural
multi-hazard proposal, which includes tsunamis and earthquakes, as a multi-use type building that allows the
vertical evacuation of the population, as well as the considerations of location, space and height of the
building.

Keywords: Smart parking area, multi-purpose building, vertical evacuation, tsunami, Ecuador

1. INTRODUCTION

Tsunamis occur with great frequency in the Pacific Ocean due to the geodynamic constellation and the
interaction of several tectonic plates (Iwasaki et al., 1992; Sladen et al., 2010; Hagen & Azevedo, 2018;
Parwanto & Oyama, 2014). Earthquakes such as tsunamis on the seashore are a severe hazard to human life,

socio-economic activities and as well as strategic infrastructure (Athukorala & Resosudarmo, 2005; Martinez
& Toulkeridis, 2020; Pliimper et al., 2017; Wong & Said, 2020; Cochard et al., 2008; Navas et al., 2018;
Rodriguez et al., 2017; Pararas-Crayannis, 1980; 1983; 1988; 2002; 2013; 2010; 2012; 2014; 2018; Pararas-
Crayannis & Zoll, 2017). Therefore, countries such as the United States, implemented a guide for the design
of structures capable of resisting seismic events and later the tsunamis caused by the seismic event in order
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for these structures to be used as safe zones or vertical evacuation shelters (Park et al., 2012; Mostafizi et al.,
2019; Wood et al., 2014; Heintz & Mahoney, 2008).

Ecuador has a high seismic risk, as it is situated along the subduction area of the Nazca oceanic plate
with the South American and Caribbean continental plates (Massonne and Toulkeridis, 2012; Acosta, 1983;
Gutscher et al., 2000; Padrén et al., 2012; Suhr et al., 2019; Chunga et al., 2019).

Based on the historic record, since the year 1586, some 58 tsunamis were registered in the Ecuadorian
coastal profile, of which ten were generated with a nearby source, causing damage and short evacuation
times (Chunga & Toulkeridis, 2014, Contreras Lépez, 2013; Rodriguez et al., 2016; Matheus Medina et al.,
2016; Toulkeridis et al., 2017; Rodriguez et al., 2017; Chunga et al., 2017). The tsunami hazard is relatively
high in Ecuador, since a seismic event is able to cause tsunamis with very short response times for
evacuation (Toulkeridis et al., 2017; Edler et al., 2020). Additionally, the small number of natural elevated
areas combined with the short evacuation times results for horizontal evacuation to be ineffective
(Toulkeridis, 2016; Aviles-Campoverde et al., 2021; Sudrez-Acosta et al., 2021).

In Ecuador, several studies have been conducted on tsunamis and their effects, relocations of
highly vulnerable areas, vertical evacuations, among other studies of the nature of prevention and
mitigation such as resilience to seismic threats and tsunamis on the coast (Toulkeridis et al., 2018;
Mato & Toulkeridis, 2018; Celorio-Saltos et al., 2018; Matheus-Medina et al., 2018; Toulkeridis et
al., 2019; Toulkeridis et al., 2019; Renteria, 2013).

Ecuadorian-Colombian
Subduction Zone

) Galapagos Caribbean

: Cocos Spreading Center Continental
Ridge — R Plate

R 2 & 737 ol 5

whEs Galapagos / y FCmanyy g f' #l ) Guayaquil-Caracas
m;‘ sland s = Mega-Fault

East
Pacific Rise

Fig. 1: Geodynamic setting of Ecuador with associated oceanic and continental plates and a variety of plate boundaries,
such as the divergent plate boundaries named East Pacific Rise and Galapagos Spreading Center, the convergent plate
boundary represented by the Ecuadorian-Colombian Subduction zone, as well as the transcurrent plate boundary
represented by the Guayaquil-Caracas Maga-Fault. Also shown the Galapagos Islands and the Carnegie Ridge. Adapted
from Toulkeridis, 2013, modified by Toulkeridis et al., 2017.
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Based on the aforementioned, the current study analyzed the historical data of earthquakes and
tsunamis that occurred in Ecuador, as well as tsunami projections for the city of Salinas. Therefore, the
height of potential tsunami waves has been numerically modeled, which served as the basis for the
implementation of a smart parking center design, which in turn could serve as a temporary shelter in the
event of a necessary vertical evacuation. The same parking center needs to have characteristics of a design
that will be able to resist seismic movement and the impact of tsunami waves.

2. STUDY AREA AND NUMERICAL MODELING OF INCOMING WAVE

Salinas is one of the most visited coastal cities by tourists due to its marvelous beaches and modern
hotel services. Located in the province of Santa Elena, with a warm climate and low hills, it is a great
attraction for domestic as well as international tourists. This last characteristic makes Salinas a highly
vulnerable city to the impact of a tsunami because it does not have natural elevated areas. Tsunami risk
studies indicate that Salinas is a city with large areas vulnerable to flooding and also with a large influx of
people during certain times of the year because it is a highly frequented tourist place (Toulkeridis et al.,
2017; Matheus-Medina et al., 2018; Ioualalen et al., 2018). The location of the city of Salinas, and its coastal
configuration, expose it to the arrival of tsunamis that could occur throughout the Pacific, so much so that the
last two large tsunamis (ie Chile 2010, Japan 2011) arrived at this location, causing strong eddy currents,
although they did not cause flooding, these were distant events (Pararas-Carayannis G., 2010; Simons et al.,
2011; Norio et al., 2011; Renteria et al., 2012; Lynett et al., 2013).

The only historical record of a local event for the city of Salinas occurred on October 2, 1933 when a
strong earthquake off the coast of Santa Elena, caused sea level disturbances, but failed to flood the city
(Soloviev, 1984). The historical records are consistent with the GPS observations where a coupling between
the tectonic plates cannot be evidenced, however, given the tectonic configuration of the entire region, and
the records of paleotsunami events very close to Salinas, experts suggest the possibility of a large earthquake
of at least 8.2 Mw. (I0C / UNESCO, 2020).

The characterization of tsunami using numerical models is scarce for this locality. (Renteria, 2007)
proposed as a scenario the earthquake of December 12, 1953, of 7.3Mw, located in the Gulf of Guayaquil,
and although the simulated disturbances were insignificant, it can be seen how the tsunami covers the entire
peninsula, allowing inferring the consequences of a major event. (Ioualalen et al., 2014) proposes a
hypothetical scenario of 8.0Mw for the same area, again the effects can be seen in the southern part of the
peninsula, although the study does not go into detail about the effects in the city of Salinas. In 2019,
INOCAR published a tsunami flood map for the city of Salinas based on a scenario of 8. 4Mw in front of the
peninsula; this map indicates that the wave height could reach up to 7 meters in some points of the city
(INOCAR, 2019).

In this study, a flood map is proposed that considers the rupture plane proposed by the experts (I0C /
UNESCO, 2020), and the magnitude proposed by (INOCAR, 2019), that is, 8.4 Mw. For tsunami modeling,
the MOST model is used in its ComMIT interface (Titov, et al., 2011). The digital model was built from the
topography data of the SIGTIERRAS Program of the Ministry of Agriculture and Livestock of Ecuador, and
the bathymetry taken from (Ryan, et al., 2009). The model does not assume any tidal state, and is referred to
the mean sea level.
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Fig. 2. Tsunami flood map for Salinas, based on an 8 4Mw earthquake off the Santa Elena peninsula.

Figure 2 illustrates the numerical modeling of a tsunami produced by an 8 4AMw earthquake off the
Santa Elena peninsula.

The tsunami wave front impacts the peninsula from both the north and south sides,
flooding the city of Salinas from both directions. This is an important piece of information for risk
management purposes, since under this consideration, the only way out for the population is vertical
evacuation and evacuation towards the hill of the Naval Base. It can be seen that some points of the coastline
reach heights of up to 6 meters. The depth of flooding within the city, that is, the laminar flow of water, is
between 3 and 4 meters, with currents that can fluctuate, within the city between 4 and 6 m / s (Fig. 3).
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Fig. 3. Tsunami currents map for Salinas, based on an 8. 4Mw earthquake off the Santa Elena peninsula.

Previous performed studies appear to project a maximum wave height of up to 6 meters at least for the
city of Salinas (Matheus Medina et al., 2016). The results of the current study with modern tools and
software, coincides with the height of the tsunami waves of previous studies. Therefore, in the event of a
tsunami, the wave would reach the city in an interval of 8 to 12 minutes with an approximate height of 6
meters.
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Additionally, like in (Sudrez-Acosta et al., 2021), we used the extensively validated tsunami modeling
tool, the ComMIT/ MOST model (Community Model Interface for Tsunami), which is an internet-enabled
interface to the community tsunami model developed by the NOAA Center for Tsunami Research (NCTR).
This interface let one run the MOST model (Method of splitting tsunami), a non-linear shallow water model,
which has been extensively, validated from field observations and laboratory experiments (Titov et al., 2011;
2016).

3. METHODOLOGY

A variety of conditions need to be assessed for the design of a structure in the shelter capacity. The
distribution of shelters must also be considered, considering evacuation routes and the maximum distance at
which the shelters should be located. Therefore, the conditions of the site, space and the elevation of the
structure are predominant.

3.1 Site

There are several aspects that must be taken into account, among which the availability of space within
the city for the implementation of the project, the speed of movement of people to determine the maximum
space between shelters, finally, the existence of structures with a level of adequate performance in the face of
multi-threat events and the necessary height to be above the flood level.

In Salinas, the study conducted by Matheus Medina et al. (2016) uses existing structures with
sufficient height to define safe zone areas for vertical evacuation. Among which, it stands out that zone 7
covered by the Port Royal Place building does not have the capacity for population density in high seasons,
with an approximate deficit of 215 people. Therefore, the proposal must be located in this area. In the figure
above, the red dot represents available terrain, approximately 20 meters wide by 45 meters long. In which the
development of this proposal is proposed and on which the necessary data for the architectural and structural
design will be taken.

3.2.Space

The population density of the area and the number of nearby vertical evacuation structures define the
space in the structure. To determine the space, it must be taken into account that the structure is a shelter of
short duration, since severe wave cycles do not exceed 24 hours. Another fundamental aspect is that the
effective area is considered as a percentage of the total area depending on the concentration of furniture or
fixed seats. First, the speed of movement of people in an evacuation event must be estimated, which is
approximately 3.2 km / h according to FEMA (FEMA, 2019). And knowing the arrival time of the 11-minute
wave previously proposed, it can be concluded that the maximum distance between shelters is 1172 meters
or 586 meters from any starting point /Matheus Medina et al., 2016).
On the other hand, the shelter must have a capacity of at least the 215 people mentioned above and once it
has been determined that the vertical evacuation shelter is of short duration, a value of 0.93 square meters per
person can be used to determine the effective area (F. E. M. A., 2019). Therefore, the minimum effective area
of the structure should be 199.95 square meters. Finally, the terrace of the structure will not have fixed seats
or furniture, so the effective area is considered 85% of the gross area, thus obtaining that the minimum area
of the structure must be 235.26 square meters (FEMA, 2019).

3.3.Elevation

The minimum level that the structure must overcome is the projection of wave height plus percentage
of variation of wave height and free edge space as security for the refugees (Fig. 4). The wave height
projection for Salinas was estimated at 6 meters high. However, there are several conditions that must be met
simultaneously for the wave to reach this maximum height. Among the most important characteristics, it
must be fulfilled that the epicenter of the generating earthquake must be close and perpendicular to the
coastal profile and the magnitude of the earthquake must be greater than 6.9 Mw. Additionally, as
recommended, the design flood level coincides with 30% of the flood level (ASCE SEI., 2016; ASCE SEI.,
2000). Thus obtaining 7.8 meters of height of the refuge.
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Finally, this value must include a free edge. This value must be the largest of 3 meters or the height of
one floor. In this particular case, the free edge is 3.42 meters, resulting in a minimum shelter height of 11.22
meters. In conclusion, the proposal must comply with at least 235 square meters of gross area and 11.22
meters in height.

