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Abstract: The Turkey-Syria earthquake on 6 February 2023 resulted in losses such as casualties, road
damage, and building collapses. We mapped and quantified the areas impacted by the earthquake at
different distances and directions using NOAA-20 VIIRS nighttime light (NTL) data. We then explored
the relationship between the average changes in the NTL intensity, population density, and building
density using the bivariate local indicators of the spatial association (LISA) method. In Turkey, Hatay,
Gaziantep, and Sanliurfa experienced the largest NTL losses. Ar Raqqah was the most affected city
in Syria, with the highest NTL loss rate. A correlation analysis showed that the number of injured
populations in the provinces in Turkey and the number of pixels with a decreased NTL intensity
exhibited a linear correlation, with an R-squared value of 0.7395. Based on the changing value of the
NTL, the areas with large NTL losses were located 50 km from the earthquake epicentre in the east-
by-south and north-by-west directions and 130 km from the earthquake epicentre in the southwest
direction. The large NTL increase areas were distributed 130 km from the earthquake epicentre in the
north-by-west and north-by-east directions and 180 km from the earthquake epicentre in the northeast
direction, indicating a high resilience and effective earthquake rescue. The areas with large NTL
losses had large populations and building densities, particularly in the areas approximately 130 km
from the earthquake epicentre in the south-by-west direction and within 40 km of the earthquake
epicentre in the north-by-west direction, which can be seen from the low-high (L-H) pattern of the
LISA results. Our findings provide insights for evaluating natural disasters and can help decision
makers to plan post-disaster reconstruction and determine risk levels on a national or regional scale.

Keywords: earthquake; nighttime light; economic loss; population; building

1. Introduction

Earthquakes can cause significant harm and have wide-ranging impacts, such as
serious casualties and economic losses. On 6 February 2023, a 7.8 magnitude earthquake
struck southeastern Turkey and northwestern Syria and was accompanied by numerous
strong aftershocks [1]. The earthquake had a profound impact on the economy (approxi-
mately 191,800 buildings were damaged), livelihoods (approximately 3.2 million people
were displaced), geopolitics, and other aspects [2]. After an earthquake, it is necessary
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to obtain disaster information in a timely manner and accurately assess the disaster
losses. Several methods are used to evaluate the influence of earthquakes, such as record-
ing by seismic instrumentation [3], statistics by relevant departments [2], and remote
sensing [4-6]. However, the information recorded by instruments and statistics both
have shortcomings, such as an untimely acquisition and incomplete coverage. Benefiting
from its rapid data acquisition, wide coverage, and multiple time series, remote sensing
has been used for many disasters [7-10] and is a reliable data source for post-earthquake
analyses. Several satellites, such as SDGSAT-1 [4], Yangwang-1 [11], SNPP [6], Planet,
and Maxar [5], captured day/night images of the damaged areas during the Turkey—
Syria earthquake, providing opportunities to evaluate the economic losses based on
these high-quality satellite images.

Nighttime light (NTL) data have been applied in urban spatial structure analyses [12-15],
urban socioeconomic indicator estimations [16-26], and disaster monitoring [4,11,27-34],
etc. [7,35-44]. They are an important data source for evaluating the losses and impact of
earthquakes. Stable monthly and annual composite NTL data, such as DMSP-OLS annual
composite data [32] and NPP-VIIRS annual or monthly composite data [28,45], can be
used to reliably and effectively assess the long-term impacts of earthquakes. Several
earthquake-related indicators, such as peak ground acceleration (PGA) [30,45] and post-
earthquake nighttime light piecewise (PNLP) [29], have been proposed to describe
the long-term changes in NTL intensity and analyse human activity after earthquakes.
The relationship between NTL intensity and population or number of buildings was
noticed in the early years [30], making it an essential and important analysis angle
that could provide a solid and reliable basis for subsequent earthquake monitoring
research. However, it is difficult to assess earthquake damage in real-time using monthly
and annual composite NTL data. Daily NTL products can be acquired in near real
time [27] and provide data support for rapid loss estimations and the distribution
of rescue forces. For instance, after the Turkey—Syria earthquake, several NTL daily
datasets, including SDGSAT-1 [4,6,11], NPP-VIIRS [6], and Yangwang-1 [11], were used
to analyse the changes in the NTL at various scales and evaluate the earthquake based
on the relationship between the NTL intensity reduction and earthquake-related indices.
However, current rapid earthquake monitoring research is focused on the evaluation of
NTL intensity reduction and lacks a relationship analysis between NTL decreases and
population or building densities. In addition, existing earthquake-monitoring research
does not consider that earthquakes have different effects on areas at different distances
and directions from the epicentre, which was the focus of our analysis.

