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Abstract

:

The Yemen conflict has caused a severe humanitarian crisis. This study aims to evaluate the Yemen crisis by making use of time series nighttime light images from the Suomi National Polar-Orbiting Partnership Visible Infrared Imaging Radiometer Suite sensor (NPP-VIIRS). We develop a process flow to correct NPP-VIIRS nighttime light from April 2012 to March 2017 by employing the Defense Meteorological Satellite Program Operational Linescan System (DMSP-OLS) stable nighttime light image. The time series analyses at national scales show that there is a sharp decline in the study period from February 2015 to June 2015 and that the total nighttime light (TNL) of Yemen decreased by 71.60% in response to the decline period. The nighttime light in all provinces also showed the same decline period, which indicates that the Saudi-led airstrikes caused widespread and severe humanitarian crisis in Yemen. Spatial pattern analysis shows that the areas of declining nighttime light are mainly concentrated in Sana’a, Dhamar, Ibb, Ta’izz, ’Adan, Shabwah and Hadramawt. According to the validation with high-resolution images, the decline in nighttime light in Western cities is caused by the damage of urban infrastructure, including airports and construction; moreover, the reason for the decline in nighttime light in eastern cities is the decrease in oil exploration. Using nighttime light remote sensing imagery, our findings suggest that war made Yemen dark and provide support for international humanitarian assistance organizations.
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1. Introduction


The Yemen crisis has lasted more than six years since it began in 2011, and it has caused severe political instability and humanitarian crisis. According to the report on Yemen released by the humanitarian response organization on 26 February 2016 [1], 21.2 million people were in need of humanitarian assistance, accounting for 81.85% of the total population of Yemen. In 2015, the Yemen humanitarian overview published by the humanitarian information unit [2] showed that over 10 million people were in need of food, water and healthcare. The Action on Armed Violence (AOAV) recorded 124 incidents in Yemen between 1 and 31 January 2015 and found a total number 5239 deaths and injuries, and this number was higher than those for Syria (4205), Iraq (3327) and Nigeria (1640). Moreover, civilians have accounted for 86% of the total number of deaths and injuries in Yemen [3].



As the conflict is extremely dangerous, it is difficult to obtain information by ground investigation [4]. Non-contact remote sensing technology has been proven to be an efficient and low-cost means to investigate armed conflicts [5]. Marx proposed a method to detect destroyed residential buildings in the Syria conflict using a time series of Landsat images, and the commission accuracy was 74% based on ground-reference data [6]. To support humanitarian assistance, the identification and spatial extent of refugee camps can be detected with high resolution satellite imagery [7]. However, displaced camps will impact environmental conditions. A previous study showed that the rapid extension of an internally displaced persons (IDP) camp could cause the depletion of natural resources in Sudan [8]. Moreover, the normalized difference vegetation index (NDVI) was employed to measure eco-scarcity during the war [9], and some studies further investigated the impact of conflict on forest cover change [10,11] and forest degradation [12].



Generally, war will destroy urban public infrastructure, such as airports, roads and houses, and will result in dramatic changes in human activity. Among the various remote sensing platforms, nighttime light remote sensing can provide unique spatial observations linked with human activity [13]. Consequently, nighttime light remote sensing has been used in various fields, such as social and economic parameters estimation [14,15,16], urban monitoring [17,18,19,20,21], gas flaring detection [22,23], environment and health effects [24,25,26,27], and humanitarian crises [28,29,30]. In addition, nighttime light remote sensing has been proven to be an efficient tool in detecting global armed conflicts [28]. Recent studies have investigated the Syrian crisis [30,31], the Iran crisis [4], and the war between Russia and Georgia [32] by using time series nighttime light remote sensing images. Coscieme et al. developed a regional disparity index based on nighttime light images, and this index could help to forecast where conflicts are likely to break out [33].