The minimum elevation of the

lowest occupiable Refuge Level
p : The Greater of
is one story higher, but ;
not less than 10 ft. above the O OO 1-Story Beight oe 105,
Refuge Design Inundation Depth = o O o O Refuge Design
O O O Inundation Depth

Refuge Design Inundation R N e

Elevation coincides with O -H3v1 7
130% of inundation elevation

e

Grade Plane of Structure

o a1\ Reference Datum NAVD 88

M\\\%\\\E\ SSELERE R RE RN
Site-Specific Max. Considered Tsunami
inundation elevation at the structure

Fig. 4. Elevation consideration (ASCE SEI., 2016).

4. RESULTS AND DISCUSSION

4.1 Architectural proposal

Salinas is a tourist and hotel city, so a parking building or a hotel are ideal to meet the multipurpose
objective of the structure, since, the structures will be in permanent use and would allow economic rewards
to the city (Fig. 5). For the proposal, the construction of a garage is proposed, since it offers structural
security and great performance in the face of multi-threat events (earthquakes and tsunamis).

Fig. 5. Architectural proposal, Garage.

As these types of facilities are open structures that allow the free flow of water, making the loads that
the building resists due to tsunami actions are significantly lower. Additionally, the vehicle ramps allow an
effective vertical evacuation for the large influx of people during the multi-threat event. Once the type of
structure to be designed has been defined, it is also necessary to choose the types of vehicles allowed in the
parking lot (Fig. 6). The design loads depend on this, and to guarantee a high level of performance, the
garage is designed to receive motorcycles and light vehicles, characterized in the following image.
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The structure was architecturally designed for the available space presented in section 2.1 with the following
layout. The ground floor has space available for 10 light vehicles and 6 motorcycles (Figs. 7, 8).

2400 mm

Fig. 7. Layout on the ground floor
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Fig. 8. Distribution in intermediate plants

The intermediate floors have space available for 10 light vehicles and 8 motorcycles. Finally, the upper
floor is for the exclusive use as a refuge. And all the space must be free to maximize the number of refugees
(Fig. 9).
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Figure 9. Top floor layout
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The architectural proposal is a garage with a dual system of 4 floors and a total height of 13.8 meters;
it has a gross area of 424.56 square meters and a capacity for 388 people in the shelter. In addition, it has
space for 40 light vehicles, 30 motorcycles (Fig. 10).

Fig. 10. Final architectural proposal

4.2 Structure design

Once the architectural proposal is established, the respective structural design of the building is
conducted with the support of specialized software, which is divided into two blocks. The first consists of
ramps for vehicle access and the second is designed on its first three floors for parking and on its upper floor
for shelter (Table 1; Fig.11, 12)

Table 1. Types of load for structural design

Type of load Value Reference

Live load for parking lots 200 kg/m? (NEC-SE-CG, 2015)

Live cargo for shelter 480 kg/m? (ASCE SEI, 2000)-
Live load for ladder 480 kg/m? (NEC-SE-CG, 2015)
Dead load of finishes 100 kg/m?2

Fig. 11. 3D and plan view of Block 1
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Fig. 12. 3D and plan view of Block 2

Since the structure is multi-purpose, when it is not working as a vertical evacuation shelter, it will be
working as a parking lot for vehicles, so different types of cargo are used in its design according to the needs
of the structure.

4.3 Performance level

A vertical evacuation structure must meet the levels of operational performance and immediate
occupation according to the performance objectives presented by the [45] for both earthquakes and tsunami,
this is because the structure must be in good condition. to shelter people seeking to protect themselves from
the impact of a tsunami (Fig. 13, 14).
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Fig. 14. Tsunami performance targets (FEMA, 2019).

masonry maximum drifts of 0.5% (Fig. 12).

criterion of the structure must be maximum drifts of 1.5% (Fig. 13).
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Fig. 15. Drifts for each of the performance levels (ACHISINA, 2017).
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According to the Chilean Association of Seismology and Antiseismic Engineering ACHISINA (2017),
it is necessary to have acceptance criteria for essential structures that are at the level of immediate
occupation according to the performance objectives. These parameters are classified according to the type of
masonry, for the case of ductile masonry the maximum drifts should be 0.7% and for structures with brittle

Additionally, certain considerations must be taken for the maximum earthquake considered
corresponding to 2500 years, the ASCE SEI. (2000) mentions that the spectrum must be calculated by
multiplying the design earthquake corresponding to 475 years by the factor 1.5, and the global acceptance
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4.4 Drift control

The drift control is carried out by applying each of the load combinations with the design spectra for
both 475 and 2500, values less than 0.7% and 1.5% respectively must be met in both the X and Y directions

of block 1 and 2 (Table 2; Fig. 17).

Table 2. Floor drifts for the 475-year earthquake in Block 1

Float Load Drift
1 earthquake X 0.000637
2 0.001065
3 0.001098
4 0.001085
1 earthquake Y 0.000676
2 0.000954
3 0.000977
4 0.000922

Real drift <0.70%.
0.38% Complies
0.64% Complies
0.66% Complies
0.64% Complies
041% Complies
0.57% Complies
0.58% Complies
0.55% Complies

Derivas maximas por Piso

Altura (m)

04 0.6

Deriva (%)

0.8

<103

Altura (m)

Derivas maximas por Piso

04 05 06 0.8
Deriva (%)

0.7

Fig. 17. Drift control in the X and Y direction of Block 1
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4.5 Application of tsunami loads

The application of tsunami loads is done according to three cases established by the ASCE (2000), and
according to a logical sequence that begins by placing the impact loads and subsequently the sustained loads,
both hydrostatic and hydrodynamic, in each one of the porches.
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Fig. 19. Application of loads according to case 3

First case: the exterior flooding is considered without exceeding the maximum height or less than one

floor in height, in addition, the hydrodynamic forces combined with buoyancy forces are considered.

This case does not apply for open structures.

* Second case: a flood depth equivalent to two thirds of the maximum height is considered in round-trip
conditions.

*  Third case: the maximum flood height is considered in round-trip conditions.
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4.6 Cost analysis

The potential impact of tsunamis has potential wave heights over 5 meters. As a result, flooding may
cover two or three floors, so the refuge level needs to consider such height: However, it would a wave of that
height and its flooding impact will directly impact on property. This is critical in Salinas, as it was stated
before, because the city is especially susceptible to tsunamis and flooding.

Although recent architecture design proposals have been made to deal with flooding. In a recent article
in Insider, Danish architecture design firm, Tredje Natur, has proposed a new concept in architecture named
as Pop-up design. This proposal has been developed in cooperation with the engineering companies COWI
and RAMB@LL seems to deal with flooding efficiently. This proposal is based on Archimedes principle and
seems to give a solution to flooding problems in urban areas (Leanna Garfield, 2017). However, this proposal
has not been executed and it is quite expensive, alternative solutions needs to be proposed to protect human
beings and provide alternative shelters regarding natural hazards.

This study proposes a new parking garage building that will function as well as refuge in case of a
tsunami and flooding. The calculation of work volumes and cost calculation of the proposal is presented
using the unit price analysis system (APU), to determine the direct cost. The indirect cost was assumed as
10% of the direct cost. Hereby, the next three tables, which are presented below, list the summary of items
and volumes of work, required for the cost calculation (Table 3), the summary of costs for each item (Table
4), while the final table calculates the total cost of the structure, including direct and indirect costs (Table 5).

Table 3. Work volumes

No. Heading Quantity Unit
1 Provisional Enclosure 153.20 ml
2 Cleaning and clearing 689.13 m?
3 Setting out and Leveling 689.13 m?2
4 Reinforcing steel 46,659.26 kg
5 Plaster 2,100.94 m?2
6 Simple concrete columns and walls f'c = 240 kg / cm? 327.08 m3
7 Underlayment slab 133.20 m3
8 Slab concrete f'c 240 kg / cm? 421.98 m3
9 Slab formwork 740.77 m?
10 Concrete bleachers 10.16 m3
1 Lightening (40x40x25) 4,504.00 u
12 Step formwork 69.28 m?
13 Metal railings Cars 304.35 ml
14 Railing 128.10 ml
15 Beams 284.15 m3
16 Beam formwork 1,087.84 m?2
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Table 4. Summary of unit price analysis

HEADINGS COSTS
1 Provisional Enclosure $ 11.55
2 Cleaning and clearing $ 1.48
3 Setting out and Leveling $ 134
4 Reinforcing steel $ 234
5 Plaster $ 19.26
6 Simple concrete columns and walls f'c = 240 kg / cm? $129.99
7 Underlayment slab $233.95
8 Slab concrete f'c 240 kg / cm? $ 134.90
9 Slab formwork $ 12.53
10 Concrete bleachers $ 124.94
1 Lightening (40x40x25) $ 3.63
12 Step formwork $ 1253
13 Metal railings Cars $190.34
14 Railing $ 31.71
15 Beams $137.93
16 Beam formwork $ 19.42
Table 5 Budget price and adjustments (total costs)
No HEADINGS AMOUNT COST TOTAL
1 Provisional Enclosure 153.20 $ 11.55 $  1,769.54
2 Cleaning and clearing 689.13 $ 1.48 $  1,020.50
3 Setting out and Leveling 689.13 $ 1.34 9$24'03
4 Reinforcing steel 46,659.26 $ 2.34 $109,147.94
5 Plaster 2,100.94 $ 19.26 $ 40,453.64
6 Simple concrete columns and walls f'c = 240 327.08 $ 12999 $ 42,515.79
kg / cm?
7 Underlayment slab 133.20 $ 23395 $ 31,161.80
8 Slab concrete f'c 240 kg / cm2 421.98 $ 13490 $ 56,927.63
9 Slab formwork 740.77 $ 12.53 $ 9,281.68
10 Concrete bleachers 10.16 $ 12494 $  1,269.39
11 Lightening (40x40x25) 4,504.00 $ 3.63 $ 16,349.29
12 Step formwork 69.28 $ 12.53 8$68,06
13 Metal railings Cars 304.35 $ 190.34 $ 57,929.70
14 Railing 128.10 $ 31.71 $  4,061.80
15 Beams 284.15 $ 13793 $ 39,192.00
16 Beam formwork 1,087.84 $ 19.42 $ 21,123.56
TOTAL BUDGETS (USD) $433,996.41
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Since the values of the unit price analysis are calculated to 2020, the coefficients of the polynomial
formula for the price readjustment are presented.

Table 6. Data for price readjustment applying the polynomial formula

Components Yo Coefficient
B Workforce $  93,708.02 23.75% pl
G | Tools $ 1477267 3.74% p2
1 | Cement $ 381321 0.97% p3
J Stone materials $ 277324 0.70% p4
D | Reinforcing steel $ 7928342 20.10% p5
F | Wood $ 15,1084 3.83% p6
H | Blocks $ 486432 1.23% p7
C | Pre-mixed concrete $ 117.400.14 29.76% p8
E | Handrail railings for cars $ 5040350 12.78% P9
X | Others $ 1241527 3.15% px
Direct total costs $ 394542.19
Total budget $ 43399641

Finally obtaining the following polynomial formula.

Bl Cl D1 El F1 Gl H1 I1 J1 X1
Pr =(0.2375%—40.2976* — + 0.2010* — + 0.1278* — + 0.0383* — + 0.0374* — + 0.0123* — + 0.0097* — + 0.0070* — + 0.00315* —
BO CcO DO EO FO GO HO 10 JO X0

4. CONCLUSIONS

The characteristics of the wave in Salinas were determined as wave height equal to 6 meters and arrival time
equal to 8 to 12 minutes.

The multi-use proposal as a refuge area has a capacity for 388 people and as a garage it has a capacity for 40
light vehicles and 30 motorcycles.

Architecturally, the proposal consists of two blocks with a dual system. The first block is the ramps for the
vehicles and the second is the parking lot and the refuge area on the terrace.

