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Abstract

:

The 6 February 2023 earthquakes that hit south-eastern Turkey were amongst the deadliest in the past century. Here, we report the ability to map and quantify areas impacted by these earthquakes using changes in nighttime lights, as mapped by NASA’s VIIRS/DNB sensor. We show the correspondence between the 7.8 magnitude earthquake and impacted areas, located in cities and towns, mostly along the fault line, in areas where macroseismic intensity values were higher than 7. We verified the darkening of night lights as recorded by VIIRS using the new SDGSAT-1 Glimmer multispectral nighttime sensor, as well as by comparing changes in nighttime lights with reports on damaged buildings. The ability to rapidly map impacted areas from space using nighttime lights is of key importance for prioritizing and directing emergency and rescue services globally.
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1. Introduction


Two major earthquakes of magnitudes 7.8 and 7.5 hit south-eastern Turkey on 6 February 2023, resulting in more than 52,000 deaths and widespread damage, making these earthquakes the deadliest since the 2010 Haiti earthquake [1,2]. Earthquakes represent one of the deadliest and least predictable natural disasters that human societies face. While areas of high earthquake risk are well known, forecasting earthquakes is not possible [3] (although it has been suggested that there may be periods of increased geodynamic activity regionally [4]), and earthquake early alarm systems offer just seconds to one minute [5]. Given the vast amount of damage inflicted by earthquakes, rescue and recovery operations require timely information on areas affected and the amount of damage. While intensity maps are now produced routinely, e.g., using the Modified Mercalli Intensity (MMI) scale, estimating the potential impact on people, objects and buildings [6], they do not provide mapping of the actual effects of an earthquake. Remote sensing is now commonly used for mapping the impact of disasters, either naturally occurring ones [7,8] or anthropogenic ones such as armed conflicts [9,10]. Remote sensing of the impact to earthquakes can be used to map seismic displacements using interferometric synthetic aperture radar (SAR) [11] or subpixel deformation from optical imagery [12]. In addition, high-spatial-resolution satellite imagery is used to identify buildings that were either destroyed or damaged by earthquakes, in products delivered by the International Charter Space and Major Disasters [13] and by the Copernicus Emergency Management Service (CEMS) [14]. Out of 805 activations globally on the International Charter, 95 activations were related to earthquake events (https://cgt.disasterscharter.org/en accessed on 28 February 2023), and out of 652 rapid CEMS activations, 32 activations were for earthquake events (https://emergency.copernicus.eu/mapping accessed on 28 February 2023).



Remote sensing of artificial night lights provides an indicator of human activity, and nighttime lights (NTL) are correlated with population density and with economic activity [15]. Human and natural disasters can lead to interruptions and damage to electricity networks, and thus to the darkening of areas which were impacted. Whereas in the past, global products of satellite-derived night lights were only available on an annual or monthly basis, NASA’s Black Marble product now provides nightly products of night lights from the VIIRS/DNB sensor [16], allowing for continuous monitoring of changes in nighttime lights [17] and to assess acute disasters [18]. This product has been previously used to assess electricity restoration following hurricane Maria in Puerto Rico [19], and to identify areas affected by the 2022 floods in Brisbane, Australia [20]. Considerable effort is required to analyze dozens or hundreds of high-spatial-resolution images to identify buildings that were impacted in earthquakes, hence the motivation for using changes in night-time lights as observed from space.



Following the major earthquakes that took place in southern Turkey on 6 February 2023 [21], also affecting parts of Syria, and the need for rapid assessment of areas impacted by earthquakes, in this paper we demonstrate the feasibility of quantifying impacts of the earthquake using nightly images of night lights.




2. Materials and Methods


2.1. Earthquake Data


We used the USGS earthquake website (https://earthquake.usgs.gov/ accessed on 6 March 2023) to download the locations and magnitudes of recent earthquake events in Turkey, and to download the shakemaps [6], which included modeled macroseismic intensity. We downloaded the products for the 7.8 and 7.5 magnitude earthquake events of 6 February 2023, and the 6.3 magnitude event of 20 February 2023. We used the Modified Mercalli Intensity (MMI) product as a proxy of macroseismic intensity, which is provided at a spatial resolution of about 0.03 degrees (~3 km).