At present, there are two types of commonly used nighttime remote sensing data: the Defense Meteorological Satellite Program Operational Linescan System (DMSP-OLS) and the Suomi National Polar-Orbiting Partnership Visible Infrared Imaging Radiometer Suite (NPP-VIIRS) [34]. DMSP-OLS is the longest running nighttime light satellite with yearly products from 1992–2013; however, the weaknesses of DMSP-OLS data are the coarse spatial resolution, low radiometric resolution and lack of on-board radiometric calibration [35,36]. Fortunately, the new generation of NPP-VIIRS nighttime light data was released by the National Oceanic and Atmosphere Administration (NOAA), and VIIRS recorded its first image on November 2011, with data available from 2012. The performance improvements, including higher spatial resolution, radiometric detection capacity and no saturation in urban areas, indicate that it has more potential for various applications [37,38]. Moreover, the NPP-VIIRS nighttime light data is a monthly product, and it can be used to demonstrate rapid human activity change patterns [4].



In previous studies, the DMSP-OLS was mainly applied as a nighttime light data source to evaluate wars [30,32]. A recent study documented the application potential of NPP-VIIRS nighttime light data in wars [4]. In this study, the primary objective is to evaluate the Yemen crisis using time series NPP-VIIRS nighttime light images from April 2012 to March 2017. The NPP-VIIRS images need to be preprocessed to remove background noise and reduce gas flare effects. Then, the trend method and nighttime light indexes are employed to evaluate the patterns of spatial-temporal change in nighttime light at different administrative levels. In addition, reasons for nighttime light change are identified using high resolution satellite remote sensing images. This study provides a new perspective for understanding the ongoing Yemen crisis, and it has potential applications for Yemen humanitarian assistance.




2. Materials and Methods


2.1. Study Area


Yemen is located in Western Asia and is bordered by the Arabian Sea, the Red Sea and Saudi Arabia, occupying 527,970 km2, as shown in Figure 1. The Yemen crisis began in 2011 and can be divided into four stages, which include the revolution (2011–2012), the transitional period (2012–2014), the Houthi rebellion (2014–2015) and the war in Yemen (2015–present) [39,40]. Figure 2 shows the timeline of key events during the Yemen crisis. The latter two stages, including the Houthi rebellion and the war in Yemen, attracted widespread concern from the international community due to the severe humanitarian crisis. Sa’dah was a Houthis-controlled city before 2014, and Sana’a is the capital of Yemen, which is controlled by the government. When Sana’a was captured by the Houthis in September 2014, President Hadi arrived in ’Adan, and ’Adan became a provisional capital. After the Houthis attacked ’Adan, Hadi left for Saudi Arabia, and then, the Saudi-led airstrikes began on 26 March 2015.




2.2. Data Source


2.2.1. Nighttime Light Imagery


In this study, the NPP-VIIRS and DMSP-OLS are selected as the observational data to evaluate the Yemen crisis. The parameters of NPP-VIIRS and DMSP-OLS are presented in Table 1. Compared with DMSP-OLS nighttime light imagery, the capability of NPP-VIIRS has been improved significantly in terms of spatial resolution, radiation resolution, on-board calibration and temporal resolution. The NPP-VIIRS nighttime light product eliminated clouds, stray light, lightning, moonlight, and other factors; however, the Aurora, fire point, vessel and luminous change information were not removed. Human activity changes in conflict crisis areas are more rapid than in peaceful areas; thus, we selected the higher spatial and temporal resolution NPP-VIIRS nighttime light images to investigate the Yemen crisis. To remove the background noise, the DMSP-OLS was employed to preprocess the NPP-VIIRS.



The Suomi National Polar-orbiting Partnership (S-NPP) satellite was launched in October 2011, carrying 5 sensors. VIIRS is one of the key sensors, with 22 bands, and nighttime light is observed by the Day/Night band. The released NPP-VIIRS nighttime light product is in version 1 and can be freely downloaded from the National Centers for Environmental Information (NCEI) in NOAA [41]. The global product of NPP-VIIRS nighttime light is divided into six parts, and the product used here is the monthly average radiation brightness synthesis. According to the Yemen crisis timeline, we chose NPP-VIIRS nighttime light images from April 2012 to March 2017. Images from January 2014 and December 2015 are shown in Figure 3.



DMSP/OLS data are the longest time series nighttime light imagery, available from 1992 to 2013. The version 4 dataset contains three products: the frequency of the cloud-free product, the average light product, and the stable nighttime light product. These products can be freely downloaded from the NCEI in NOAA [42]. These products were provided at 30 arc second grids, spanning −180 to 180 degrees longitude and −65 to 75 degrees latitude. Because NPP-VIIRS images were chosen from 2012 to 2017, we selected the DMSP-OLS stable nighttime light product for 2013 (Figure 4), which is close to the acquisition year of NPP-VIIRS. This product contains stable nighttime light from cities, towns, gas flares and ephemera, while fires have been removed. In addition, the background noise has been detected and replaced with values of zero. Data values range from 0 (background) to 63 (brightest), and the digital numbers (DNs) are saturated at the core of urban areas.