Structurally, the proposal has drifts of less than 0.7%, which guarantees a performance level of immediate
occupancy.
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ABSTRACT

Global Navigation Satellite System (GNSS) satellite observations can obtain Total Electron Content
(TEC) values in the ionosphere layer. The TEC value is obtained by decreasing the phase difference of
the GNSS satellite’s two carrier waves (L-band). The calculation of the TEC value using GNSS can be
used in disaster phenomena such as earthquakes observed in this study. The earthquake phenomenon
can cause vertical deformation in the Earth’s crust, resulting in the appearance of acoustic waves
propagating towards the ionosphere layer and changes in the ionosphere density in a moment. A
propagating gravity wave has a speed of 0.3 km/ s towards the ionosphere layer. This disturbed
ionosphere layer was detected within minutes of the mainshock. The anomaly in this study was
detected by Global Positioning System (GPS) Pseudo Random Noise (PRN) 16 from 16 observation
GNSS stations on the mainland of Turkey. The observed ionosphere anomalies were then modeled
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using tomography modelling to obtain spatial information from these anomalies. The tomography
results found that the PRN 16 GPS satellites contained positive and negative anomalies located
northeast of the epicenter.

Keywords: 3D Tomography, Earthquake, GNSS, Total Electron Content, Turkey Earthquake

1. INTRODUCTION

The study of earthquake and tsunami disaster mitigation in geodesy and geomatics can be
done by utilizing GNSS (Global Navigation Satellite System) system technology. This GNSS system
is conducted to position a particular point on the Earth’s surface accurately. GNSS is usually also used
to monitor land subsidence (Anjasmara et al., 2018) and monitoring water vapor in the atmosphere
(Cahyadi et al., 2018). Furthermore, GNSS satellite observations can be used to obtain TEC (Total
Electron Content) values in the ionosphere layer. The TEC value obtained can be in the form of
electron density along the line of sight (LoS) in the ionosphere layer called Slant TEC (STEC) or in
the form of a vertical, which is commonly called Vertical TEC (VTEC). The use of GNSS satellites in
obtaining TEC values is often used in observing ionospheric anomalies in earthquake phenomena
(Cahyadi & Heki, 2015; Cahyadi & Heki, 2013a; Cahyadi & Heki, 2013b; Cahyadi, 2014; Cahyadi et
al., 2018; Heki & Cahyadi, 2012; Sharma et al., 2017; Liu et al., 2011), tsunami (Kakinami et al.,
2012; Muslim et al., 2020; Liu et al., 2006; Rolland et al., 2010), and volcanic eruptions (Shults et al.,
2016; Nakashima et al., 2016; Cahyadi et al., 2020; Nakashima et al., 2014). Ionosphere disturbances
can occur in several natural phenomena such as earthquakes, tsunamis, and volcanic eruptions. These
phenomena can send acoustic waves propagating upward to the ionosphere layer, dominated by TEC
(Cahyadi & Heki, 2015).

There was a strong earthquake (Mw 7) (USGS, 2020) from the east-west normal fault, which
occurred on October 30, 2020 (11:51 UTC) between the offshore Seferihisar Izmir, Turkey, and the
island of Samos, Greece. The focal mechanism shows a normal fault oriented in an east-west
direction. The earthquake also caused a tsunami 11 minutes after the aftershock [Dogan et al., 2021]
to reach a height of 6 meters and caused several coastal towns to be submerged as deep as 2 meters
[Yalciner et al., 2020]. The aftershock earthquake happened about three hours later with 5 Mw
magnitudes with a depth of about 15 km.

The vertical deformation resulting from the earthquake has caused the acoustic waves to move
upward and sideways towards the ionosphere, disturbing electron density (Calais & Minster, 1995).
Ionospheric disturbances observation using GNSS satellite have been carried out in the previous
research (Cahyadi & Heki, 2015), which studied ionospheric disturbances caused by the 2012 North
Sumatra earthquake with a magnitude of M 8.6. The quake was recorded as the largest strike-slip
earthquake ever recorded and could destroy the oceanic lithosphere off the Indian Ocean coast of
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North Sumatra. In this study, ionosphere anomalies were found 10-20 minutes after the
earthquake occurred. Ionosphere disturbances were also observed in another research (Liu et al.,
2011) which studied ionospheric disturbances caused by the 2011 Tohoku Japan earthquake with a
magnitude of M 9. The quake generated vibrations on the Earth’s surface which were very
extraordinary and triggered a tsunami. Then the vertical deformation will produce disturbances in the
ionosphere layer, which contains TEC assemblies. Ionosphere disturbances were recorded 7 minutes
after the earthquake occurred with a velocity from the Earth’s surface to the ionosphere layer of 833
m/s. Likewise, tsunami waves (even if only a few centimeters in the deep sea) can generate gravity
waves which also move upward and sideways towards the ionosphere layer (Daniels, 1952). (Artru,
2005) observed the tsunami that occurred due to the Peru earthquake Mw = 8.2 in 2001 using GNSS
network GEONET in Japan. The tsunami propagated towards the coast of Japan in the range of 20 to
22 hours after the aftershock. The amplitudes found in the traveling ionospheric disturbance show the
magnitude of +1 TECU.

Various observations were done to understand general characteristics of ionospheric
disturbances, but imaging the ionospheric layer is still rarely obtained. Land-based 2D tomography
modelling was done by Austen et al. (1988), which was then developed to observe traveling
ionosphere disturbance (TIDs) by Pryse et al. (995), and Comberiate et al. (2007) used space-based
UV tomography to describe plasma depletion at low latitudes. Kunistyn et al. (1997) also discussed
the possibility of near-space environment tomography with GPS and ground-based stations. They
showed that applying combinations of different satellite systems is beneficial in near-space
environment tomography realization. Tomographic modelling was also used by Feng et al. (2021),
who studied the phenomenon of the geomagnetic storm on June 17 and June 22, which occurred in
Wuhan, China. This study used the TEC value to perform spatial analysis using tomographic
modelling of the observed anomalies electron density changes. However, there is no detailed spatial
information regarding the anomalies of the ionospheric layer in some of these studies, and it still uses
STEC for tomography material.

The ionosphere observation method in this study was done using computerized tomography
(CT). The usage of CT began in the previous survey (Austen et al., 1988), which introduced electron
density depiction using CT modelling. The CT is beneficial to obtain spatial information on
ionosphere disturbances detected in GNSS observations. This study will describe the ionosphere into a
3D tomographic model based on the altitude layer. Tomography 3D modelling requires observational
data with different azimuths and elevations obtained from many stations around the earthquake area
over a large area. The case of this study was the M 7 earthquake that occurred in Turkey on October
30, 2020. The result of this study is expected to plan an early warning system for the benefit of
disaster mitigation.
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The TEC value used in the study was obtained by differencing the phase difference of the
carrier wave (L1 (~ 1.5 GHz) and L2 (~ 1.2 GHz)) from GNSS satellite observations. The TEC values
obtained can be in the form of STEC and VTEC. STEC is the value of electron density contained
along the LoS, while VTEC is the value of electron density that corresponds to the vertical direction
of the ionosphere. The VTEC value is obtained by multiplying the cosine value of the zenith angle
between the vertical direction and the direction of propagation of the GNSS satellite towards the
Earth. The value of electron density is usually written as TECU (ITECU = 1016 electrons / m?). The
STEC value can be compared with the polynomial number line curve to obtain STEC residual.
Significant difference values of TEC changes can be indicated as anomalous values for the
ionosphere. The intersection between the ionosphere layer and the LoS is called the Ionospheric

Pierce Point (IPP), while the projections on the Earth’s surface are called the Sub-ionospheric Point
(SIP).
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Figure 1. The distribution of GNSS observation stations and epicenter. The black triangle shows the
location of GNSS stations, while the yellow star shows the epicenter location of the earthquake.

The tomography block was settled with the dimensions of 1° east-west direction, 1.2° north-
south direction, and 75 km on the top-bottom side. Tomography blocks are assumed to be
homogeneous. The division of ionosphere value for each LoS was done to get the electron density
value in each tomography block based on the length of LoS penetration in a tomography block. The
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length of LoS penetration is obtained from the length calculation of 2 LoS intersections with
the sides of the tomography block. The value of density in the tomography block is obtained using the
equation (He & Heki 2018):

ASTECi= )7 Ayx+e;
J=

This equation is used to obtain the density value of each tomography block passed by LoS
using the LoS penetration length component in each block, the total TEC anomalous density value,
and considering the measurement error value (it is assumed that 0.05 TECU originates from the
typical error of differential GNSS measurements (Coster et al. 2013)).

3. RESULTS
3A. Ionosphere Anomaly Shortly After an Earthquake and Tsunami

The calculations were carried out using the equation of ionosphere linear combination to obtain
TEC value on GNSS observations in the ionosphere layer along the observation path. The TEC value
obtained will then be combined with the comparison value using a reference curve from the
polynomial number with 6th order polynomial based on the best fitting line. Ionospheric anomalies
can be detected at a STEC residual value which is significantly different from the reference curve. The
anomaly value is obtained by calculating TEC changes and reducing the TEC value with the
polynomial value of order 6. Anomaly changes in ionosphere density that experience disturbances
were detected about 45 minutes after the mainshock or about 35 minutes after the tsunami on the PRN
GPS satellite 16.
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Figure 2. (Left) TEC time series from 2020 Turkey earthquake observed by PRN16 satellite. Two
vertical lines indicate the time of earthquake and tsunami detected by USGS at 11.51 UT and
12.02UT, respectively. (Right) SIP trajectory at 11.00 — 14.00 UT, the small black star shows the time
of the earthquake, the red triangle shows the observation station’s location, and the yellow star shows
the epicenter location.
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Figure 2 shows ionosphere disturbances that occurred shortly after the mainshock repeatedly.
The ionosphere anomaly was detected about 35 minutes after the tsunami, which was detected by 16
observation stations scattered around the epicenter. Then, GPS PRN 16 observed the gravity wave
velocity at the tsunami traveling ionospheric disturbance (TTID) propagation of 0.3 km s-1. This
propagation is consistent with the velocity of the gravity wave.

The deformation of Turkey’s 2020 earthquake on October 30 at 11:51 UT is detected as strike-
slip type. The Okada modelling calculation results based on the dip, strike and slip parameters
obtained from the Global Centroid Moment Tensor (GCMT) are 246°, 67°, and -9 °. Figure 3 shows
an uplift component for about 8 cm following the observation of Evelpidou et al. (2021). The vertical
deformation of about 13 cm even mechanism of the earthquake is detected as strike-slip. Land
subsidence was found more often compared to the uplift in this earthquake mechanism.
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Figure 3. The vertical movement of the Earth’s crust from 2020’s Turkey earthquake. The
earthquake was calculated using the Okada model (1992) and using fault geometry from GCMT.
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3B. Tomographic model from Ionospheric Disturbance

The PRN 16 GPS satellites detected several ionospheric anomalies a few minutes after the
earthquake. Anomalies were seen within 35 minutes after the tsunami. The anomaly was detected by
16 observation stations located around the epicenter of the quake.

The tomographic model (Figure 4) reports the density distribution of the ionospheric anomaly
at each altitude at 100 Km intervals. In each tomographic model, the voxels containing the most
anomalous payloads are at an altitude of 300 — 400 Km. In Figures 4(a-c), the positive anomaly
appears at a lower altitude of about 200 km. In comparison, the negative anomaly appears in the east
at a higher altitude, i.e., from 300 Km — 400 Km. Figure 4b is the tomographic model that has the
largest value. It can be seen from the dense voxel color; this is because many stations detect anomalies
at 32 minutes after the tsunami or 42 minutes after the earthquake.

e 110" electron/m®
-0,5 0 0,5

Electron Density Anomaly

Figure 4. Tomographic model of (a) 29 minutes, (b) 32 minutes, (c) 40 minutes, and (d) 43 minutes
after the tsunami. The small yellow star indicates the location of the epicenter, while the blue color
tomographic voxel indicates a negative anomaly, while the red color indicates a positive anomaly.
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3C. Accuracy Test

The checkerboard resolution test is used to analyze the reliability of electron density using a
3D tomography model. In this research, the investigation of ionospheric changes was conducted on
the 2020 Turkish earthquake. STEC LoS anomaly data were synthesized, assuming a checkerboard-
like distribution of electron density anomalies with 0.10 and —0.10 TECU/100 km.