This study focused on the Turkey-Syria earthquake and used NOAA-20 VIIRS NTL
daily data to study the spatial distribution pattern of the NTL changes in the earthquake-
affected areas at different distances and directions. The bivariate local indicators of the
spatial association (LISA) model were used to explore the relationship between NTL
changes and population and building densities. The findings of this study can provide
ideas for the rapid analysis and evaluation of natural disasters such as earthquakes.

2. Study Area and Data
2.1. Study Area

The study area has a population of more than 20 million people and spans southeastern
Turkey and northwestern Syria [4]. It includes ten provincial administrative units in Turkey
and five provincial administrative units in Syria (Figure 1). These units were close to the
epicentre of the mainshock with a magnitude of 7.8 that occurred in the East Anatolian
Fault Zone. Each region in the study area was affected by the earthquake, particularly
Hatay, Kahramanmaras, Aleppo, and Gaziantep [1,4,46].
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Figure 1. (a) Study area; (b) cities in the study area.

2.2. Data

The NTL data for 31 December 2022 and 12 February 2023 were obtained from
the National Oceanic and Atmospheric Administration (NOAA, https://www.avl.class.
noaa.gov/saa/products/search?sub_id=0&datatype_family=VIIRS_SDR, accessed on
7 February 2023) (Figure 2). The NOAA-20 VIIRS day/night band data provided NTL
daily data (nW/cm?/sr) at a spatial resolution of 750 m. The product was processed using
radiometric calibration [47].
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Figure 2. NOAA-20 VIIRS NTL data for (a) December 31, 2022; (b) and February 12, 2023. (The
red rectangles in the figure for December 31, 2022 from left to right represent the NTL intensity of
(a-i) Hatay, (a-ii) Gaziantep, (a-iii) Sanliurfa, and (a-iv) Ar Raqqah, respectively. The red rectangles
in the figure for February 12, 2023 from left to right represent the NTL intensity of (b-i) Hatay,
(b-ii) Gaziantep, (b-iii) Sanliurfa, and (b-iv) Ar Raqqah, respectively).

Snow cover was present in the northern part of the study area on 12 February 2023.
To reduce the influence of this snow cover, we only analysed the changes in the NTL
for the impervious surface [48]. The impervious surface data with a spatial resolution of
30 m were downloaded from Zenodo (https:/ /zenodo.org/record /5220816; accessed on
6 March 2023).
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The earthquake epicentre data were acquired from the US Geological Survey (USGS) [49]
(https:/ /earthquake.usgs.gov/earthquakes/eventpage/us6000jllz/executive, accessed on
6 March 2023). The population data for 2020 were acquired from the Global Human Settle-
ments Layer (GHSL, https://ghsl.jrc.ec.europa.eu/download.php?ds=pop, accessed on
8 February 2023) with a spatial resolution of 100 m. The building outlines and administra-
tive division data were downloaded from OpenStreetMap (http://download.geofabrik.
de/europe/turkeyhtml and http://download.geofabrik.de/asia/syria.html, accessed on
28 February 2023). We used these building outline data to calculate the building density
using the density analysis tool in ArcGIS. The injured population data were downloaded
from reliefweb [1] (https:/ /reliefweb.int/report/turkiye/turkiye-earthquake-february-20
23-bi-weekly-highlights-03032023, accessed on 5 June 2023) and used to correlate with the
number of pixels with a decreased NTL intensity.

All the spatial data in this study were projected to the Albers Conical Equal Area projection.