2.2.2. Auxiliary Data


To investigate the nighttime light change patterns within different administrative regions, the national and provincial boundaries of Yemen were acquired from the Global Administrative Areas website [43]. The coordinate reference system of the boundary file is longitude/latitude in the WGS84 datum. In addition, high-resolution images from Google Earth were selected to identify the causes of nighttime light change.





2.3. Nighttime Light Imagery Processing


The background noise and gas flaring of NPP-VIIRS will create evaluation uncertainty when using the NPP-VIIRS nighttime light imagery [4]. To objectively evaluate the Northern Iraq humanitarian crisis, Li et al. proposed a method to generate a mask for the city lights of NPP-VIIRS by employing a global 500 m urban extent map from 2001 [4]. However, due to the scattering characteristic of nighttime light, the extent of nighttime light is often larger than that of urban areas. Considering the uncertainty of NPP-VIIRS background noise in estimating socioeconomic parameters, previous studies [34,35] proposed the assumption that lit areas were the same between two types of nighttime light images and generated lit area masks with the positive value pixels of DMSP-OLS for removing the background noise. In this study, we focused on the urban area nighttime light and an efficient method proposed by Zhao and Samson [44] by setting 10 as the DN threshold to extract city areas. Thus, the city mask in this paper is generated by the following formula:


   D  N  m a s k   =  {     0     D  N  O L S   < 10       1     D  N  O L S   ≥ 10        



(1)




where DNOLS represents the DN value of the DMSP-OLS nighttime light image and DNmask represents the DN value of the urban area mask.



Because Yemen is an oil-rich country, the DN values of gas flares observed in nighttime light images are larger than those of urban areas. Previous studies [45,46] proposed a VIIRS night-fire algorithm to detect gas flares, and the daily detection products of gas flares are available [47]. According to a previous study [48], the radiance nighttime light across fossil fuel burning emissions was greater than 90 × 10−9 W·cm−9·sr−1. To demonstrate the nighttime light change characteristics, 300 × 10−9 W·cm−9·sr−1 was selected as the threshold to reduce gas flare effects. Therefore, we proposed a workflow (Figure 5) to process the NPP-VIIRS nighttime light images.



In the workflow, the two types of nighttime light images (NPP-VIIRS and DMSP-OLS) need to be first clipped and re-projected. According to the threshold method, a city mask based on the DMSP-OLS nighttime light image in 2013 was generated (Figure 6). The city mask was applied to multiple NPP-VIIRS nighttime light images to remove background noise. Then, gas flares were further reduced by the threshold method. The local areas of the original image and the corrected image are shown in Figure 7. It can be seen that some background noise in the original image was removed, and the contrast of the corrected image was higher than that of the original image.




2.4. Method


2.4.1. Theil-Sen Median Trend Method


To reveal the change characteristics of time series nighttime light in Yemen, the Theil-Sen Median trend method was adopted. The Theil-Sen Median is a robust trend analysis method with non-parametric statistics [49] and is a particularly effective tool for estimating the trends in small series [49,50]. The Theil-Sen Median has been widely used to test the trend of time series remote sensing images [51,52,53], especially in long time series of vegetation variation analysis [49,50,52]. The formula is as follows:


    S  V I I R S   = M e d i a n (   D  N j  − D  N i    j − i   )    1 ≤ i ≤ j ≤ 24   



(2)




where SVIIRS refers to the median slope between n (n − 1)/2 pairs of time series NPP-VIIRS nighttime light images; and DNj and DNi, represent the DN values of the pixels in month j and month i, respectively. In the case of SVIIRS > 0, it represents an increase trend of nighttime light; in case of SVIIRS < 0, it represents a decline trend of nighttime light; SVIIRS = 0 means a stable trend of nighttime light.