Figure 5 (output) shows the anomaly distribution recovered from the synthesis model of
checkerboard data. The picture shows that the 3D tomography finishes the high structure perfectly, as
shown on the input image. By comparing both output displays, it can be concluded that the resolution
on the higher altitudes (~200 km) is slightly worse than those with lower altitudes (~100 km). It is
reflected by better coverage (more availability) of LoS for lower blocks. The output image shows that
the resolution is higher over land and worse over the ocean.

OUTPUT

I ] 10" electron/m?
-0,5 0 0,5
Electron Density Anomaly

Figure 5. 3D anomaly pattern of electron density was used for checkerboard resolution with the
height of 100 km (left) and 200 km (right). The alternating pattern of positive and negative
anomalies was given at 0,15 and —0,15 TECU/100 km.
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The comparison of STEC post-fit residual was conducted (Figure 6 on the lower panel) using
STEC residual observation (Figure 6 on the top panel). The post-fit residue in each case shows much
smaller dispersion, and the deviation standard is similar to the assumed error of STEC observation.
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Figure 6. The input of STEC residual anomaly distribution (red) and the post-fit residual (x1011
electron/ms) (green) for tomography model of (a) 29 minutes, (b) 32 minutes, (c) 40 minutes, and
(d) 43 minutes after the tsunami. The post-fit residual becomes smaller than the observation,
indicating that the tomography result has reproduced the observations adequately.

4. CONCLUSIONS

This study observed the 3D structure of the ionosphere’s electron density anomaly
immediately after the 2020 Turkey earthquake (Mw7.0) using GNSS-TEC data taken from mainland
Turkey as the data input for the 3D tomography program. The appearance of ionosphere anomalies
was detected by satellite GPS PRN 16 and happened about 45 minutes after the mainshock, around 35
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minutes after the tsunami. It was found that the tsunami waves triggered atmospheric
disturbances, which then propagated at an average speed of about 0.3 km/s into the ionosphere layer
and significantly disrupted the electron density. This propagation speed is consistent with gravity
waves and caused by tsunamis (Artru et al., 2005; Tsugawa et al., 2011; Cahyadi & Heki, 2015;
Rolland et al., 2010; Savastano et al., 2017).

The visualization of ionospheric disturbances was done using tomography modelling to
provide spatial information from the location of anomalies detected by GPS satellites PRN 16.
Tomography offers information on the anomaly density of each voxel that has been arranged. The
anomalies in this study were detected using PRN 16 GPS satellites were positive and negative
anomalies located in the northeast of the epicenter. The usage of tomography can obtain spatial
information from detected anomalies. The anomalies induced by gravity waves mainly distributed
from 100 to 600 km in altitude, and their magnitude decreased with altitude. They showed similar
orders of magnitude at the altitudes of 300 km and 400 km, and the magnitude decreased from 500 km
with height. The performance of the tomography result was also confirmed using a resolution test,
which is a checkerboard test. The result shows that the resolution at higher altitudes was slightly
worse than at lower altitudes. The checkerboard test also indicates that the resolution is higher over
land and worse over the ocean.
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ABSTRACT

The paper considers the earthquake in Samos on October 30, 2020 and the subsequent tsunami.
Based on the data on both intensity of the earthquake and localization of the epicenter of the
earthquake and aftershocks, taking into account the tectonic setting for this region, where active
tension and shear deformations coexist, two possible sources of the earthquake were considered.
Virtual sources have been constructed along the fault zone north of Samos. Using the keyboard
model of the earthquake, the optimal kinematic movements of the keyboard blocks in the
earthquake source were found, which most adequately describe the generation of the tsunami source
and the propagation of tsunami waves to the coastal zone. 3D histograms of the distribution of the
maximum wave heights along the coast were constructed and compared with the available field data
and data from other authors.

Keywords: tsunamigenic earthquakes, keyboard model, tsunami waves, numerical simulation.
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1. INTRODUCTION

The Eastern Mediterranean Sea is one of the most seismically active areas, including the
Aegean Sea and Western Anatolia. The cause for this activity is the movement of the Anatolian
block towards the Aegean Sea. The expansion rate of the Earth's crust between Samos and Western
Anatolia (the wider region of Izmir) is 7.4 mm/yr based on GNSS data simulations [1-6]. Seismic
activity is mainly focused on normal faults, which are formed due to the active expansion of the
West Anatolian plate in the southern and northern directions (white arrows in Fig.1). Active parts of
the North Anatolian fault act as a source of strike-slip faults in the North Aegean Sea, which are
located up to the island of Samos [11]. The earthquake on Samos on October 30, 2020 occurred in
the region between the eastern islands of the Aegean Sea and Western Turkey, where there is an
active tectonic regime (Fig.1) [1-6]. The available mechanisms of earthquake sources clearly

confirm the coexistence of deformations along the coastal region of Western Anatolia and the
Aegean Sea [5,6,11,38,40].

Fig. 1. Tectonic Map of Western Anatolia Region and the Aegean Sea [5, 6]. Yellow arrows
indicate the motion of tectonic plates. The blue arrow points to the Samos Island. The red asterisk
corresponds to the epicenter of the October 30, 2020 submarine earthquake.

The occurrence of large earthquakes in the 21st century and the associated tsunamis in the
Mediterranean Sea is a great danger [39]. Turkey is crossed by large fault lines (see Fig.1), and is
among the most earthquake-prone countries in the world [41-43]. For example, on August 17, 1999,
off the coast of the Sea of Marmara in Turkey, there was an earthquake of magnitude M = 7.5. This
earthquake caused great destruction, affecting even part of Istanbul. The tsunami that emerged after
the earthquake (wave height 2.9 meters) hit the coastal areas of Turkey and led to their flooding
[2,3].

It is well known that densely populated coastal areas in the Aegean Sea have been subject to
several devastating tsunamis in the past (see, e.g., Altinok & Ersoy, 2000; Altnok et al., 2011;
Ambraseys, 1962; Ambraseys & Synolakis, 2010; Dominey-Howes, 2002; Galanopoulos, 1960;
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Kuran & Yalciner, 1993; Minoura et al., 2000; Papadopoulos & Chalkis, 1984; Papadopoulos et al.,
2014; Soloviev et al., 1997; Tinti et al. 2001) [5,6]. The most famous tsunami in the region is the
1956 Amorgos event (M ~ 7.8), which caused waves up to 25 m high (Beisel et al. 2009; Okal et al.
2009; Papadopoulos & Pavlides, 1992; Papazachos, 1985; Yalciner et al. 1995) [5,6]. On October
30, 2020, a strong earthquake with a magnitude M = 7.0 occurred in the Aegean Sea, which was felt
both in Greece and in Turkey [1,2, 21-23]. This earthquake epicenter was located north of the island
of Samos in the area of the North Samos fault or the Kaistrios fault (Greece), with coordinates
(37.88 N, 26.70 E) [5]. Initial estimates of magnitudes by various agencies ranged from 6.6 to 7.0
and the epicenter near (37.8919N; 26.8066E) [6,24]. The event with a magnitude of M = 7.0 slightly
exceeds the maximum value expected for this subduction zone. Historical archives do not indicate
an event of this magnitude on one or another local fault in the last 19 centuries (since 47 AD) [11-
14]. Figure 2 shows a map of the water area with the epicenter of the earthquake and aftershocks, as
well as the fault zone during the earthquake of October, 30, 2020 in the Aegean Sea [1-6].
26" 27"

38"
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Fig. 2. Map of aftershocks and the epicenter of the earthquake on October 30, 2020. Samos, Greece.
Bold red line north of Samos is the fault line [6]

As is known, aftershocks usually occur in the same fault or close to it at a distance of about twice
the length of the fault zone, and the location of aftershock epicenters covers the zone of rupture of
the main shock. It follows from the distribution of the aftershock sequence (Fig.2) that the fault
occurred during the main shock M = 7.0, located off the northern coast of Samos Island. This fault
in the region of Western Anatolia and the Aegean Sea can be identified as an oblique subduction
zone [11].

Both countries experienced high tidal waves that led to flooding in parts of the Izmir
coastline. The earthquake-triggered tsunami struck many nearby coastal areas. According to
available materials, the water first receded from the coast, then soon the water returned, flooding
low-lying coastal areas up to 1-2 meters high, including many coastal cities [5,6].
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The tsunami generated by this earthquake was recorded in both Greece and Turkey [1]. The tsunami
occurred as a sequence of sea level sink and surge [5]. The results of field studies following this
event, carried out by a team of researchers along the 110 km coastline, demonstrated “... a
significant tsunami impact. The maximum tsunami height in the area of pp. Kaleici in Sigacik was
2.3 m, ” [5]. The results of this field study provide insight into the impact of near-field tsunamis on
the coasts of the Aegean Sea.

In this work, based on both data on the intensity of the earthquake and the localization of the
epicenter of the earthquake and aftershocks, taking into account the data on the subduction zone [1-
6] (Table 1), two possible model sources of the earthquake were constructed.

Table 1. Parameters of the earthquake of October 30, 2020 in the Aegean Sea [6]

Earthquake Magnitude 7.0M

Depth 21 km

Lat/Lon 37.9175, 26.7901

Event Data 30 Oct 2020 11:51 UTC
30 Oct 2020 13:51 Local

The two-block and three-block earthquake sources located along the fault zone running to the
north of the island of Samos are considered. Using keyboard model of the earthquake [27], which is
briefly described in the next section, the optimal kinematic movements of the keyboard blocks in
the earthquake source were found, which most adequately describe the generation of the tsunami
source and the propagation of tsunami waves to the coastal zone.

2. ANALYSIS OF THE TSUNAMI SOURCE GENERATION MECHANISM

It is well known that the strongest earthquakes occur in fault zones, which are clearly visible
on the bathymetric map (Fig.2), where the earthquake in question occurred. Since a strong
earthquake as a result of the rapid movement of the seabed triggers a tsunami over its source zone,
the vertical component of the dynamic displacement of rocks (schematically represented by the
keyboard blocks) gives the displacement at the ocean surface, i.e. a tsunami source is formed [25].
The formation of a tsunami is influenced by the nature and dynamics of displacements in the zone
of the earthquake source [26]. To compute the generation of tsunami waves, as a rule, seismic data
are used, which make it possible to determine the orientation of the rupture in the source and the
energy of the tsunami (see, for example, [44]).

b)
Fig. 3. a) Schematic representation of the frontal part of the island arc; b) Keyboard model of the
blocks structure in the frontal part of the island arc [27].
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In this paper, we consider the final fault with parameters obtained on the basis of the data given in
[5]. The earthquake source is considered within the framework of a simplified keyboard model of
the subduction zone [27]. Figure 3 shows a schematic representation of the block structure of the
frontal part of the continental slope and the interaction of its main elements with the driven plate
and with each other [27]. In Fig. 3a, one can see transverse faults - ruptures and movements in the
source of tsunamigenic earthquakes. Figure 3b shows a model image of a subduction zone - a
keyboard model of an earthquake source [27].

Since the question of the mechanism of the seismic source for an earthquake is still open
[25], then setting the source mechanism from tectonic considerations, and using the Wells formula
[33], based on the magnitude of the earthquake of a given event, we get an opportunity to calculate
approximate data on the length of the rupture in the source and the width of the rupture plane. The
vertical component of the wave surface displacement above the source of the earthquake is found
via the lida formula (see, for example, [26]). Thus, using formulas (1) and (2), the characteristics of
the seismic source and the displacement of the water surface above the source of the earthquake
were obtained (Table 2).

lg L (km)=0,59 M—2,44+0.16
1g W (km)=0,32 M —1,01+0.15
lg(H,m)=0,8M —5,6+0.4

' (1)

(2)

where M is the magnitude of the earthquake, L is the length of the rupture in the source (km), W is
the width of the rupture plane (km), H is the maximum height of the vertical displacement of the
water surface above the seismic source (m). Since the processes occurring in the seismic source
during a strong earthquake (up thrust or fault) are ultimately recalculated into vertical displacement,
then, due to the hydrodynamic problem under consideration, with an instantaneous piston
movement, the ocean surface will rise by the same amount as the block at the bottom [26].
Depending on the speed of movement of the keyboard blocks in the seismic source, various
scenarios for the formation of a tsunami source on the water surface can be realized. Using (2), the
estimated displacements of the Earth's crust in the earthquake source were obtained (see Table 2).