2.2. Night Lights Satellite Data


To examine the impact of earthquake events on artificial nighttime lights, we used the nightly VIIRS Black Marble product of VNP46A1 [16]. This product provides nightly at-sensor top-of-atmosphere radiance (in units of nW cm−2 sr−1) at a spatial resolution of 15 arc seconds (~450 m at the equator; https://ladsweb.modaps.eosdis.nasa.gov/missions-and-measurements/products/VNP46A1/ accessed on 6 March 2023). We downloaded all nightly products of granule h21v05 between calendar days 1 and 61 (1 January 2023 and 2 March 2023, 61 days). For our analysis, we only included cloud-free pixels from each of the nights (based on the VNP46A1 cloud mask status). We extracted all lit grid cells (grid cells where the brightness value in 2021 was greater than 3 nW cm−2 sr−1, and where the combined Modified Mercalli Intensity values of both of the 6 February earthquake events exceeded 11; n = 42,528) within this granule, and divided the time frame into two periods: (1) pre-earthquake (1 January–5 February 2023, 36 days); (2) post-earthquake (7 February–20 February 2023, 14 days). We ran t-tests to examine whether brightness levels differed between periods 1 and 2 (areas impacted by earthquake may record a decrease in nighttime brightness levels). Given that we analyzed more than 10,000 grid cells, we considered only grid cells where the p value of the t-test was less than 0.01 as statistically significant. We also calculated the difference and ratio between the brightness levels of these two periods. To test the robustness of our approach, we also ran t-tests for shorter time periods for the post-earthquake period. To examine the impact of the earthquakes on changes in NTL, we calculated the following ratio:


  N T L   R a t i o   C h a n g e =     N T L   p r e − e a r t h q u a k e   −   N T L   p o s t − e a r t h q u a k e       N T L   p r e − e a r t h q u a k e      



(1)







We then examined the distribution of NTL ratio changes as a function of MMI values, expecting to find higher values of NTL ratio changes in areas impacted by the earthquakes. We quantified the recovery of night lights by computing trends in NTL using Spearman’s rank correlation coefficient for two time periods: 7–19 February 2023 and 7 February–2 March 2023. In addition, we used monthly time series of VIIRS (available online at https://lighttrends.lightpollutionmap.info/ accessed on 6 March 2023), to examine changes in NTL for selected cities since 2012. We used Sustainable Development Goals Satellite 1 (SDGSAT-1) Glimmer multispectral nighttime imagery, offering a higher spatial resolution of 40 m (available from http://www.sdgsat.ac.cn/ accessed on 16 April 2023 [22]), to examine changes in nighttime lights between a pre-earthquake image (22 August 2022) and a post-earthquake image (12 February 2023). We calibrated the DN values of SDGSAT-1 to apparent radiance using the sensor’s calibration coefficients of gain and bias, provided in [23]. To quantitatively compare the correlation between change in VIIRS NTL values and SDGSAT-1 NTL values, we ran an 11-pixel moving window low-pass filter on the three bands of the SDGSAT-1 (to match the spatial resolutions between the two night-time sensors) and summed their values to obtain the total amount of apparent radiance measured by the SDGSAT-1.




2.3. Additional Datasets


We used the GEM Global Active Faults Database available from (https://github.com/GEMScienceTools/gem-global-active-faults accessed on 6 March 2023; [24]) to show the locations of major fault lines on our maps. We present the distribution of built areas on some of the maps based on the Global Human Settlements Layer (GHSL, https://ghsl.jrc.ec.europa.eu/index.php; [25]); accessed on 6 March 2023). To examine the correspondence of NTL changes with actual damages, we used reports on damaged buildings in Turkey at the province level [26]). To present an overview map of damaged buildings, we used data published by the Humanitarian OpenStreetMap Team, available at https://data.humdata.org/dataset/hotosm_tur_destroyed_buildings? accessed on 1 March 2023).





3. Results


The 7.8 magnitude earthquake hit south-eastern Turkey near the town of Gaziantep at 4:17 am of 6 February 2023, and the 7.5 magnitude earthquake hit about ~100 km to the north at 13:24 pm of the same day (Figure 1). These earthquakes followed different fault lines, with the 7.8 earthquake following a SW–NE fault line, with macroseismic intensity values >7 covering an area of ~20,680 km2 (Figure 1a), with many towns and cities located along this fault line (with an approx. built area of 347 km2). The 7.5 earthquake followed a W–E fault line, with macroseismic intensity values >7 covering a smaller area of ~8350 km2, which is less populated (with an approx. built area of just 41 km2) (Figure 1b).