2.4.2. Nighttime Light Indexes


Total nighttime light (TNL) represents the total level of nighttime light, and previous studies have confirmed that it relates strongly to GDP [48], population [54] and other socio-economic parameters [16]. In this study, we employed TNL as the indicator to analyze nighttime light change patterns at different administrative scales, and the formula is as follows:


   T N L =   ∑  i = 0   300     C i  D  N i      



(3)




where DNi is ith the DN value and Ci is the number of pixels corresponding to each DN value.



To show the spatial change of nighttime light during the two periods, a nighttime light difference index (NLDI) was developed in this paper. The index is used to demonstrate change patterns of nighttime light by calculating the difference between the two temporal images. The equation is as follows:


   N L D I =  ϕ  t 1   −  ϕ  t 2     



(4)




where     ϕ  t 1      and     ϕ  t 2      denote the image at t1 and t2 periods, respectively.



During the conflict period, the nighttime light usually fluctuates. Therefore, we adopted the nighttime light change rate index (NLCRI) proposed by Li et al. [55] to quantitatively evaluate nighttime light changes, and the equation is as follows:


   N L C R I =   T N  L m  − T N  L n    T N  L n    × 100 %   



(5)




where TNLm and TNLn denote the total nighttime light of the m period and n period, respectively.






3. Results


3.1. Time Series Analysis


TNL can be used to demonstrate the level of nighttime light for countries and provincial regions, and it relates to human activity [27]. The TNL of Yemen from April 2012 to March 2017 was calculated for each month (Figure 8). From the TNL change at a national scale, there is a seasonal change from March to June for each year that may relate to surface reflectance and atmospheric conditions [56]. Compared with the nighttime change in each year, a sharp decline period can be found from February 2015 to June 2015 and it lasted for 4 months. The TNL showed some fluctuation in other periods. Combined with the timeline of the Yemen crisis, the decline period related to Saudi-led airstrikes. Moreover, the NLCRI was calculated based on TNL (Figure 8) to quantitatively assess nighttime light change. TNL lost 71.60% corresponded to the decline period. Among the 4 months, the TNL from March 2015 to April 2015 dropped the most (49.18%), followed by the months from April 2015 to June 2015 at 31.16%.



The TNL of each province was calculated from April 2012 to March 2017 (Figure 9). All provinces exhibited sharp decline in TNL from February 2015 to June 2015. This result is consistent with the change pattern of TNL at the national scale. There was no nighttime light detected by the VIIRS sensor in Raymah, and the TNL of Raymah was zero.



To explore the changing characteristics of nighttime light at a provincial scale during the decline period, the NLCRIs were calculated for each province (Figure 10). The decline of nighttime light in Amran, Amanat Al Asimah, Al Mahwit, San’a’, Dhamar, Ibb, Al Dali’ and Lahij was greater than that of other provinces. Among the all provinces, the fastest decline of nighttime light occurred in Dhamar (92.41%), followed by Ibb (91.12%). This result indicates that the impact of the conflict during the decline period was severe and wide and the highly impacted areas were mainly concentrated in west region. In addition, as Sa’dah was captured by Houthis before 2014, its NLCRI declined by 7.44% from March 2014 to May in 2014; however, the provisional capital of Sa’dah was attacked by the Saudi-led airstrikes during decline period in 2015, and the decline of nighttime light was 61.94%.




3.2. Spatial Pattern Analysis


The Theil-Sen Median trend method was employed to understand the spatial pattern changes of nighttime light in Yemen from April 2012 to March 2017, as shown in Figure 11. The figure shows that the areas of nighttime light decline were mainly concentrated in the capital cities of Sana’a, ’Adan, Shabwah and Hadramawt. Moreover, the nighttime light of the capital cities of Sa’dah, Amran, Dhamar, Ibb and Ta’izz also show a decreasing trend. In addition, the nighttime light trend of the southwest area of Saudi Arabia, which is close to northern Yemen, shows a stable trend. This result provides the evidence that the declines in Yemen are real and not just a sensor calibration issue.



To investigate the spatial pattern changes in nighttime light in Yemen during the conflict crisis period (February 2015 to June 2015), the NLDI method was applied by using the corresponding images. Figure 12 is the spatial pattern change of nighttime light images from February 2015 to June 2015. The change trend is relatively consistent with the result of the Theil-Sen Median trend, and those areas are mainly located in Sana’a, Dhamar, Ibb, Ta’izz, ’Adan, Shabwah and Hadramawt.