Table 2. Characteristic parameters of the earthquake source and displacement of the Earth's
crust in the source during the earthquake on October 30, 2020 in the Aegean Sea.

Parameter Characteristic parameters of
earthquake 10.30.2020
Magnitude of the earthquake 7
The length of the rupture plane (km) 34
Width of the rupture plane (km) 12
Water surface displacement (m) 1,2

So, for the earthquake under consideration at M = 7, the approximate values of the size of the
earthquake source obtained by (1) and the maximum displacement height in the earthquake source
of about 1.2 m found by (2) are used to simulate the generation of the tsunami source and further
propagation of waves across the water area.

Figure 4 shows the water area under consideration with the marked epicenter of the earthquake and
aftershocks of the first day of the earthquake, as well as with points located on the continental and
1sland coasts of the water area, where tsunami waves were recorded.
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Fig. 4. The considered water area, the epicenter of the earthquake and aftershocks of the first day of
the earthquake on October 30, 2020 in the Aegean Sea. The red dots mark the position of the virtual
tide gauges.

3. MATHEMATICAL FORMULATION OF THE PROBLEM

To consider the process of generating tsunami waves in the keyboard model of a seismic source and
their propagation over the water area, we will use the shallow water equations (see, e.g. [35]). The
geometry of the problem is shown in Fig. 5. The schematic sketch at the bottom is presented in the
form of a rectangular keyboard block, height B (x, y, f) and transverse dimensions, limited by the
vertical sides of the rectangle; a is the angle of inclination of the shelf to the horizon, Ly, is the
shelf length [28-32].

z

I necy,t) = y

T e ey

Fig. 5. Schematic representation of wave generation.

In 2D case, the system of nonlinear shallow water equations can be written as [35]
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here u (x, y, t), v (x, v, t) are the velocity components, / (x, y, t) is the disturbance of the free surface,
H (x, y) i1s the depth of the basin, B (x, y, ¢) is the change in the bottom of the basin (taking into
account the characteristics of the dynamic seismic source), g is the acceleration of gravity. In this
work, B(x, y,t) is the function describes the sequential movement of the keyboard blocks. The

modeling of such a process in the earthquake source, which would most fully correspond to possible
movements occurring in the vicinity of the earthquake source in the first minutes after the onset of
the earthquake, is considered.

4. NUMERICAL SIMULATION

From the set of difference schemes approximating Egs. (3), the numerical scheme of Sielecki
and Wurtele was taken [34], modified for computation the generation of a long wave by a dynamic
underwater source, which has a second order of approximation. The paper presents two possible
scenarios for the realization of the movements of the Earth's crust in the seismic source during the
earthquake of October 30, 2020 in the water area of the Aegean Sea.

SCENARIO 1

In Scenario 1, a virtual earthquake source is considered, segmented into 2 blocks, located
along the island zone where the earthquake occurred. Based on the data obtained on the earthquake
source size (Table 2), as well as the data on the localization of the epicenter of the earthquake and
aftershocks [6] and also, taking into account the tectonic setting for this region, where active tension
and shear deformations coexist [5], the bathymetry of the considered water area there were built two
possible sources of the earthquake. Figure 6 shows a bathymetric map of the computed water area.
The red line outlines the virtual seismic source of the earthquake, segmented into 2 blocks. The
burgundy line marks the fault line during the earthquake of October 30, 2020 in the Aegean Sea.
Blue dots mark points on the coast for which there is documentary data on the tsunami run-up.

Table 3 shows the characteristics for the kinematic motion of two blocks in the earthquake
source. The movement begins with the first block, moving vertically upward for 15 s to a height of
1.2 m. 5 s after the beginning of the movement of the first block, the second block begins to move
vertically downward at a distance of 1m, the movement occurs for 10 s, and ends simultaneously
with the rise of the first block. Then, after 3 s, the same block is shifted upward to a height of 0.8 m.
The total movement time of the blocks is 24 s [6].

Table 3. Characteristics of the kinematic movement of blocks for Scenario 1.

Block number 1 1 1

Start time (5) 0 5 15

Final time of movement (5) 15 10 6
| Height of movement (m) 12 -1 0,8
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Fig. 6. Schematic representation of a two-block earthquake source on October 30, 2020 in the
Aegean Sea (Scenario 1). The bold red line is the fault line. Blue points indicate localization of 8
points under consideration on the coast.

Fig.7-9 show the simulation results for Scenario 1. Fig.7 shows the generation of the tsunami
source. Since, due to the incompressibility of the liquid and the hydrostatic pressure, the ocean
surface will rise by the same amount by which the block at the bottom has been displaced [26],
then, according to the parameters of Table 3, panel 1 (Fig. 6) shows the displacement of the water
surface when the first block rises. 5 s after the start of the movement, block 2 begins to move
downward, which corresponds to the displacement of the wave surface above the second block
(panel 2). The movement of block 2 ends in 10 s simultaneously with the stop of block 1. Aftera 3 s
delay, block 2 begins to move upward, which leads to an upward shift (panel 4). Thus, the source of
the tsunami, i.e. displacement of the wave surface, is formed in 24 s, after which the wave
propagates over the sea area.

1.5
h, m
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Fig. 7. Generation of a tsunami source during the implementation of Scenario 1
for four time points.
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Figure 8 (panels 1-8) shows the position of the wave fronts. It is clearly seen that after about
2min 30s (panel 1) waves with a height of 1.25m reach the Samos Island.

'00:17:30
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Fig.8. Propagation of wave fronts in the implementation of Scenario 1
for eight time points.

After Smin 50s (panel 2), the wavefront reached the coastal city of Urkmez. For 7 min 30 s
(panel 3) a wave with a height of 1.06 m reached the city of Ahmetbeyli, and after about 10 min and
50 s, the front reached the largest city on the coast - Kusadasi 1.2 m (panel 4). At 17.5 min, we see a
height of about 1.31m in the area of the city of Zeytineli (panel 5). In 27.5 min in the coastal town

of Alacati, the height reached 0.92 m (panel 6).
, >1.5
hm

0.5

Fig. 9. Distribution of maximum wave heights over the water area during
the implementation of Scenario 1.
Vol 40 No. 3, page 186 (2021)



Figure 9 shows the distribution of the maximum wave heights over the entire computed area.
The distribution of the maximum wave heights clearly shows that the most dangerous areas are
near-field points, namely the island, the cities of [zmir and Kusadasi. Fig.10 shows a 3D histogram
of the distribution of the maximum heights of tsunami waves along the coasts of the computed
water area. It can be seen that the maximum wave height in the area of Kusadasi does not exceed
0.6 m. On the island of Samos, heights vary from 0.6 to 1.7 m from west to east. On the coast of the
city of Urkmez, the maximum wave height reached 1.3 m, but decreases towards the Pamudjak
beach to 0.5 m.

37.80°

Fig. 10. 3D histogram for a two-block source in the implementation of Scenario 1.

It should be noted that the observed maximum wave heights near the coast, which are closer
to the source, are many times higher than those located at more distant points from the earthquake
source.

SCENARIO 2

In Scenario 2, a virtual earthquake source is considered, segmented into 3 blocks, located
along the fault zone where the earthquake occurred. It can be seen that the arrangement of the
blocks follows the line of the oblique subduction zone (Fig. 11). Table 4 shows the characteristics
for the motion of three blocks in the earthquake source. The movement begins with the second
block, moving vertically upward for 15 s to a height of 1.2 m in 15 s. 5 s after the start of the
movement of the first block, the third block begins to move upward at a distance of I min 15s. 5's
after that, the third block begins its downward movement by 0.8 m in 14 s. The total movement
time of the blocks is 24 s [6].

Table 4. Characteristics of the kinematic movement of blocks for Scenario 2.

Block number 2 3 1
Start time (5) 0 5 10
Final time of movement (s) 15 15 14
Height of movement (m) 12 1 0.8
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Fig. 11. Schematic representation of the three-block source of the earthquake on October 30, 2020
in the Aegean Sea. The bold red line is the fault line. Blue points indicate localization of 8 points
under consideration on the coast.

The computation results for a three-block source are shown in Figures 11-13. In Fig. 12 it
can be seen that, according to the dynamics of the movement of blocks in the earthquake source:
first, block 2 moves up, then, 5 s after the beginning of the movement of the first block, block 3
begins to move and then, block 1 moves down (Table 4), occurs displacement of the water surface
above the blocks and the formation of a tsunami source.

1.5
h, m
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- . _“- T
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Fig. 12. Generation of the tsunami source in the implementation of Scenario 2 for 4 time points.

-0.5

Figure 13 shows the propagation of wave fronts in the implementation of this scenario over
the computed water area.
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Fig. 13. Propagation of wave fronts in the implementation of Scenario 2 for 6 time moments.

It is clearly seen that after about 1 min 25 s (panel 1) waves with a height of 1.31 m reach the
Samos Island. After 3 min 25 s (panel 2), the wave front reached the coastal town of Urkmez 1.65
m. At 11:40 a.m. (panel 3) a wave with a height of 1.26 m reached the city of Ahmetbeyli, and after
about 23:20 min the front reached the largest city on the coast - Kusadasi 1.14m (panel 4). At 36:40,
a height of about 1.0 m is seen in the area of the city of Zeytineli (panel 5). At 55:50 the wave
reached the entire coastline, in the coastal town of Alacati the height reached 0.6 m (panel 6).

Figure 14 shows the 3D distribution of the maximum wave heights along the coasts of the
considered water area. It can be seen that the most dangerous areas are near-field points, namely the
island of Samos, the cities of Izmir and Kusadasi. The maximum wave height in the area of
Kusadasi does not exceed 0.5 m. On the island of Samos, heights vary from 0.5 to 1.8 m from west
to east. On the coast of the city of Urkmez, the maximum wave height reached 1.03 m, but
decreases towards the Pamudjak beach to 0.36 meters. The observed maximum wave heights near
the coast, which are closer to the source, are many times higher than those located at more distant
points from the source of the earthquake.
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Fig. 14. 3D histogram for a three-block source in the implementation of Scenario 2.

Fig. 15 shows data from virtual tide gauges when computed according to Scenario 2. It is
clearly seen that the first displacement on tide gauges corresponds to the character of the tsunami
wave run up to this point (see, for example, [5,6]).
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Fig. 15. The virtual tide-gauge records for points 1-8 (Scenario 2).
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5. COMPARISON OF COMPUTATION RESULTS WITH REAL DATA AND DATA OF
OTHER AUTHORS

Table 5 shows a comparison of computed data with real ones taken from work [6]. It is
clearly seen that the results of the first computation (Scenario 1) for a two-block source are rather
far from real data. Taking into account the presence of an oblique subduction zone (see Fig. 5, red
fault line), the earthquake source was considered in more detail describing this fault zone (see Fig.
10). Using the available characteristics of the earthquake and manifestations of tsunami waves at
specific points on the coast (see, for example, [6]), a number of scenarios for the kinematic
movement of blocks in the earthquake source of this form were considered, one of which is given in
this work (Scenario 2). The results of numerical simulations for Scenario 2 show a closer agreement
with field data than for Scenario 1. Some difference between arrival times observed is due to
problem with location of real and virtual tide gauges in computations and real event. Moreover, the
arrival time in several points was estimated during post-event field survey only from eyewitness
accounts and photos.

Table 5. Comparison of computation results with documentary data.

Real data on Wave height at | Wave height
Point wave height on 3m isobate at 3m isobate
the beach, m (Scenario 1), m | (Scenario 2), m
1.Samos (Greece) 1.8 [24] 1.23 1.65
2.Kusadasi (Turkey) 1.5 [6] 1.05 1.06
3.Ahmetbayli(Turkey) | 1.34 [6] 1.04 1.64
4.Gumuldur (Turkey) | 1.86 [6] 1.14 1.20
5.Urkmez (Turkey) 1.68 [6] 1.16 1.24
6. Sigacik (Turkey) 1.5[e6] 1.44 1.40
7.Zeytinli (Turkey) 1.5[6] 1.24 1.31
8. Alachati (Turkey) 1.00 [6] 0.60 1.05
9.Bodrum (Turkey) 0.04 [5] 0.048 0.061
10.Kos (Greece) 0.10 [5] 0.042 0.061
11.Syros (Greece) 0.080 [5] 0.066 0.083
12.Plomari (Greece 0.075
( ) 10.0515] 0.082

The distribution of the maximum wave heights over the computation water area is clearly
seen in Figures 16 and 17, which show the data of numerical simulation according to scenario 2 and

data from [6]. It can be seen that the distribution pattern along the coastal zone is fairly close.
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Fig. 16. Distribution of maximum water surface elevations in Eastern Aegean computed
in the far-field simulations within the keyboard model of the earthquake source.
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Fig. 17. Distribution of maximum water surface elevations in Eastern Aegean computed in the far-
field simulations via NAMI DANCE [6].

