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Abstract. In recent years, Tourism activities in Gunungkidul Coastal Area rapidly increased. A large 

number of tourists visiting the coast considered as elements at risk that are exposed to tsunami hazards. 

Disaster infrastructures provided by the government e.g. hazard maps, evacuation routes, and locations for 

assembly points are inadequate. The tsunami inundation models provided by the government are based on 

national topographic maps (RBI), resulting in inaccurate models. DEM generation using UAV 

Photogrammetry produces high spatial resolution data that results in more accurate tsunami inundation 

model. The results of the model using UAV photogrammetry are also capable of producing several 

inundation scenarios and determine the safe areas that can be used for temporary evacuation sites. The use 

of UAV photogrammetry for tsunami inundation models provides many advantages including low cost and 

accurate model results. Evaluation of hazard maps and assembly points using UAV Photogrammetry 

modeling lead to more effective and less time-consuming on the evacuation process. 
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1 Introduction  

Tsunami is one of the disasters that have a serious 

impact on coastal communities [1,2]. The southern coast 

of Java is prone to tsunami because of its location that 

adjacent to the subduction zone [3-6]. The Gunungkidul 

coast, as is located in the southern coast of Java is 

directly adjacent to the Indo-Australian subduction zone 

that leads to high tsunami hazard potential. Subduction 

zones will cause potential earthquakes, while 

earthquakes are the main cause of tsunamis in Indonesia 

[7]. The development of tourism in this regency 

contributes to increased vulnerability to tsunamis. The 

growing number of tourists over time has raised the 

vulnerability level as more people are exposed to danger  

Intensive tourism activities on the coast of 

Gunungkidul led to the need for adequate tsunami 

evacuation management. Tsunami disaster mitigation is 

a comprehensive process. It includes tsunami evacuation, 

which considers many factors in its design. The tsunami 

evacuation process is a process in minutes that each 

individual must evacuate themselves in safe areas [8]. 

This condition must be supported by the existence of 

effective evacuation routes and accessible locations for 

assembly points. Vertical Tsunami Evacuation (TVE) is 

an option as a location for sheltering in place during the 

tsunami occurrence [8,9]. As a short yet most 

determining action taking place within minutes after a 

tsunami event, evacuation must be carefully planned. 

 Studies on coastal disasters can rely on the 

combination of hydrological modeling and Geographic 

Information System (GIS) [10-12]. Based on the tsunami 

inundation model, the area that prone to tsunami hazards 

can be determined. The inundation models are also able 

to be generated into different tsunami height scenarios. 

According to tsunami inundation model by [13], most of 

Gunungkidul coasts are susceptible and vulnerable to 

tsunami hazard, that leads to high risk of tsunami 

disaster. This study aimed to perform a UAV-based 

topographical mapping for tsunami inundation modeling. 

This model was further used to determine the optimum 

location for vertical evacuation. The modeling results are 

expected to propose an alternative evacuation system 

that particularly considers vertical instead of horizontal 

evacuation. 

2 Study Area  

Increased tourism activity in Gunungkidul multiplies the 

number of people exposed to the threat of tsunamis. In 

tsunami evacuation scenario, a high number of tourists 

will bring an impact on evacuation effectiveness. This 

study focuses on the coastal area of Drini Beach 

(henceforth, referred to as Drini Coastal Area) with an 
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absolute location at 8˚0818.3 "S and 110˚3444.7" E. In 

Drini, the evacuation site recommended by the National 

Disaster Management Agency (Badan Nasional 

Penanggulangan Bencana–BNPB) is considered too far 

from the beach and ineffective. The database used by 

this agency for the modeling is the contour data retrieved 

from 1:25,000 RBI map with a contour interval (Ci) of 

12.5 meters. Tsunami evacuation is a short process that 

has to be prepared with careful planning. Based on the 

calculation results, the sufficient time for the evacuation 

process in coastal areas in Gunungkidul is about 11 

minutes [14]. DEM modeling using UAV-based 

photogrammetry is expected to provide an ideal 

recommendation for a temporary vertical evacuation site.  

 Drini Coastal Area is approximately 60 km from 

Yogyakarta City. It has several beaches, namely 

Sepanjang, Watukodok, and Drini Beach. Dry 

agriculture and agroforestry dominate the land use in this 

area. Meanwhile, the built-up environment is mainly 

composed of tourist facilities like shops and lodging. 