Examining changes in nighttime lights in VIIRS/DNB lit grid cells (>3 nW cm−2 sr −1) where the combined MMI values of the both earthquakes were >11, 6.6% of the analyzed grid cells experienced a statistically significant decrease in nighttime lights (NTL) comparing the average NTL value in the period before the earthquakes (1 January–5 February, 36 days) and the average NTL value in the period after the earthquakes (7–20 February, 14 days). Statistically significant changes in NTL were well aligned with the fault line of the 7.8 earthquake, and corresponded well with the spatial patterns of destroyed buildings of Turkey provided by the Humanitarian OpenStreetMap Team (3415 buildings, as of 1 March 2023). Note, however, that the actual number of buildings that were heavily or moderately damaged was nearly 230,000; [26]) (Figure 2). Statistically significant decreases in NTL were mostly found in areas where MMI values following the 7.8 magnitude earthquake were higher than 7 (Figure 3). In areas with MMI values > 7.5 following the 7.8 magnitude earthquake, 27% of the lit grid cells experienced a statistically significant decrease of at least 30% in their NTL values following the earthquakes. Decreases in NTL did not correspond with high MMI values from the 7.5 magnitude earthquake (Figure 4). We ran a sensitivity analysis, examining NTL change maps based on other temporal periods (e.g., 3, 7 and 14 days after the earthquake), and we found that these changes and their spatial patterns were very similar between the different temporal periods, indicating the robustness of this approach (Figure 5).



The three administrative areas that were most impacted in terms of the number of VIIRS lit grid cells with statistically significant decreases in NTL were Antakya (Hatay-Merkez) (n = 1323), Hatay-Kirkhan (n = 223) and K. Maras (n = 163). The three administrative areas that were most impacted in terms of the percentage of VIIRS lit grid cells with statistically significant decreases in NTL were Antakya (Hatay-Merkez) (63% of all lit grid cells), Hatay-Samanda (43%) and Hatay-Kirkhan (29%). Decreases in NTL detected by VIIRS matched well with areas in which NTL decreases were mapped using the higher-spatial-resolution images of SDGSAT-1 (Figure 6), and were significantly correlated (r = 0.70, n = 1228 for the VIIRS lit grid cells of Antakya; Figure 7).



The decrease in NTL values was clearly evident when examining time series of these three cities with some recovery in NTL starting in the second week after the major earthquakes (Figure 8). However, in the cities of Antakya (Hatay-Merkez) and Hatay-Samanda, an additional decrease in NTL was observed on 20 February 2023, following a 6.3 magnitude earthquake that hit on that day with its epicenter located between these two cities (Figure 1c). Decreases in NTL were significantly correlated with heavily damaged buildings as well as for the total number of damaged buildings, for which data were available in Turkey at the province level (Figure 9). Time series of VIIRS NTL also allowed us to monitor the recovery of NTL in the affected areas. In the first 13 days after the earthquake (7–19 February 2023), statistically significant increases in NTL were found in 37.8% of the grid cells in which NTL decreases were recorded following the earthquakes (Figure 10a). Over a longer period of 24 days after the earthquake (7 February–2 March 2023) statistically significant increases in NTL were found in 50.4% of the grid cells in which NTL decreases were recorded following the earthquakes (Figure 10b). The NTL recovery trends over the longer time period of 24 days were weaker in the cities of Antakya and Samanda in the south, in the vicinity of where the 20 February 2023 earthquake took place.




4. Discussion and Conclusions


Extreme events and natural disasters impacting human livelihoods, infrastructure and properties require rapid assessment of both damage and the monitoring of recovery, giving space agencies and Earth observation platforms an important role. While high-spatial-resolution satellite images enable space agencies, NGOs and citizen science to map damaged buildings [27], they often require manual and visual interpretation of dozens (if not more) of satellite images, and hence the resulting damage assessment will be impacted by the efforts devoted to mapping and the capability of the interpreters [28]. Analyzing changes in night lights can therefore provide a rapid and large-area assessment of damage, as has been previously shown for other types of human crises [10,19]. Previous studies that used the monthly product of VIIRS/DNB to assess the impact of earthquakes on NTL (e.g., the 2015 Nepal earthquake) were less successful in mapping these NTL changes [29,30,31], which may be due to the temporal averaging and smoothing of nightly data into a single monthly product, and the fact that the recovery of electricity may happen within a week or two, as we found in this case. Studies using nightly VIIRS/DNB to detect the impact of earthquakes on NTL may better identify such changes; however, nightly images are more prone to be affected by cloud cover [32]. To overcome cloud cover problems, we examined changes in NTL between pre-earthquake and post-earthquake periods, enabling us to also test for statistically significant changes in NTL. The areas identified as those with significant decreases in NTL were much more extensive than those mapped by humanitarian OSM as having damaged buildings (Figure 2). This is probably mostly an artefact of the mapping effort invested or of visual interpretation errors, but may also show the value of assessing changes in NTL; areas may be cut out of electricity because of damages to infrastructure in other areas, even if buildings were not damaged directly. The robustness of this approach can also be appreciated by the similarity of NTL change maps that were based on different time periods, showing that statistically significant changes in NTL were already rapidly detected three days after the earthquakes had hit the region (Figure 5).