6. CONCLUSIONS

The paper considers one of the strong tsunamigenic earthquakes that occurred in the Aegean
Sea in the 21st century. Using the keyboard model of the earthquake source, two variants of seismic
sources were considered: two-block and three-block sources, localized along the fault zone. Based
on the data of available tide gauge records [5] and works on the analysis of tsunami wave
manifestations on a number of coasts of the Aegean Sea [1], a dynamic process in the earthquake
source generating tsunami waves was numerically simulated. The closest results were obtained
when considering the generation of a tsunami by a three-block source (Scenario 2). The
computations were carried out up to the 3-meter isobath, which is associated with complex coastal
bathymetry and which made it possible to reduce the computation time. Since the goal of numerical
modeling is to obtain an adequate distribution of the maximum wave heights along the considered
coasts, it can be seen that the data obtained agree with this process well. It should be noted that
when modeling according to Scenario 2, for a number of points under consideration, where tide
gauge data were absent, but coastal survey data are well represented, the results obtained showed
somewhat underestimated values. However, taking into account that, when recalculated from the
isobath to the dry coast, the height of the maximum tsunami run-up may increase (see, for example,
[36,37], it can be concluded that the numerical simulation data are in good agreement with the
documented data (see Table 5).
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ABSTRACT

This study aims to analyse the My 7.0 normal faulting type earthquake that occurred on October 30,
2020, in Izmir-Turkey. After the earthquake, a tsunami was followed with a maximum water level of
3.8 meters in the Aegean Sea. The used method in this study is the measurement of the tsunami
faulting model parameters by using a direct procedure. The measured tsunami parameters are the
dominance period (Tq), rupture duration (Taur), and rupture duration more than 50 seconds (Tsoex) as
well as the results of the multiplication between Tq and Tsoex (TdTsoex). In this study, we used
seismogram velocity of vertical component recorded by the Global Seismographic Networks (GSN)
network stations and the GEOFON (GE) network with an epicenter distance of 0 to 40°, totaling 66
seismic stations. Based on the measurement results, the tsunami discriminants Tqur = 65.11 seconds, Tq
= 9.28 seconds, Tsoex = 1.43 and T4Tsoex = 13.27 seconds > 10 seconds (threshold). The value of the
tsunami discriminants TqTsoex that exceeds this threshold strengthens that the normal type earthquake
is the cause of the tsunami.

Key words: Normal earthquake, dominant period, rupture duration, rupture duration more than 50
seconds, tsunami faulting model.
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1. INTRODUCTION

Worldwide tsunamis caused by earthquakes are more often caused by reverse fault earthquakes
than those caused by normal earthquakes and strike-slip earthquakes. This is understandable because
the vertical displacement component of a reverse earthquake is much larger than that of a normal and
strike-slip earthquake. Large tsunamis are rarely generated by strike-slip or normal-faulting events.
This is because strike-slip faults that trigger local tsunamis may only be correlated with the size of the
localized seafloor deformation insignificantly (Gusman, et al., 2017; Lay et al., 2017). However,
records of past tsunamis initiated by strike-slips are reported as, for example, in 1906 in San
Francisco, California (Ma, et al., 1991; Thatcher, et al., 1997) and in 1994 in Mindoro, Philippines
(Imamura et al., 1995). These examples are complemented by relatively recent events in 2016 in
Kaikoura, New Zealand (Power et al., 2017; Ulrich, et al., 2019a), and in Palu on 28 of September
2018, Indonesia (Carvajal, et al., 2019; Ulrich et al., 2019b; Madlazim, et al., 2020). From the total 35
events used in the study, Madlazim et al. (2021), found that 74% (26 events of normal and strike-slip
earth quakes), have been validated to cause tsunamis, of which 11 strike-slips and 15 normal
earthquakes. Therefore, these two mechanisms can be a potential source of tsunami generation.

On the coast near the Aegean Sea, densely populated coastal areas have been affected by several
tsunamis in the past, some of them were devastating (Altinok et al., 2011; Altinok & Ersoy, 2000;
Ambraseys & Synolakis, 2010; Papadopoulos et al., 2014; Dogan et al., 2021). The most famous
tsunami in this region was the 1956 Amorgos event (My 7.8) which caused a maximum run up water
level of up to 25 m (Beisel et al., 2009; Okal, el al., 2009). More recently, the eastern Aegean Sea was
the site of two tsunamis that followed by the occurrence of earthquakes measuring My 6.3 and 6.6
respectively in June and July 2017. Both at Lesvos on 12 of June 2017 and at Bodrum-Kos on July
212020,, 2017, which was followed by a tsunami from a medium-magnitude earthquake in the region.
The latter event caused a significant impact on the southern coast of the Bodrum Peninsula in Turkey
and the Port of Kos on Kos Island in Greece (Dogan et al., 2019, 2021).

A strong earthquake that occurred on October 30, 2020, with a magnitude of My 6.6 has hit
Samos Island in Greece and Izmir Province in Turkey in the eastern Aegean. Based on information
from the Kandilli Observatory and Earthquake Research Institute (KOERI) and Anadolu Agency that
this Tsunami occurred after the earthquake and caused significant damage in Cesme and Seferihisar
Districts in Izmir and the coast of the Samos Island, and resulted in one victim and several injured
people due to the tsunami on the Turkish side. The national tsunami warning centre and tsunami
service for the North-East Atlantic, the Mediterranean Ocean Tsunami Warning System and the Ocean
Connected System (NEAMTWS), issues a tsunami warning 11 minutes after the earthquake (Dogan et
al., 2021). In this paper, we present the results of the velocity seismogram of vertical component data
analysis from the 30 of October 2020 earthquake that occurred in Izmir-Turkey to confirm that the
tsunami was caused by the earthquake. Our results include: measurement of dominance period (Tq),
rupture duration (Taur), and rupture duration more than 50 seconds (Tsoex) as well as the results of the
multiplication of Tq and Tsoex (TdTsoex). Next, we discuss the findings in this study to deeply
understand the behavior of the tsunami and its impact on nearby coastal areas.
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2. TECTONIC SETTING

The cause of the Turkish earthquake on October 30 include the many shifts in tectonic plates and
other seismic forces that play a major role in the region for frequent earthquakes (National
Geographic, 31/10/2020). An earthquake with an earlier estimated magnitude of 7 struck near the city
of Izmir in 1688. It changed the landscape so much that the surface dropped by more than a foot, and
the shaking buildings collapsed and started fires and killed up to 16,000 people. The eastern Aegean
Sea region is characterized as dominated by dip-slip extensional tectonic (Aktar, et al., 2007). The
Aegean Sea coasts of Turkey and Greece were struck by a moderate tsunami on 30 October 2020,
which was generated by an My, 7.0 normal-faulting earthquake (Fig. 1).
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Figure 1. Tectonic setting of the Aegean Sea region and the epicentral area of the 30 October 2020 Mw 7.0
earthquake. Data of epicenters and focal mechanisms belong to the United States Geological Survey (USGS)
earthquake catalogue. Green triangles show the locations of tide gauges. The blue boxes show the geographical
areas of Grid-2 (spatial resolution = 10.8 arc-sec) and Grid-3 (spatial resolution = 3.6 arc-sec), which form the

nested grid system that we used for numerical modelling of the tsunami (Heidarzadeh et al., 2021).
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These include faults trending E-W according to their area extending in the N—S direction and
showing a dextral (right-lateral) or sinistral (left-lateral) component (Emre, et al., 2011; Tan et al.,
2014; Tepe & Sozbilir, 2017). Therefore, the tsunami threat in the study area is mainly associated with
the dominant normal fault which indicates a high potential risk for the coastal area. On October 30,
2020, 12:51 UTC (14:51 local time), an underwater earthquake (Mw 6.6) occurred in north of Samos
Island, Greece, and off the coast of Seferihisar-Izmir, Turkey, with an epicenter (37.88 N, 26.70 E) at
a depth of 15 km (AFAD, 2020). More than 4600 aftershocks have occurred by the end of November
2020, 50 of them had a magnitude of My 4.0. The largest was with a magnitude of My 5.1 occurred at
16:14 (UTC), about 4 hours after the earthquake, about 10 km southeast of the epicenter at a depth of
about 7 km. From the conjugate-type aftershock distribution between the Dilek Peninsula (DP) in
Turkey and the northern Greek Island of Ikaria, about 80—100 km long rupture crack in the E-W
direction is clearly visible in four segments with visible seismic gaps. Three segments are located in
the northern part of Samos, while the eastern part of the swarm is aligned in the NNE-SSW direction,
which is parallel to the Buyuk Menderes Graben (BMG) alignment. north of Kusadasi Bay (KB) and
western part of Samos reveal a diffuse type of seismic activity (Dogan et al., 2021).

3. METHOD

There are two models of earthquake faults that have been used to explain the source of
earthquakes.

Examination of the first examine earthquake faulting model: This theory explains the
relationship between the strength (magnitude, My or seismic moment, Mo) of the earthquake source
and the fault length, L, fault width, W, slip, D and shear modulus, as written in the equation Mo =
LWD. This model inspired seismologists that Mo or My could be used as an early warning for
earthquakes and tsunamis. The use of My or Mo based on this model for earthquake early warning is
quite accurate, but for tsunami early warning it still needs to be evaluated. The second model is the
tsunami faulting model. After finding that the earthquake faulting model was not accurate for tsunami
early warning, Lomax & Michelini (2011) developed a tsunami faulting model inspired by Satake's
(1994) theory. This model provides the basis that not all earthquakes with a moment magnitude, My, >
7 cause tsunamis because tsunami events still depend on the parameters of rupture length (L) and
rupture width (W). This model also illustrates that the longer the earthquake rupture (L), the shallower
the depth (z) of the earthquake centre. This can be explained based on the relationship between depth,
density of the earth's medium and the shear modulus. The shallower the earth medium, the sparser the
density and the smaller the value of the shear modulus, so that the rupture length is greater for certain
earthquakes. The rupture length (L) is proportional to the rupture duration (Tqur). The rupture length is
difficult to be measured directly, while Tqur, Ta and Tsoex can be measured directly from a seismogram,
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so tsunami early warning is very possible by using the tsunami parameters Tauw, Ta and TsoEx.
Threshold T4 10 s, Tauw=65 s, Ts0ex, Ta*Taw= 650 s2 and Ta*Tsoex= 10 s (Madlazim, 2013; Madlazim,
et al. 2015). If the measurement results of the tsunami parameters exceed the threshold, then the
earthquake has the potential to cause a tsunami.

3.1.  Rupture Duration of P Wave (Taur)

High-frequency seismograms contain a larger number of P wave phase groups, so that the search
for earthquake rupture duration represented by P wave groups fulfills the representative requirements
in estimating the wave rupture duration for P tele-seismic earthquakes (Lomax & Michelini, 2009c).
The algorithms used to estimate the rupture duration of a regional earthquake seismogram are: (1)
providing a seismogram of the vertical component of the ground motion velocity in miniseed format
as raw data; (2) applying a 4-pole and a 5-20 Hz Butterworth band-pass filter to obtain a vertical
seismogram recording speed on HF for each Indonesian local station network; (3) converting the HF
seismogram into velocity-squared envelopes to get the rms amplitude; (4) picking the arrival time of
the P wave automatically on the HF seismogram; (5) measuring the time delay after the arrival of the
P wave for 90%(T0.9), 80%(T08), 50%(T05) and 20% (T°2) of the peak value; and (6) calculating the
rupture duration, Taur for that station by using the equation:

T = (1 =w)T% +wT02 (1)
with,

w = [(TO-8 +T95) 2 - 20] /40 s 2)

and the value of w is constrained 0<w< 1 (Lomax & Michelini, 2009a) ; (7) plot 7%.2, 705 708 T0.9
and 74, in the seismogram.