This combination of land use systems will lead to an 

enormous loss if tsunamis occur. Drini Coastal Area has 

an access road as a means of connection between the 

beaches. The presence of the road is included in the 

primary consideration in evacuation planning. The map 

of the study area and its land use is presented in Figure 

1. 

 

Fig. 1. Location and Land use map of Drini Coastal Area. 

3 Methods 

3.1. Acquisition of aerial photos 

The aerial photographs were acquired using a fixed-wing 

aircraft with a Bixler airframe. The sensor was Canon 

PowerShot A2500 pocket camera with a resolution of 16 

Mpix. This camera was set automatically to capture 

images every two seconds with a shutter speed of 1/2000 

to avoid blurry results on the photos and allow adequate 

overlap and sidelap for photogrammetry analysis. The 

flight route was designed at an elevation of ±300 meters. 

Ten (10) premarks were installed in the field to represent 

the distribution of the topographic configuration in the 

study area. The coordinate was identified using a 

geodetic Global Positioning System (GPS) using the 

Real Time Kinematic (RTK) method. The aerial 

photograph data acquisition was conducted in March 

2017. By providing the most recent DEM data based on 

aerial photograph, the elevation and land use data are 

expected to give more accurate analysis of the 

inundation model.  

3.2 DEM generation 

The UAV-derived photos were processed in Agisoft 

Photoscan. Single images with central projection were 

combined to form one photograph with orthogonal 

projection. UAV-derived photos store altitude 

information in pixel value. In this research, the UAV 

produced loose photographs that overlapped to each 

other and formed an image sequence with a Ground 

Sample Distance (GSD) of ± 9 cm/pixel, which certainly 

provided a highly detailed elevation for evacuation 

modeling and reliable data for DEM generation. A high-

resolution DEM is required for correcting the existing 

topographic data of the RBI map. DEM reconstruction 

resulted from photo orthorectification produced 

measurements with high precision [15]. 

 Georeferencing data plot is an important process 

before detailed elevation modeling. This process can be 

performed either directly during the preparation of point 

cloud or indirectly after all of the data processing is 

completed. This research used indirect data 

georeferencing by inputting the coordinates identified 

with a geodetic GPS using the Real Time Kinematic 

(RTK) method. The identification was conducted at the 

artificial premarks. Therefore, these premarks must have 

easily identifiable shapes and colors on aerial 

photographs [16]. In addition to DEM generation from 

the UAV-derived photos, this research also created a 

comparative DEM from the contour information 

presented on the RBI map (Ci= 12.5 meters). This 

contour data was converted to DEM using the spatial 

analyst tools in ArcGIS 10.5. 

3.3. Tsunami inundation model 

The tsunami inundation was modeled using a raster 

calculator by taking into account the maximum tsunami 

height in Java Island, i.e., 11-13.9 meters [17,18] A 

height of 12 meters was selected to provide an even 

distribution of classes from five tsunami scenarios, 

namely 4, 6, 8, 10, and 12 m. The inundation model 

involved filtering raster pixels whose values were less 

than or equal to 12 meters. Each pixel value in DEM 

raster data has altitude information [19]. Once a pixel 

with a predetermined value was selected, the raster was 

converted into a polygon. A filtering process was 

performed again to remove polygons that were not 

hydrologically connected to the shoreline using the 

‘select by location’ command. This concept corresponds 

to the neighboring operation in raster data in which the 

unconnected pixels are not used in the analysis.  

The maximum inundation model was recalculated 

to determine the safe area as an alternate for vertical 

evacuation site. Vertical evacuation sites must be higher 
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than the inundation and may use more than one location 

like high grounds, hills, or multi-story buildings [8;20]. 

As proposed in Heintz (2009), the formula used to 

determine the height of the vertical evacuation site is 

presented in Eq. 1.  