3. Methods
3.1. NTL Changes at Different Scales
The changes in the NTL intensity before and after the earthquake were measured at

three different scales: provincial, county, and pixel. The NTL change rate and values were
calculated using the following formula:

NCV o NTLafter - NTLbefore

NCR = = ,
NTLbefore NTLbefore

)

where NCR and NCV represent the NTL change rate and value, respectively. NTLpefre
represents the total radiation value of the NTL before the earthquake (NTL intensity on
31 December 2022) and NTL,z,, represents the total radiation value of the NTL after the
earthquake (NTL intensity on 12 February 2023).

In addition, to ensure that the NTL changing values were statistically significant, this
study was tested for significance using the KS-test.

3.2. Changes in NTL Intensity for Different Directions and Distances

To investigate the changes in the NTL intensity at different distances and directions
from the earthquake epicentre, a multilevel buffer was used for different directions. The
epicentre of the earthquake was located at the centre of this buffer. A multilevel buffer
zone was created at a distance of 10 km; thus, the buffer zone covered an area 400 km
from the epicentre. The buffer zone was divided evenly into eight directions: north-by-east
(0-45°), east-by-north (45-90°), east-by-south (90-135°), south-by-east (135-180°), south-by-
west (180-225°), west-by-south (225-270°), west-by-north (270-315°), and north-by-west
(315-360°). In each buffer zone, we calculated the average change in the NTL intensity to
evaluate the degree of the NTL loss caused by the earthquake.

Earthquakes are often accompanied by casualties and building collapses. To explore
the relationship between the NTL changes and the population and building densities, we
calculated the population and building densities in each buffer zone. To compare the
change in the NTL intensity with the population and building densities on the same scale,
we normalised the three variables using the following formula:

X — Xmin

Nl=—-——,
Xmux - Xmin

@)
where, for the NTL changes, NI represents the normalised index of the average NTL
changing value and x represents the average changing value of the NTL intensity in each
buffer. X,y and X,,;, are the maximum and minimum values of the average NTL changing
value in all the buffers, separately. For the population, NI represents the normalised index
of the average population density and x represents the average value of the population
density in each buffer. X;;5x and X,,,;, are the maximum and minimum values of the average
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population density in all the buffers, separately. For the building density, NI represents the
normalised index of the average building density and x represents the average value of the
building density. X;x and X, are the maximum and minimum values of the average
building density in all the buffers, separately.

3.3. Spatial Correlation between NTL Changes and Population Density or Building Density

We calculated the bivariate LISA to explore the spatial correlation or dependence
between the NTL changes and population or building density. LISA reflects the spatial
correlation between the spatial distribution of different variables and is based on Moran’s L.
The binary local Moran'’s I can be defined by the following formula [50]:

i = Zi) .y WiiZ| ©)

where k is the NTL change value and [ is the population or building density. Z]i = X ;kXK,

; j
Z{ _ X[(TZXI
X1 are the mean values of variables k and /. ck and ¢! are the variances of X for variables k
and [. W; is the spatial weight matrix; in this study, it represents the distance-based weight
between locations i and j.

GeoDa (http://geodacenter.github.io/, accessed on 27 February 2023) was used to
calculate the bivariate Moran’s I. The LISA cluster results can be divided into five categories:
high-high (H-H), high-low (H-L), low-high (L-H), low-low (L-L), and insignificant. H-H
corresponds to a high population or building density when the NTL intensity increases. H-L
represents a relatively low population or building density when the NTL intensity increases.
L-H represents a large population or building density when the NTL intensity is reduced,
and L-L represents a relatively low population or building density when the NTL decreases.

, where X! and X{ are the values of variables k and [ at locators i and j. XK and

4. Results
4.1. NTL Changes at Different Scales

The results of the significance test showed that p was less than 0.01 and the value of the
NTL change was statistically significant. The changes in the NTL intensity at the provincial
level are shown in Figure 3a. The top five provinces with decreasing NTLs were Hatay,
Gaziantep, Sanliurfa, Ar Raqqah, and Kilis, with NTL decreases of 6491, 3044, 625, 592, and
374 nW/cm? /sr, and decrease rates of 25.6%, 10.9%, 3.5%, 52.9%, and 13.5%, respectively.
Affected by many factors, such as war [51], the changes in the NTL intensity before the
earthquake in Syria were lower than those in Turkey. As a result, the changes in the NTL
intensity in the provinces of Syria were also lower, with a change in value ranging from
—592 to 108 nW/cm?/sr. Ar Raqqah had a higher rate of decrease compared to Hatay,
with a decreasing rate of 52.9%. The rate of decrease in Lattakia (11.3%) was higher than
that in Gaziantep (10.9%). Seven provinces (Malatya, Kahramanmaras, Adana, Diyarbakir,
Osmaniye, Adiyaman, and Idlib) showed an increasing NTL intensity. There were two
reasons for this: (1) the impact of the earthquake was not as serious [2] and (2) rescue forces
were distributed in these places [52-54].