3.2.  Rupture Duration of P Wave (Tdur)

First of all, calculate the time domain (tc) by using the following equation :
n n
T, = 24 vz(t)dt/J v2(1)dt 3)
T T
(Nakamura, 1988; Wu & Kanamori, 2005: Lomax & Michelini, 2013)

With T1 = 0 seconds (P onset) and T2 = 55 seconds for tele seismic earthquake seismograms (Lomax
and Michelini, 2009). Detailed steps of 7, estimation are as follows: (1) preparing raw earthquake
data records from the vertical velocity component of broadband seismogram in a miniseed format, (2)
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applying 4-poles and a corner frequency of 0.05 Hz Butterworth band pass filter to obtain the high-
frequency, vertical component of velocity records for each seismic station; (3) picking P-wave arrival
times automatically at the high-frequency, vertical-velocity seismogram; (4) integrating the
seismogram and comparing it with vertical acceleration component of broadband seismogram times
2m of arrival times of P-waves automatically picked up from the vertical-velocity records on the high-
frequency seismogram; and (5) the final results were values of Ta.

3.3. Exceed Duration More Than 50 Seconds (Tsokx)

Tsoex estimation was carried out by using a direct procedure for tele seismic earthquakes, namely
(1) filtering the seismogram velocity of vertical component by using a high frequency (1-5 Hz)
Butterworth filter, (2) automatically picking P wave arrival times, (3) calculating rms amplitude (Ar)
and Tso, (4) calculating Tsoex which is the ratio between Tso/A; (Lomax & Michelini, 2009a).
Furthermore, the equations generated from the faulting tsunami model are integrated into the
Jokotingkir software (Madlazim, 2017).

4. FAULTING MODEL APPLICATION FOR THE 30 OCTOBER 2020 EARTHQUAKE
IN TURKEY

Measurement of three tsunami parameters from the faulting tsunami model (Tdur, Td, and Tsoex)
for the My, 7.0 normal faulting type earthquake that occurred in Turkey on October 30, 2020 by using
seismogram velocity of vertical component data recorded by 61 to 64 seismic stations on the GSN
network and GE with a regional epicentral distance of 4° to 40° as shown in Figure 2.
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Figure 2. Distribution of seismic stations on the GSN network (green) and GE network (blue) and the epicenter
of the Mw = 7 earthquake that occurred in Turkey on October 30, 2020.
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S. RESULTS AND DISCUSSION

The results obtained in this study are the results of measuring three tsunami parameters from the
tsunami faulting model (Tqu, Td, and Tseex) for the My 7.0 normal faulting type earthquake that
occurred in Turkey on October 30, 2020. From the results of the tsunami parameters calculation by
using software Jokotingkir (Madlazim, 2017) whose real time application system can be accessed at
http://predik-tsunami.unesa.ac.id/www/, the results are as shown in Table 1 below.

Table 1. Result of tsunami parameters calculation by using Joktingkir software

Tsunami Number of Used Value Threshold Decision
Parameter Station
Tdur 61 65.11 s 50s -
Ta 64 9.28 s 10s -
Ts0Ex 63 1.43 1 -
TdTs0Ex - 13.28 s 10s Tsunami

The number of stations used by each tsunami parameter is different because there are
seismograms that do not meet the minimum requirements for each seismogram recorded by these
seismic stations. Almost all tsunami parameter values exceed the threshold value, except for the
dominant period (Tq) which is slightly smaller than the threshold. For the purposes of predicting a
tsunami 4 minutes after the earthquake, Taur is represented by Tsoex because the computational Tsorx
turns out to be more accurate (Lomax & Michelini, 2013). However, the discriminant tsunami
(TdTsoex) exceeds the threshold, so it can be concluded that the My, 7.0 earthquake is a normal faulting
type. The one occurred in Turkey on October 30, 2020, was caused by the seismic energy of the
earthquake, not a landslide or others (Dogan et al., 2021). This evidence confirms that normal fault
earthquakes can cause tsunamis (Lomax & Michelini, 2013; Madlazim et al., 2021). The tsunami
caused by this earthquake can also be validated from the Tsunami Event Validity (TEV) published at
http://dx.doi.org/10.7289/V5PN93H7.

Large shallow earthquakes produce the most destructive tsunamis where the epicenter is on a
fault line along the seabed. Tectonic subduction and tectonic plate boundaries are areas that have the
most potential to cause tsunamis. These collisions of tectonic plates in these highly seismic regions
cause large earthquakes when the plates are moving and passing one another, tilting, offsetting, or
displacing large areas of the ocean floor from just a few kilometers to 1,000 or more. This sudden,
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large vertical displacement of the seabed disturbs the sea level and generates a destructive tsunami as
the water is displaced. The earthquake lifts or lowers the seabed. A tsunami can occur when an
earthquake causes a sudden vertical deformation of the seabed, displacing the overlying water from its
equilibrium position. When a reverse earthquake moves suddenly, a tsunami can be generated if it is
associated with a destructive or convergent plate boundary. This is due to the vertical component of
the movement and sudden displacement.

Movements on normal faults (normal earthquakes) can also cause seafloor displacement, but if
the ground moves from side to side, not much will happen to the water. Because the size of such an
event is usually too small to produce a large tsunami. Conversely, if the land moves up or down, it
displaces a large body of water. As the water tries to equalize itself, this displaced water will try to
adjust itself in the form of waves. Earthquakes associated with subduction zones are very effective in
generating tsunamis. Although most tsunamis are caused by underwater earthquakes, it should be
noted that not all underwater earthquakes cause tsunamis: typically, an earthquake must be greater
than 7.0 on the Richter scale in order to produce a destructive tsunami. Only from this intensity
upwards, it is enough energy released to rapidly displace enough water to create a tsunami and the
earthquake must have the epicenter near the earth's surface. The abnormally slow deformation
(represented by rupture duration, dominant period, and rupture duration more than 50 seconds) at the
earthquake tsunami source may be a manifestation of the weak zone viscoelasticity below the deep
trench boundary.

Heidarzadeh et al., 2021 described that the arrival times of the maximum tsunami wave were
up to 14.9 h after the first tsunami arrivals at each station. The duration of tsunami oscillation was
from 19.6 h to > 90 h at various tide gauges. Spectral analysis revealed several peak periods for the
tsunami; we identified the tsunami source periods as 14.2-23.3 min. The weak zone implied by large
normal earthquakes such as the October 30, 2020, Turkish earthquake and other normal earthquakes
may be the result of heating friction at the interface between boundaries of lithosphere (Kanamori,
1972). The structure here can be modeled by the thin lithosphere which is thickly lined in the weak
zone. This structure offers an explanation, via speculative one, for such a slow earthquake (rupture
duration exceeding the threshold). The thin lithosphere above the weak zone can rupture, possibly
under its own weight, causing a tsunami.

Figures 3, 4, and 5 are Schematic of a single-station, each of which describes the process of
measuring the rupture duration (Tquwr), dominant period (Tq4), and rupture duration more than 50 s
(Tsoex) processing for the 2020.10.30, My, = 7.0, Dodecanese Island, Greece earthquake recorded by
station GE.PSZ. at 11.19° GCD.
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Figure 3. Schematic of a single-station, rupture duration (Taur) processing for the 2020.10.30, My, = 7.0,
Dodecanese Island, Greece earthquake recorded by station GE.PSZ. at 11.19° GCD. Top panel represents raw,
broadband velocity and the second panel is HF seismogram. The bottom panel is showing an estimation of Tqur

= 82.69 s.
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represents raw broadband velocity. The bottom panel is showing an estimate of T¢=22.35 s.
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Figure 5. Schematic of a single-station, rupture duration more than 50 s (Tsoex) processing for the 2020.10.30,
My = 7.0, Dodecanese Island, Greece earthquake recorded by station GE.PSZ. at 11.19° GCD. Top panel

represents raw broadband velocity. The bottom panel is showing an estimation of Tsoex = 4.25 s.
6. CONCLUSIONS

Almost all tsunami parameter values exceed the threshold value, except for the dominant
period (Tq) which is slightly smaller than the threshold. For the purpose of predicting a tsunami 4
minutes after the earthquake, Taqur is represented by Tsoex because the computational Tseex turns out to
be more accurate (Lomax, A. and Michelini, A., 2012). However, the discriminant tsunami (TqTs0ex)
exceeds the threshold, so it can be concluded that the My 7.0 normal faulting type earthquake that
occurred in Turkey on October 30, 2020, was caused by the seismic energy of the earthquake. Normal
earthquakes can cause tsunamis because the thin lithosphere is thickly lined in the weak zone for very
slow earthquakes (rupture duration, dominant period, and rupture duration exceeding the threshold).
The thin lithosphere above the weak zone can rupture, possibly under its own weight, causing a
tsunami.
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ABSTRACT

In order to start a company and commercialize a great technological innovation, it is necessary to
develop an effective business plan. The present study proposes the scientific development of such a
business plan named “Educational Design Research” (EDR). This EDR plan aims to produce a
2021-2025 methodology for the Faculty of Mathematics and Natural Sciences of the Surabaya State
University to address, among other things, the analysis, design, preparation, evaluation, and final
reporting, for use in issuing and implementing effectively tsunami warnings in Indonesia. At the
design stage of this project, the researchers involved in the present study compiled a business plan
based on theory, and provided examples of procedures that could be readily accessed, evaluated and
implemented in issuing tsunami warnings. The business plan was developed in close cooperation
and thorough discussions with other units of the Faculty of Mathematics and Natural Sciences of
the University. The revised business document plan was subsequently provided to a consultant for
additional evaluation, recommendations, and revisions. The results of the present study are in the
form of a business plan document for adoptation in more effective earthquake and tsunami
warnings,using the “Jokotingkir” technology.

Keywords: Business plan, tsunami warning, entrepreneurship, Jokotingkir, disability.
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1. INTRODUCTION

Developing a good business plan before implementing a company's business operations is
essential for long-term success. Garcia, R., F., et al (2019) found evidence that the process of
making a business plan resulted in highly valued entrepreneurial competencies, and whether the
business plan was real or fictitious, it did not affect the level of entrepreneurial competence. Several
researchers who have studied entrepreneurial competence are Man et al. (2002), and Bakkali et al.
(2010). Indeed, rare research comes with knowledge of analyzing students' perceptions of the
attainment of these competencies (Tounés et al., 2014). However, to the authors’ knowledge, no
studies have examined the effect of such perceptions on the achievement of the competencies in
question. Therefore, further research is needed to identify the benefits of business plans in terms of
developing entrepreneurial competencies, especially for scientists (Momete D. C., 2018).

The present study discusses key elements of a business plan approach which could help

scientists reach realistic estimates of potential revenue, that could offset operational expenses of an
effective management program of added protection from tsunamigenic hazards in Indonesia. As
stated, in order to start a company and commercialize a great technological innovation, it is
necessary to develop first an effective business-type plan. Especially, if investment capital and
resources are needed - as in this case — the preparation of a proper operational document is needed,
to validate the experience of those involved as it is done for business start-up companies. This
approach is supported by the results of research by Kiznyte J., et al., (2016), in order to ensure that
the goals of the company are viable and that there is an understanding of what needs to be done for
a program to become successful. However, most scientists rarely have such experience in creating
plan documents and most likely don't know how to properly structure them.
Therefore, by using a business-like approach, the present study focuses on the plan that is most
relevant to innovations related to science, such as the “Jokotingkir” technology, which is an
externally-focused business plan for start-up companies. Since every business plan is different, it
should not be necessary to follow a certain rigid format in formulating, if changes may lead to better
results. After all, the point of any business plan is to state what approach will lead to more
successful outcomes. Thus, making a document look like a standard business plan is second to
none. Whatever approach is used in formulating a plan of action, it is important to include all the
necessary information, and this can also increase the entrepreneurial competence of scientists
(Momete D. C., 2018). In the present paper, we focus on developing a business plan type of
document using the Jokotingkir technology that can function for the effective dissemination of
earthquake and tsunami warnings.