Hmin VE = H run up x+ 30% x (H run up) + 3 m       (1) 

where: 

Hmin vertical evacuation = The minimum height of a 

vertical evacuation site 

H run up = The height of the maximum scenario 

 Furthermore, the locations that were not inundated 

by the maximum scenario were proposed to be the 

potential vertical evacuation sites. This study used 

several conditions to categorize the non-inundated 

location as an evacuation site, i.e., it is an easily 

accessible and not isolated place that can accommodate a 

large number of people [21]  

4 Results and discussion 

Orthorectification is a preliminary process in creating 

mosaics from single aerial photographs. In this research, 

the flight produced 314 photos, which were then selected 

using several considerations, including the percentage of 

overlap, brightness level, and the exclusion of blurry 

photos. The results of this process were orthophoto and 

Digital Surface Model (DSM) (Figure 2). The three-

dimensional modeling that used UAV-based 

photogrammetry had good accuracy for hydrological 

analysis [22]. The produced digital 3D model had a GSD 

of approximately 9 cm. This spatial resolution 

consequently increased the reliability of DEM for the 

analysis. 

 There was a significant difference between the DEM 

generated from UAV-derived aerial photographs (DEM-

UAV) and the one created using the contour information 

from the 1:25,000 RBI map (DEM-RBI). DEM-RBI 

produced a rough topographic appearance, which would 

affect the inundation model. The tsunami hazard map of 

the BNPB uses a basic analysis of the contour data on 

the RBI map, which overestimates the locations of the 

inundated areas. Consequently, the assembly or 

evacuation points are not functional. Considering the 

evacuation time (11 minutes), these points are too far to 

reach on foot. 

 
Fig. 2.  Pieces of Orthomosaic (left) and DSM (right) of 

Watukodok-Drini Beach and Kukup Beach 

 The tsunami model is an inundation model whose 

results strongly depend on data input. The tsunami 

inundation was modeled with a numerical code that had 

to work even on the smallest cell size [23]. Therefore, 

data with a high spatial resolution was required to 

maximize the smallest cell size. DEM-UAV and DEM-

RBI had a significant difference regarding the results of 

pixel values interpolation. The distribution and the 

smoothness of the interpolation are observable in the 

generated DEM (Figure 3) 

The tsunami inundation scenario used high-

resolution DEM to perform a precise analysis and 

facilitate accurately targeted disaster-based management. 

High-resolution models can also provide the exact 

picture of areas that are not affected by tsunami 

inundation [24]. The modeling of the maximum scenario 

from DEM-RBI and DEM-UAV showed a significantly 

different extent of the inundated area. The tsunami 

inundation model using the DEM-RBI produced a rough 

area, while the one using DEM-UAV resulted in a much 

smoother area. Moreover, the distribution of the 

inundation from the DEM-UAV-based modeling 

followed the topographic pattern. 

 The maximum inundation model using DEM-RBI 

and DEM-UAV had different extent of inundation and 

smoothness. The inundation model based on DEM-UAV 

covered a larger area than the one using DEM-RBI 

(Fig.4). The reason was the execution of the DEM-RBI-

based modeling that stopped at an elevation of 12 meters 

because the contour above it was too high. Furthermore, 

the DEM-UAV-based inundation model showed a very 

fine or smooth result. The high spatial and temporal 

resolution of UAV-derived data increases the ability to 

respond to critical conditions where access to three-

dimensional information is crucial [25]. In this case, 

tsunami modeling requires access to 3D data with a high 

spatial resolution to maximize the outcome of tsunami 

hazard modeling. 
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Fig. 3. The difference between DEM-RBI (above) and DEM-

UAV (below) 
 

 

Fig. 4. The results of maximum inundation modeling with 

DEM-RBI (blue) and DEM-UAV (yellow) 

  Information about tsunami hazard and evacuation 

routes available to the public in the coastal area of 

Gunungkidul is considered not optimum. This 

information includes an inundation estimate using a set 

of data extracted from contour maps with a maximum 

scenario of 50 meters. Referring to tsunami events in the 

past, this height is an overestimation [18]. The tsunami 

hazard maps and evacuation routes made by BNPB make 

vertical and horizontal evacuations irrelevant as they 

exclude the limited time people have to evacuate, i.e., 11 

minutes. The estimated time that the authority needs to 

alert people about the arrival of tsunamis is 8 minutes, 

and the average response time by the people on the coast 

is 10 minutes [26] In other words, [17] estimates that the 

arrival time of tsunamis is 29 minutes. The allocated 

time for evacuation is 11 minutes. However, the 

recommended safe point is 1.6 km from Drini Beach, 

and with the average speed of walking, people will reach 

this point in 19 minutes (Figure 5). 