At the provincial level, the decrease in the NTL intensity was closely related to earth-
quake disasters. The number of injured populations [55] in the Turkish provinces and
number of pixels with a decreased NTL intensity exhibited a linear correlation, with an
R-squared value of 0.7395 (Figure 3b), indicating that the decrease in the NTL could reflect
the loss of earthquakes.

The changes in the NTL intensity at the county and pixel levels are shown in Figures 4 and 5,
respectively. The increasing NTL intensity was distributed in the northern region of the
study area due to rescue operations [52,53], such as in Kahramanmaras (Figure 5b), with an
increasing value of 39 nW/cm?/sr. A decreasing NTL intensity occurred in Turkish cities
such as Gaziantep (Figure 5c) and Antakya (Figure 5d), with decreasing values of 1400 and
5575 nW/cm? /s, respectively.
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4.2. Relationship between NTL, Population, and Building Density in Different Directions
and Distances

The buffers with the most NTL losses were within a radius of 50 km from the earth-
quake epicentre in the east-by-south and north-by-west directions and at approximately
130 km from the earthquake epicentre in the south-by-west direction, with the average
NTL losses ranging from 0.96 to 2.36 nW/cm?/sr (Figure 6a). In contrast, the buffers
with the largest NTL increases occurred at 130 km in the north-by-west direction and
180 km in the north-by-east and east-by-north directions, with average increasing values
of 0.65, 1.41, and 1.92 nW /cm? /sr, respectively (Figure 6a). Figure 6b,c show the pop-
ulation and building density, respectively, with each buffer corresponding to Figure 6a.
The buffers with highly dense buildings were distributed 50-150 km in the south-by-east
direction and 50-120 km to the southwest. The high-population areas were distributed
over 70-180 km in the west-by-south direction, approximately 130 km and 210 km in the
south-by-west direction, 110 km in the south-by-east direction, and 50 km in the east-by-
south, north-by-east, and north-by-west directions. The buffers in the north and southeast
of the study area typically had lower populations. We found that the buffers with the
largest NTL decreases tended to have high populations and building densities, and these
buffers were in several cities with high NTL losses, such as Antakya and Gaziantep. The
buffers with increasing NTL intensities tended to have relatively low populations and
building densities and were located in Malatya, Aleppo, and Adana. We also normalised
the population, building density, and average NTL change values in the eight directions, as
shown in Figure 7. We found that the buffers with the largest NTL decreases, high popu-
lations, and building densities were approximately 40 km from the earthquake epicentre
in the north-by-east direction (Figure 7a), 30 km in the east-by-north direction (Figure 7b),
30 km in the east-by-south direction (Figure 7c), 120 km in the south-by-west direction
(Figure 7e), 10 km in the west-by-north direction (Figure 7g), and 40 km in the north-by-
west direction (Figure 7h). The buffers with increasing NTL intensities and relatively
low populations and building densities were located at 110 km in the north-by-east di-
rection (Figure 7a), 170 km in the east-by-north direction (Figure 7b), and 100 km in the
west-by-south direction (Figure 7f).
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(a) north by east, (b) east by north, (c) east by south, (d) south by east, (e) south by west, (f) west by
south, (g) west by north, (h) and north by west.