To investigate the causes of nighttime light change during the crisis period in Yemen, high-resolution images from Google Earth were acquired for validation in key cities. Figure 13 represents the destruction of infrastructure in Sana’a, Sa’dah and ’Adan from 2014 to 2016. From Figure 13(a1,a2,e1,e2,j1,j2), it can be observed that airports were the fundamental infrastructure destroyed, and the main destruction targets in airports were aircraft and airport runways. The other sites represent the destruction of construction. From the view of the fragmentation of construction after destruction, these destructions were likely caused by missiles. In the damaged construction, mosques were also one of the damaged targets.



Generally, the nighttime light declines were mainly caused by the destruction of urban facilities during the war. However, according to the validation result (Figure 14), the main factor of nighttime light decline in Shabwah and Hadramawt was oil exploration. This is because nighttime light remote sensing technology can capture gas flaring during the process of oil exploration. When oil exploration decreases or stops, the gas flaring will correspondingly decrease or stop; thus, the pattern of nighttime light in oil exploration areas shows a declining trend.





4. Discussion


Up to 31 December 2016, the Yemen crisis has caused nearly 48,000 casualties (including nearly 7500 deaths) and attracted the attention and humanitarian relief of the international community [57]. Despite some humanitarian reports related to the Yemen crisis released by the Office for the Coordination of Humanitarian Affairs (OCHA) [57], the perspective from nighttime light remote sensing to evaluate the Yemen crisis is still lacking. Commonly, nighttime light is highly related to human socio-economic activities, and the war will inevitably slow down or stop socio-economic development [30] and even result in an economic recession. Therefore, nighttime light remote sensing technology is a useful tool to evaluate the war with the advantages of safety, convenience and low cost [28]. In this study, the new generation of nighttime light images from NPP-VIIRS in Yemen was obtained from April 2012 to March 2017. We develop a process flow to eliminate background noise and reduce gas flare using the DMSP-OLS stable nighttime light images. Then, a trend method and nighttime index were proposed to analyze time series changes and spatial patterns of changes in nighttime light. Finally, high-resolution images from Google Earth were selected to validate the causes of nighttime light change.



From time series analysis, a sharp decline period of nighttime light at the national scale was found, and the nighttime light lost 71.60% from February 2015 to June 2015. The TNL in all provinces also showed decline responded to the period. These results showed that the crisis was widespread and severe. This is because the crisis was Saudi-led airstrikes against the Houthis and fighting escalated nationwide [58], and this attack bombed civilian infrastructure, such as factories, bridges and power stations [59].



From the spatial pattern of changes in nighttime light in Yemen, the areas of decline were mainly located in Sana’a, Dhamar, Ibb, Ta’izz, ’Adan, Shabwah and Hadramawt , and the nighttime light of other capital cities also showed a declining trend. Based on the results of validation with high resolution images, the nighttime light decline in western cities (Sana’a, Sa’dah and ’Adan) was mainly due to the damage of urban infrastructure, including airports [60] and construction [61]; however, the main reason for the nighttime light decline in eastern cities (Shabwah and Hadramawt) was that oil exploration decreased or stopped. According to the statistical data of trading economics [62], the crude oil production of Yemen began to sharply drop in July 2015 and continued to decrease for more than one year. This evidence indicates that the decrease in oil exploration, which was affected by the conflict, is the main cause for the nighttime light decline in Shabwah and Hadramawt. This finding can back up the previous understanding [63] that nighttime light decline is due to the destruction of urban human settlement.



In fact, there are two other important factors related to nighttime light decline that cannot be ignored. The first factor is the nighttime curfew policy. To avoid night attacks during the conflict, the government declared nighttime curfews in Sana’a [64] and Aden [65], and the implementation of this policy directly led to a decline in nighttime light. Another factor is electrical blackouts [66]. Because electricity infrastructure is often damaged and power supply is insufficient during wars, electrical blackouts are likely to occur. This condition can also result in the decline of nighttime light.