 
Fig. 5. The results of maximum inundation modeling with 

DEM-RBI (blue) and DEM-UAV (yellow) 

 The development of UAVs for disaster modeling has 

significantly improved, notably in the process of hazard 

and risk mapping and at the phase of emergency 

response [27]. The cost of UAV-derived data is 

relatively cheap when compared to the great importance 

of the output. UAV-recorded image presents actual 

information with a high rate of data renewal. Based on 

the comparison of DEM-UAV and DEM-RBI-based 

models (Figures 3 and 4), DEM-UAV has higher 

reliability as a base data for disaster management. 

Therefore, the determination of the vertical evacuation 

site in this research prioritized the use of the DEM-UAV 

over DEM-RBI. 

 The DEM-UAV-based 3D models are not only good 

for disaster management but also accurate for describing 

a detailed topographic picture of the coastal area [28]. 

Besides, they can periodically offer an overview of 

shoreline changes and dynamics, which is vital in 

identifying the coastline as the starting point of tsunami 

inundation scenario. The tsunami inundation modeling 

tends to use the worst-case scenario to anticipate the 

exposure of vulnerable areas to any inundation scenarios. 

This type of modeling can determine the successful 

implementation of early warning systems and disaster 

risk reduction [29]. 

 Based on Eq. 1, the highest inundation was 17.3 

meters from the coastline. As determined from DEM-

UAV, the maximum scenario used in this research was 

12 meters. The average elevation of the coastline, as 

identified from DEM, was 30 meters. Combining the 

highest inundation with the height of the coastline, the 

filter in the ‘raster calculator’ command included areas 

with less than or equal to 47.3 meters as unsafe locations 

[30]. The areas unaffected by tsunami inundation are 

cone-shaped karst hills that characterize the karstic 

feature in Gunungkidul Regency [31]. Even though karst 

hills give refraction effects on waves, they tend to be 

safe and, thereby, potential for external evacuation sites 
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[14]. As presented in Figure 6, the blue color on the 

inundation model shows the maximum scenario (i.e., a 

12-meter high tsunami), while the yellow one indicates 

the boundary of the safe location after the calculation 

process. 

 
Fig. 6. The map depicting the unsafe areas from the inundation 

scenarios 

 The selection of the temporary evacuation points 

prioritized locations with access road. The conditions of 

an evacuation zone include accessibility, short but safe 

distance from the coast, and non-isolated area. The lack 

of evacuation sites in Gunungkidul Coastal Area is 

caused by the extensive natural cover of shrubs. The 

construction of ladders and structural buildings for an 

ideal assembly point on the hills is strongly 

recommended. The space required for an evacuation is 1 

m2 per person with an estimated carrying capacity of 

80% of the total area [14]. Based on the modeling 

results, there were six ideal locations proposed as 

alternative vertical evacuation sites for Drini Beach and 

the surrounding areas (Figure 7). Each site can 

accommodate up to thousands of people. The estimated 

extents of the vertical evacuation zone are presented in 

Table 1. 

Table 1. The estimates of the optimal size of vertical 

evacuation zones 

Evacuation zones Size (m2) Optimum area (m2) 

1 2074 1659 

2 7538 6031 

3 2547 2037 

4 3546 2837 

5 1331 1065 

6 9756 7804 

 

 
Fig. 6. Vertical evacuation zones 

5 Conclusion 

UAV technology is playing an important role in the 

development of spatial data information concerning the 

era of 4.0. UAV provides an advance solution in the 

development of remote sensing research. In this 

research, DEM and land use data were generated from 

UAV photogrammetry and used to model tsunami 

hazard respectively. These two data are accurate and, 

thereby, can help predict the extent of inundation and 

tsunami-affected areas. The DEM data generated from 

the UAV Photogrammetry is far more reliable than 

DEM-RBI. Tsunami inundation modeling in Drini 

coastal area is particularly suitable for predicting the 

extent of tsunamis impact and determine the safe area for 

vertical evacuation. The data can be further used as the 

basis for planning an evacuation route and disaster 

mitigation. However, the tsunami inundation model in 

this research requires further improvement because it has 

not considered the strength of tsunami waves, the time of 

occurrence, and time travel to the safe zone or assembly 

points. Future research is recommended to take into 

account these factors in tsunami hazard analysis. 
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