The significance of the relationship between the NTL intensity changes and population
or building density was less than 0.05 (Figure 8c,d). The number of H-L buffers was 15
between both the NTL intensity change and population density (Figure 8a) or building
density (Figure 8b), higher than the number of L-H, L-L, and H-H buffers. The numbers
of H-H buffers are six and two in Figure 8a,b, respectively, lower than the numbers of H-L,
L-H, and L-L. In the bivariate LISA clustering map between the average NTL intensity
change and population density, the H-L buffers were mainly distributed at 80 km from the
earthquake epicentre in the north-by-east and north-by-west directions, 140 to 170 km in the
north-by-west direction, and 210 to 230 km in the north-by-east direction. The L-H bulffers
appeared at 30-60 km in the east-by-south direction, 100-120 km in the south-by-east
direction, 120-140 km in the south-by-west direction, 90 km in the west-by-south direction,
and 40 km in the north-by-west direction. The L-L buffers occurred at 10-20 km in the
south-by-west and south-by-east directions and 190-220 km in the south-by-east direction.
The H-H buffers were located at 110 km in the south-by-east direction, approximately
80-110 km and 160-170 km in the west-by-south direction, and 60 km in the north-by-west
direction. In the bivariate LISA clustering map between the average NTL intensity change
and building density, the H-L buffers were at 100-160 km in the west-by-north direction.
The L-H buffers were at 30-60 km in the east-by-south direction, 100-120 km in the south-
by-east direction, and 90-140 km in the south-by-west direction. The L-L buffers were
mainly distributed at 200210 km in the south-by-east direction and 260-290 km in the
east-by-south direction. Only two directions had H-H buffers, which were at 110 km in the
south-by-east and south-by-west directions. Small or medium cities were usually located
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inside the H-L buffers. For instance, two cities, Kahramanmaras [52] and Malatya [53],
had average increasing NTL values of 0.35 and 1.92 nW/cm? /sr, respectively. After the
earthquake, owing to their relatively low populations and building densities, rescue could
be conducted quickly, leading to an increase in light brightness. The cities within the
L-H bulffers, such as Antakya and Gaziantep, suffered huge losses in the earthquake,
with average decreasing NTL values of 2.36 and 1.94 nW/cm?/sr. These cities have
high populations and building densities [2,5,8]. Ar Raqqah in Syria is a typical city in
an L-L buffer [4]. The cities located in the H-H buffers, including Aleppo and Adana,
may have built up a significant amount of temporary lighting equipment for rescue [4].
The calculation results of the LISA model show that population and building density are
two variables worth considering in an earthquake.
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Figure 8. LISA cluster graph of the relationship (a) between the average NTL intensity changes
and population, and (b) between the average NTL intensity change and building density; the LISA
significance graph of relationship (c) between the average NTL intensity changes and population and
(d) between the average NTL intensity change and building density.

5. Discussion

This study classified different regions into various risk levels, namely a high-risk level
(regions with the L-H cluster type), medium-risk level (regions with the L-L type), and
low-risk level (regions with H-L type or H-H type). Such a classification has the potential
to enhance rescue efficiency and facilitate the appropriate allocation of rescue resources.
Cities categorized as the L-H type, such as Antakya (Figure 9a-i), Kirikhan (Figure 9a-ii),
and Gaziantep (Figure 9a-iii), exhibit relatively high populations or building densities and
experienced a decrease in their NTL intensity after the earthquake. These cities are at high
risk during earthquakes. In addition to their high populations or building densities, these
cities are generally far from transportation hubs and lack transportation facilities, such
as main roads for the transportation of essential supplies. Furthermore, the buildings in
these areas are characterized by low-rise structures with a high density and lack systematic
urban planning. Medium-risk towns (L-L type), such as Hamidiye (Figure 9b-i), Ortaklor
(Figure 9b-ii), and Hammamiyah (Figure 9b-iii), exhibit low populations or building densi-
ties, experienced a decrease in their NTL intensity after the earthquake, and encountered
relatively minor earthquake losses. These regions are distanced from the metropolis and
located in mountainous areas or on the city fringes. Low-risk regions (H-L type and H-H
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type), such as Adana (Figure 9c-i), Kavlakli (Figure 9c-ii), and Aleppo (Figure 9c-iii), ob-
served an increase in their NTL intensity after the earthquake, reflecting a strong resilience
to earthquakes. These regions have well-developed transportation networks, planned
building structures, and better urban infrastructure compared to high-risk areas.