2. LITERATURE REVIEW

As indicated, a business plan is a typical part of entrepreneurship courses. In almost all
entrepreneurship courses, a business plan is the typical end product. According to Katz (2014), it is
an excellent task and method to increase the level of student learning related to entrepreneurship.
According to Honig (2004), a business plan can be defined as a written document that describes a
company's current and future profile; it is a maturation process that facilitates the progression from
an idea to a final project. Evidence suggests that business schools teach business plans because they
help current and future entrepreneurs manage activities that involve a high degree of complexity
and uncertainty (Kahrs, 1995). Although there are different suggestions on how to build a business
plan, most include the following (Blenker et al., 2006): description of the business area, description
of the management team, description of market segments, marketing plan, business, organizational
systems, implementation, assessment of risk, and funding. In general, as in business, a scientific
plan should includes the following similar components:
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(1) Company Review - A review of one to three sentences of the company description. The
description should be to the point in order to effectively grab the reader's attention, then followed by
a very brief description of the company and its organizational structure.

(2) Mission Statement - The company's mission statement must effectively state the
company's goals. A mission statement must be written that will guide future strategy and high-level
decision-making. A mission statement is not a marketing tool, but it should be written well.

(3) Management — This is an introduction of the management team, which sould provide
some background information about involved individuals, highlighting their strengths as they relate
to the business and their position in the organizational structure. A bad management team can easily
repel investors, so it is important to include in the introduction all the positive aspects, making sure
the management team looks good in addressing effectively the company's operating plan.

(4) Market Analysis — Analysis and formulation of market/user analysis precludes the
understanding by scientists of the technology market generated from plan documents. This market
analysis should provide information about the competition, obstacles, market size, trends,
challenges, opportunities, and benefits that the marketing approach presents.

(5) Scientific Background — For people involved in the formulation of an effective plan, it is
is important for them to have adequate technical knowledge and understanding of needed and
specific technology for effective implementation. Since scientific products are highly technical,
there is a need to demonstrate the procedures that will meet the identified goals. If possible,
reference should be made to published literature. If a working prototype has been completed, some
of the test results should be presented.

(6) Marketing Plan — Such a plan must discuss the means of promoting information
dissemination and reiterate the benefits to designated recipients, as well as the means to help
achieve the neeeded goals. Also included should be a projection of how the product — in this case
concepts of disaster mitigation — should be presented in order to reach maximum response and
achieve maximum effectiveness. Such approach must utilize all available channels of effective
dissemination and on how managers of the plan must interact with the public.

(7) Operation Plan — This aspect of the plan should deal with the means by which the new
technology will operate, in general, but also with emphasis on more important considerations.

(8) Projections — Such inclusion of future “financial plans”, will indicate projected goals and
should emphasize the need for added worthwhile investements and improvements. These
projections will be different for each participant, and will be based on the project’s development
time, on how long it will take to effectively reach recipients, on how long its product life cycle will
be, and other relevant factors. Revenue resources for effective implementation will always involve
some guesswork, so attention should be given that the sure your cost estimations are very close. It is
better to have a slightly worse, but defensible financial outlook.

(9) Long Term Vision — The plan sould include important long-term goals and expected
achievements for life science start-up that are important to participating partners or investors. In
order to build on the success of the earlier years, the plan should include careful long-term vision,
and projections for expansion into new areas.

(10) Disclaimer - you need to include The plan must include a statement which must protect
participants from potential liability. It will not be part of the full section but should included as an
Appendix in smaller print at the end of the document’s body. Basically, the disclaimer must state
that some of the projections may be risky, not guaranteed, and that individuals or organizations they
represent will not be liable if some of the information turns out to be somewhat incorrect (Hoyt, C.
accessed from http://biobm.com/2011/06/business-plans- for-life-scientist-inventors/.)
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3. METHOD

The design used to develop the business plan is named “Educational Design Research”
(EDR) (Hogue, R.J., 2013). This EDR study is related to the motive of improving practice, which
can be done mainly for the following goals:

1) Solving the problem: As stated in general terms, to reduce to some extent the gap
between disciplines of STEM-related career.

2) Using acquired knowledge to create innovative work: This is achieved through the
design, piloting and implementation of programs aimed at familiarizing instructors with the
potentials of technology;

3) Improving the robustness and systematic nature of design practice: Establishing a set
of design principles for implementing programs of instructor professional development to teach
STEM-related topics through an inquiry-based approach by using specific technologies.

This EDR method adapted in this study aims to produce a technology Business Plan or
resources’ management for the Faculty of Mathematics and Natural Sciences, Surabaya State
University for the years 2021-2025. As previously stated, the different stages of the EDR include
and address the needs for analysis, design, preparation, evaluation, and reporting. At the design
stage, the researcher-compiled business plan design is based on theory and on examples of business
plans that were accessed. At the stage of preparing a business plan, and in close cooperation and
discussions with other units of Surabaya State University, a plan was prepared. Subsequently,
several of the inputs for revising the business plan document were provided for evaluation to the
designated consultant, in order to revise it and improve its functionality.

4. RESULTS AND DISCUSSION
The results of the business plan document development in this study are presented as follows:

1) Executive Summary - A reminder of daily seismic activity in areas of various countries in the
region or globally, that have the potential for earthquakes and tsunamis, which can result in both
physical and non-physical losses in Indonesia. However, most of the risk of earthquakes and
tsunamis can be reduced with proper planning and preparation. In addition to strengthening
buildings and encouraging residents to prepare for potential earthquakes and tsunamis, the
Jokotingkir's technology is now available to provide warnings in four (4) minutes after an
earthquake strikes, and in approximately thirty (30) minutes before the first tsunami waves hit a
coast. This technology consists of a seismometer detecting the earthquake waves, satellites
receiving and transmitting the seismic data, a server receiving and processing the earthquake
information, which by using the available Jokotingkir software, can analyze and evaluate the
seismographic data, which subsequently disseminates the earthquake and tsunami parameters — as
shown by the illustration below (Fig. 1).
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Figure 1. Performance scheme of the Jokotingkir technology

This Jokotingkir technology can also be used for people with special needs because it is
equipped with a voice transmission capability which explains the earthquake and tsunami
parameters, so that appropriate measures of disaster mitigation can be activated immediately.
Furthermore, the Jokotingkir system can disseminate warnings, as well as instructions for
evacuation or other nethods of public safety protection.

2. Vision-Mission Statement Vision: The main role and mission of the Jokotingkir
technology is to create faster and more accurate earthquake and tsunami warnings and provide the
best service to the potentially threatened public.

3. Management: The management of Jokotingkir's organization is carried out transparently
with the PDCA (Plan, Do, Check, and Action) stages with the following organizational structure:
Manager, Treasurer, Marketing, Production quality control division staff, and Information and
communication system division staff. The management team is very compact and good in running
the Jokotingkir Organization, as they have good training and understanding of its functions and
goals.

4. Market Analysis and Strength: (a) Includes the Jokotingkir's technology which - as
stated - provides a fast and more accurate information for earthquake early warnings and tsunami
prediction and is equipped with voice notification about information on earthquake and tsunami
parameters, making it more suitable for people with special needs. (b) Permits quick response to all
interested parties, thus avoiding time-consuming bureaucratic delays. (c) Results in low overhead
costs, thus offering recipients best possible price. (d) Provides close attention to all recipients’s
requests and needs. (e) Allows flexible handling of each each case and request. (f). Enjoys a good
reputation by satisfied recipients.

Weaknesses include: (a) Lower ability of staff response for certain areas, (b) Limited capital
availability, (c) Occasional cash flow shortages, (d) Less strategic location of managing office.

Opportunities consist of: (a) Improving efficiency in the working sector, (b) Good
governmental support of our program and goals , (c) Absence of intense competition in the sector
we are engaged in, (d) Low initial capitalization for the start of our operations.
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Threats consist of: (a) Keeping up and quick adopting with the rapid development of technology in
this field, (b) Changing competitors' strategies which threaten our position in this area. (c¢) Lack of
banking interest in financing funding for the industry we are currently working on.

Target Market: The majority of Jokotingkir's technology target market is state or private
institutions that have duties and responsibilities for earthquake and tsunami disaster mitigation.

Table 1. The results for assessment of tsunami potential by using #w and 7d750ex discriminants.

Discri Av?ilable Threshol True Warning (TW) False warning (FW)
minant | (minutes dValue | 7gy>3 | 7EV<3 | %** TEV>3 TEV<3 o
after OT)
Mw 15 7.0 36 0 71% 13 2 299,
Tdezs 0 4 10.0's 39 2 76% 12 0 24%

*51 events classified; 39 occurrences have 727> 3; ** percentage of True Warning or False
Warning (Madlazim et al., 2021)

5. Scientific Background: The speed, accuracy and performance of the Jokotingkir
technology have been tested through real-time earthquake data since 2012 until now. The
Jokotingkir technology website can be accessed on the following website: ( predict-
tsunami.unesa.ac.id ) and can also be accessed via android with the keyword ( jokotingkir tsunami
prediction ). The results of the Jokotingkir technology trials have been published in several articles
published in reputable international scientific journals (Table 1) (Madlazim et al., 2015; 2021). In
addition, the Jokotingkir technology has been registered with IPR and patents.

6. Marketing Plan: In order to attract potential customers for the Jokotingkir Company and
make it better known, there will be promotions from the social media. The special social media
accounts will carry out promotions complete with websites containing promo-information and viral
content. Because most likely users of the Jokotingkir technology are state institutions or
seismological institutions, we intent to send brochures to all related institutions.

7. Operational Plan: The operating hours are from 08.00 am to 16.00 pm every day. A 24
- hour 7- day service is also set up specifically for online marketing staff.

8. Budgeting Projections Plan: The development of a financial plan - including
identification of funding sources for one-time costs and ongoing costs — includes the development
of a set of characteristic criteria and funding source for the Jokotingkir Earthquake Early Warning
and Tsunami Prediction which involve: (a) A stable and sustainable source of income must be
identified to finance ongoing operation and maintenance costs. (b) Costs for systems that are likely
to increase in the future as a result of inflation, technological changes, and replacement of aging
existing equipment. (c) Establishing an assessment of costs and benefits of the system. While access
to the signal should not be restricted to only those who can pay, the costs for the system should still
be borne by those who benefit.

9. Long Term Vision: This consists of: (a) Plans for expansion into new markets to build
on the company's early years of success; (b) Adding new features of Jokotingkir technology to
adapt technological developments to the needs of society.

The last business plan component of Jokotingkir's technology includes a Disclaimer, which
states that the use of technology may have risks because earthquakes are one of the most common
causes of tsunamis. Until now, there is no science and technology that can predict an earthquake at
a certain time. This uncertainty applies to the Jokotingkir technology in predicting tsunami events.
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The preparation of the ten components of a business plan from Jokotingkir's technology is
based on the concept of a business plan for technological products produced by scientists (Garcia,
R., F., et al.,, 2019; Kiznyte J., et al., 2016), and also on suggestions from a business consultant. All
of the makers of these business plans are scientists, but who do not have specific experience in in
business. However, by preparing business plans accompanied with inputs from experienced
consultants, the level of achievement of entrepreneurial competence increases. Therefore,
developing a business plan supports the development of entrepreneurial skills, perhaps because
business planners have a special entrepreneurial-oriented attitude (Garcia, R., F., et al., 2019). With
the production of a business plan document and increasing entrepreneurial competence, it is hoped
that Jokotingkir's technology company can also improve the expected income generation.

6. CONCLUSIONS

A business plan document specifically for earthquake and tsunami early warning technology has
been developed in close collaboration and coordination with a professional technology business
consultant. This document consists of ten components of a business plan, namely Executive
Summary, Vision-Mission Statement, Management, Market Analysis, Scientific Background,
Marketing Plan, Operational Plan, Budgeting Projections Plan, Long Term Vision, and a Disclaimer
(Disclaimer).
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