Through our analysis, we were able to attribute the NTL changes to specific earthquake events, using the USGS shakemaps as a proxy for macroseismic intensity. While two major earthquakes hit south-eastern Turkey on 6 February 2023 [2,21], it was the first earthquake, of 7.8 magnitude, that inflicted most of the damage. This may be explained by the greater human vulnerability to earthquake risk [28] in the case of the 7.8 earthquake, which coincided with a fault line located in an area that is densely populated. Recurring acute disasters pose great risk to human populations [18], and two cases can be noted here. The first example of a recurring acute disaster was the 6.3 magnitude earthquake that hit the region of Hatay, Turkey, on February 20th, inflicting additional damages to the same area that had already been hit two weeks earlier. A second case of a recurring disaster refers to the ability of assessing earthquake damages in Syria. The war in Syria, which started in 2010, led to depopulation and widespread damages, with one of the main areas to be affected being that of the District of Aleppo, in northern Syria [10,16]. The war led to cities, towns and villages in Syria becoming much darker than in Turkey (Figure 11); hence, the ability to use NTL changes to detect the impact of the earthquake in northern Syria was not high, given that about of 26% of Syria’s urban areas and about 49% of its rural settlements are unlit (compared with 0% and 4%, respectively, in Turkey; [33]).



China’s SDGSAT-1 is the first multispectral satellite to freely offer nighttime light images of the Earth at a moderate spatial resolution, as already advocated in 2007 [34]. We call for the launch of additional operational Earth observation missions, such as the recent SDGSAT-1, with sensors for monitoring nighttime lights at higher spatial resolutions, to allow finer mapping of the impacts of extreme events. We found that changes in NTL due to the earthquake were well correlated between the two sensors of VIIRS and SDGSAT-1, in spite of the differences in their spatial resolution, their spectral bands and radiometric sensitivity, and especially the different times for which data were available for each of these satellites. While higher-spatial-resolution images of night lights allow for mapping in greater detail, SDGSAT-1 does not acquire nighttime images in an operational manner with a fixed revisit time, and the availability of its nighttime images varies between regions. For the study area of the earthquake, a pre-earthquake SDGSAT-1 night-time image was only available for 22 August 2022. Given the seasonality of nighttime lights, especially in areas with snow in winter [35], having a pre-earthquake image that is acquired within days or weeks of the earthquake is better for detecting changes in NTL. Following the earthquake, in order to assist in assessing the damages of the earthquake [36], several SDGSAT-1 night-time images were acquired: 12 February 2023, 27 February 2023 and several images in March 2023 (available from https://data.sdgsat.ac.cn/dataQuery accessed on 13 April 2023). However, the nighttime images of SDGSAT-1 are often acquired only using the Glimmer sensor, without its Thermal Infrared Spectrometer (TIS), so the detection of cloud cover hampering the mapping of night lights within the nighttime imagery is not always possible. Coarse-spatial-resolution images as provided by VIIRS offer better temporal resolution (nightly revisit time) and include quality data information on cloud cover, and thus the two types of nighttime imagery are complementary, enabling rapid detection of the impact of natural disasters such as these earthquakes on nighttime lights [36,37,38]. Emergency and rescue agencies are thus urged to use satellite-derived nighttime light products to quickly identify areas impacted by natural disasters, to prioritize and direct their actions in near-real time.
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Figure 1. Shake maps of macroseismic intensity (we will hereafter refer to macroseismic intensity as “MMI” for Modified Mercalli Intensity) of three major earthquakes: (a) 7.8 magnitude earthquake, 6 February 2023; (b) 7.5 magnitude earthquake, 6 February 2023; (c) 6.3 magnitude earthquake, 20 February 2023. All maps show the location of their respective epicenter, and are overlaid by major fault lines and built areas from the global human settlements layer. 
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Figure 2. (a) False-color composite of VIIRS nighttime lights (NTL) in the cloud-free nights of 26 January (before the earthquake, in red), 9 February (in green) and 12 February (in blue). Areas that experienced a decrease in night lights appear in red hues, lit areas that did not experience changes appear in white, green hues represent unlit areas with increased nighttime brightness due to snow cover, and lit areas that were covered with snow appear in cyan. (b) Statistically significant changes in NTL (p < 0.01), comparing the 36 days before the 6 February earthquakes and the 14 days after the 6 February earthquakes. Positive values of NTL changes signify a decrease in NTL. Very few areas with statistically significant changes in NTL were found outside of the area shown on the map. Black dots represent VIIRS lit grid cells, where no statistically significant changes in NTL were found. (c) Destroyed buildings in Turkey, as mapped by the Humanitarian OpenStreetMap Team. Both maps (b,c) are overlaid by the USGS shakemap of the 7.8 magnitude earthquake (in units of MMI) and by major fault lines. 