5. Conclusions


The Yemen war has been a severe humanitarian crisis since 2011. Traditional ground investigation is dangerous and expensive. Therefore, this study provides an evaluation of the Yemen crisis by making use of a time series of the new generation of NPP-VIIRS nighttime light images. The corrected NPP-VIIRS nighttime light images were generated using the developed flow with the DMSP-OLS stable nighttime light images. Then, the Theil-Sen Median trend method and nighttime light index were employed to explore the time series patterns and spatial change patterns, respectively. The conclusions are summarized as follows:




	(1)

	
At the national scale, nighttime light showed a sharp decline from February 2015 to June 2015, and TNL lost 71.60%. The nighttime light in all provinces also showed the decline period. These findings reflect that the Saudi-led airstrikes caused widespread and severe humanitarian crisis in Yemen.




	(2)

	
From spatial pattern analysis, the areas of decline were found to be mainly located in Sana’a, Dhamar, Ibb, Ta’izz, ’Adan, Shabwah and Hadramawt. The validation results show that the nighttime light declines in western cities and eastern cities are due to the damage of urban infrastructure and decreased oil exploration, respectively. In addition, a nighttime curfew policy and electrical blackouts are also key factors in the decline of nighttime light in Yemen.









This study provides strong evidence for understanding how severe the Yemen humanitarian crisis is and confirms that the ongoing conflict Saudi-led airstrikes has made Yemen dark. These conclusions will be helpful for Yemen humanitarian assistance. In addition, the efficient and convenient evaluation method proposed in this study can also be used to investigate other conflicts. In future studies, the background noise of NPP-VIIRS nighttime light images needs to be accurately separated from human-induced light. Moreover, the NPP-VIIRS stable nighttime light product needs to be generated to remove occasional lights. Thus, the stable nighttime light products of NPP-VIIRS and DMSP-OLS can be integrated to assess the effects of conflict on human activities.
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Figure 1. An administrative map of Yemen. 
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Figure 2. A timeline of the Yemen crisis. 
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Figure 3. NPP-VIIRS nighttime light images of Yemen from (a) January 2014 and (b) December 2015. 
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Figure 4. DMSP-OLS nighttime light images of Yemen from 2013. 
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Figure 5. Processing flow of the NPP-VIIRS nighttime light images. 
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Figure 6. The Yemen city mask based on DMSP-OLS nighttime light images. 
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Figure 7. Nighttime light images before and after correction: (a) original image and (b) corrected image. 
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Figure 8. TNL of Yemen from April 2012 to March 2017 at a national scale. 
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Figure 9. TNL of Yemen from April 2012 to March 2017 at the provincial scale. 
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Figure 10. Nighttime light change rate index (NLCRI) for Yemen from February 2015 to June 2015. 
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Figure 11. Change in nighttime light from April 2012 to March 2017 in Yemen 
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Figure 12. The spatial patterns of change in nighttime light during conflict period. 
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Figure 13. Validation of the infrastructure destruction in Sana’a, Sa’dah and ’Adan: (a1,a2,b1,b2,c1,c2,d1,d2) represent infrastructure destruction before and after war in Sana’a; (e1,e2,f1,f2,g1,g2,h1,h2) represent infrastructure destruction before and after war in Sa’dah; and (i1,i2,j1,j2) represent infrastructure destruction before and after war in ’Adan. 
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Figure 14. Validation of the oil exploration in Shabwah and Hadramawt: (a,b) represent oil exploration areas in Shabwah, and (c–e) represent oil exploration areas in Hadramawt. 
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Table 1. The parameters of NPP-VIIRS and DMSP-OLS
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	Parameters
	NPP-VIIRS
	DMSP-OLS





	Operator
	National Aeronautics and Space Administration (NASA) and National Oceanic and Atmospheric Administration (NOAA)
	Department of Defense, United States



	Orbit
	Polar orbit satellite
	Polar orbit satellite



	Overpass time
	13:30 and 1:30
	8:30–9:30 and 20:30–21:30



	Width
	3040 km
	3000 km



	Temporal resolution
	12 h
	12 h



	Spatial resolution
	742 m
	2.7 km



	Wavelength range
	0.5–0.9 µm
	0.4–1.1 µm



	Radiation resolution
	14 bit
	6 bit



	Unit
	W·cm−2·sr−1·μm−1
	Relative (0–63 scale)



	On-board calibration
	Yes
	No



	Pixel saturated
	No saturated
	Saturated



	Available product
	December 2011–now
	1992–2013



	Product cycle
	Month
	Year
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