Figure 9. Google Earth images of the part of cities with three risk levels. High-risk regions, such as
(a-i) Antakya, (a-ii) Kirikhan, and (a-iii) Gaziantep; medium-risk regions, such as (b-i) Hamidiye,
(b-ii) Ortaklor, and (b-iii) Hammamiyah; and low-risk regions, such as (c-i) Adana, (c-ii) Kavlakli,
and (c-iii) Aleppo.

This study demonstrated that the changes in NTL intensity caused by an earthquake
did not follow a simple linear correlation with population or building densities. For in-
stance, part of the areas in Adana (Figure 9c-i), categorized as an H-H type with a high
population density, exhibited an increase in NTL changes after the earthquake. Hence,
considering both the population and building density, we can suggest the risk levels in
different regions after the earthquake, facilitating the optimization of rescue force allocation
and aiding decision makers in offering practical recommendations for enhancing earth-
quake resilience. Furthermore, we observed a higher prevalence of H-L LISA cluster types
in Turkey compared to Syria, while Syria exhibited more L-H types. This phenomenon can
be attributed to factors such as the ongoing war [51], a lack of humanitarian assistance [55],
weak domestic productivity [56], and the unstable political power in Syria.

Compared with other studies on the Turkey-Syria earthquake using SDGSAT-1 and
Yangwang-1 [4,6,11], our research selected NOAA-20 VIIRS data. From the perspective
of timeliness, NOAA-20 VIIRS can obtain global daily data in near real time. SDGSAT-
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1 requires 11 days to revisit the same place [57], and Yangwang-1 could start the data
acquisition mode to obtain the data of the adjacent area after two days [11]. The spatial
resolution of NOAA-20 VIIRS is 750 m, while the spatial resolution of SDGSAT-1 is 10 m at
panchromatic wavelengths and 40 m in the RGB band, and that of Yangwang-1 is up to
38 m, which can meet the requirements for a high-precision analysis. In terms of application
scenarios, NOAA-20 VIIRS data could be more suitable for rapid earthquake monitoring
and other emergencies to obtain relatively accurate results and a rapid response analysis
in the areas not covered by SDGSAT-1 or Yangwang-1, while SDGSAT-1 or Yangwang-1
are a good choice when the precise assessment of a certain region is required because of its
high resolution [4,11].

In addition, for evaluation methods and perspectives, existing studies have rarely con-
sidered the impact of earthquakes at various distances and directions, which are essential
for large-scale earthquake assessments and evaluations. We conducted a bivariate LISA to
analyse the spatial extent at different distances and directions and classify the impact of
earthquakes in various situations, making the results more complete.

6. Conclusions

This study used daily NOAA-20 VIIRS NTL data to analyse the spatial characteristics
of the NTL changes before and after the Turkey-Syria earthquake. We focused on the
impacts of the earthquake at different distances and directions and explored the relationship
between the changes in the NTL intensity and population or building density using the
bivariate LISA method.

The results of the significance test indicated that the value of the NTL change was
statistically significant. The results showed that the injured populations of the provinces
in Turkey and the number of pixels with a decreased NTL intensity followed a linear
correlation, with an R-squared value of 0.7395. In the study area, the two provinces with the
largest reductions in NTL intensity were Hatay and Gaziantep in Turkey, with decreasing
values of 6491 and 3044 nW /cm? /sr, separately, and the two provinces with the largest
light growth were Kahramanmaras and Malatya in Turkey, with increasing values of
6277 and 14,446 nW /cm?/sr. Ar Raqqah in Syria had the largest rate of decrease, at 52.9%.
The buffers with a large NTL reduction were distributed within a radius of 50 km from
the earthquake epicentre in the east-by-south and north-by-west directions and 130 km
in the south-by-west direction. The buffers with large NTL increases were located in the
north-by-west, north-by-east, and east-by-north directions. By combining population and
building density data, we found that the buffers with the largest reductions in NTL intensity
tended to have high populations and building densities, and the buffers with increasing
NTL intensities tended to have relatively low populations and building densities. In the
LISA clustering map, the number of H-L and L-H buffers was greater than that in the other
types, implying that most of the NTL increases were concentrated in areas with relatively
low populations and building densities, whereas areas with high populations and building
densities often suffered a huge loss in NTL intensity.

These results provide valuable guidance for post-disaster damage assessment and
showcase the value of the direct application of daily NTL data in earthquake analyses.
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