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Figure 3. Statistically significant (p < 0.01) NTL changes between the median of the period before the earthquakes (1 January–5 February, 36 days) and the median of the period after the earthquakes (7–20 February, 14 days), expressed as the ratio between the difference and pre-earthquake NTL values. NTL ratio changes > 0% indicate a decrease in NTL, whereas negative ratios indicate an increase in NTL. Boxplots of NTL ratio changes for VIIRS lit grid cells in the study area are shown as a function of MMI values based on the shakemap of the 7.8 magnitude earthquake. 
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Figure 4. Statistically significant (p < 0.01) NTL changes between the median of the period before the earthquakes (1 January–5 February, 36 days) and the median of the period after the earthquakes (7–20 February, 14 days), expressed as the ratio between the difference and pre-earthquake NTL values. NTL ratio changes > 0% indicate a decrease in NTL, whereas negative ratios indicate an increase in NTL. Boxplots of NTL ratio changes for VIIRS lit grid cells in the study area are shown as a function of MMI values based on the shakemap of the 7.5 magnitude earthquake. 
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Figure 5. Statistically significant changes in NTL (p < 0.01), comparing the 36 days before the 6 February earthquakes, and selected periods after the 6 February earthquakes: (a) 3 days, (b) 7 days, (c) 14 days. Positive values of NTL changes signify a decrease in NTL. Very few areas with statistically significant changes in NTL were found outside of the area shown on the map. Black dots represent VIIRS lit grid cells, where no statistically significant changes in NTL were found. All maps are overlaid by the USGS shakemap of the 7.8 magnitude earthquake (in units of MMI) and by major fault lines. 
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Figure 6. (a) SDGSAT-1 nighttime image acquired on 22 August 2022; (b) SDGSAT-1 nighttime image acquired on 12 February 2023; (c) statistically significant changes in VIIRS NTL (p < 0.01), comparing the 36 days before the 6 February earthquakes and the 14 days after the 6 February earthquakes. Positive values of NTL changes signify a decrease in NTL. Very few areas with statistically significant changes in NTL were found outside of the area shown on the map. Small black dots represent VIIRS lit grid cells, where no statistically significant changes in NTL were found. 
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Figure 7. The correlation between lit VIIRS grid cells with statistically significant changes in VIIRS NTL (p < 0.01) (comparing the 36 days before the 6 February earthquakes, and the 14 days after the 6 February earthquakes), and changes in SDGSAT-1 NTL values between 22 August 2022 and 12 February 2023. The lit grid cells analyzed here are those presented in Figure 4, for city of Antakya, Turkey (n = 1228). 
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Figure 8. Time series of box plots of nighttime lights for lit grid cells within three regions that experienced a statistically significant decrease in NTL values between the period before the earthquakes (1 January–5 February, 36 days) and the period after the earthquakes (7–14 February, 14 days): (a) Antakya (Hatay-Merkez), (b) Hatay-Samanda, (c) Hathay-Kirkhan. Dates with no boxplots had no cloud-free pixels. 
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Figure 9. The correspondence between VIIRS lit grid cells that experienced statistically significant decreases in NTL before and after the 7.8 magnitude earthquake and damaged buildings at the province level in Turkey, as of 27 February 2023 (source: [26]). 
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Figure 10. Recovery of NTL in lit VIIRS grid cells (colored dots) based on time series of VIIRS data, as computed using Spearman’s rank correlation coefficient for two time periods following the earthquakes: (a) 7–19 February 2023; (b) 7 February–2 March 2023. Black dots represent VIIRS lit grid cells in which there were statistically significant decreases in NTL following the earthquakes but no recovery was detected over the time period shown. 
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Figure 11. Average monthly nighttime lights (derived from BRDF corrected VIIRS monthly data) for the city centers of Aleppo, Syria and three cities in Turkey: Antakya (Hatay Merkez), Gaziantep and Malatya. 
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