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Abstract

:

Since 2 June 2020, unusual heavy and continuous rainfall from the Asian summer monsoon rainy season caused widespread catastrophic floods in many Asian countries, including primarily the two most populated countries, China and India. To detect and monitor the floods and estimate the potentially affected population, data from sensors aboard the operational polar-orbiting satellites Suomi National Polar-Orbiting Partnership (S-NPP) and National Oceanic and Atmospheric Administration (NOAA)-20 were used. The Visible Infrared Imaging Radiometer Suite (VIIRS) with a spatial resolution of 375 m available twice per day aboard these two satellites can observe floodwaters over large spatial regions. The flood maps derived from the VIIRS imagery provide a big picture over the entire flooding regions, and demonstrate that, in July, in China, floods mainly occurred across the Yangtze River, Hui River and their tributaries. The VIIRS 5-day composite flood maps, along with a population density dataset, were combined to estimate the population potentially exposed (PPE) to flooding. We report here on the procedure to combine such data using the Zonal Statistic Function from the ArcGIS Spatial Analyst toolbox. Based on the flood extend for July 2020 along with the population density dataset, the Jiangxi and Anhui provinces were the most affected regions with more than 10 million people in Jingdezhen and Shangrao in Jiangxi province, and Fuyang and Luan in Anhui province, and it is estimated that about 55 million people in China might have been affected by the floodwaters. In addition to China, several other countries, including India, Bangladesh, and Myanmar, were also severely impacted. In India, the worst inundated states include Utter Pradesh, Bihar, Assam, and West Bengal, and it is estimated that about 40 million people might have been affected by severe floods, mainly in the northern states of Bihar, Assam, and West Bengal. The most affected country was Bangladesh, where one third of the country was underwater, and the estimated population potentially exposed to floods is about 30 million in Bangladesh.
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1. Introduction


Floods are the most devastating, frequent, and widespread natural disaster, affecting about, on average, 80 million people per year around the world, and causing more death and property damage than any other natural phenomena [1,2]. Every year, flood disasters cause huge economic losses and life disruption all over the world [2]. This year, the low-pressure systems of Asia’s summer monsoon have been unusually strong and stationary [3], allowing them to transfer even more water vapor from the Indian and Pacific oceans to South and East Asia. Since 2 June 2020, the unusually heavy and continuous rainfall during the Asian summer monsoon rainy season resulted in widespread severe floods in many Asian countries, including the two most populated countries, China and India.



In China, major floods mainly occurred across the Yangtze River, Huia River, and their tributaries [4]. In June, the impacted regions include the upper and middle basin of the Yangtze River and its tributaries in several provinces, including Sichuan, Hubei, as well as Hunan with 14 million people affected [5]. In July, heavy rainfall attacked central and eastern China [6], and flooding became widespread and deadly. Flooding waters propagated to lower regions of the Yangtze basin and Huai River basin, such as Jiangxi, Anhui, Jiangsu, and Zhejiang. The worst flooding occurred in Jiangxi Province and Anhui Province. The catastrophic floods in Jiangxi affected roughly 5.21 million people, primarily around the Poyang Lake and its tributaries. This catastrophic Asian summer flooding caused severe property damage and a high death toll. According to the South China Morning Post, by the end of July, 54.8 million people in 27 provinces had been affected, and at least 219 people were reported as dead or missing, and 54,000 houses were destroyed [7]. Maybe one of the most affected countries was Bangladesh, where one third of the country was underwater. More than 5.4 million people were affected and at least 100 died as of July 28 [8]. In India, the major affected regions were limited to the northern states of Bihar, Assam, and West Bengal. The worst impacted States were Assam and Bihar. Till August, more than 17 million people experienced flooding, and the number of fatalities reached 1082 [9]. The economic loss is estimated at 178.9 billion yuan or USD 25.7 billion in China alone, once again highlighting the importance of flood monitoring in protecting lives and properties.



Developing countries usually suffer higher casualties from natural hazards than developed countries. In developing countries, thousands of victims are killed or injured by natural disasters every year [10]. Mitigating the losses of human lives and properties from natural disasters in developing countries is critical to reduce the poverty [11]. Better assessment of natural hazard impacts on human in developing countries will need advanced study combining conventional data on population with satellite observations.



Satellite-based flood maps have been proven to be very helpful for analysis and evaluation of the spatial extent of flooding events and can provide valuable guidance for rescue and relief efforts [12]. Operational and environmental satellites with large spatial coverage and high temporal resolution show advantages for mapping, monitoring, and analyzing large-scale floods such as the catastrophic Asia floods in this summer. The NOAA (National Oceanic and Atmospheric Administration) operational polar orbiting satellites can provide observations twice per day for mid-latitude regions, over large spatial regions with no data cost and no risk to get access to the dangerous flooding areas, and demonstrate advantages for large-scale flood mapping and monitoring [13,14,15,16,17]. The Advanced Very-High-Resolution Radiometer (AVHRR) on board the previous Polar Operational Environmental Satellites (POES) series had been widely used for flood detection and mapping [13,14,15,16,17]. The Moderate-Resolution Imaging Spectroradiometer (MODIS) onboard the NASA (National Aeronautics and Space Administration) scientific instrument EOS (Earth Observing System) provides similar but enhanced capability to AVHRR, because MODIS can provide flood mapping at a 250 m spatial resolution, better than the AVHRR 1 km resolution. The MODIS have been successfully applied for flood detection and monitoring with a 250 m spatial resolution [18,19,20,21,22,23,24,25,26]. Most recently, the VIIRS (Visible Infrared Imaging Radiometer Suite) [27], onboard the Suomi National Polar-orbiting Partnership (S-NPP) satellite, and the Joint Polar Satellite System (JPSS) and now as the new NOAA series, succeeds the MODIS for flood mapping. The VIIRS imagery with a 375 m spatial resolution in the short-wave IR bands and wide 3000 km swath width have demonstrated advantages for flood detection [28,29,30]. Since the imagers onboard the operational and environmental satellites are usually optical sensors, which can be contaminated by clouds. Microwave remote sensing instruments, including passive microwave (MW) instruments [31,32,33,34] and active airborne synthetic aperture radar (SAR) imagery [35], can penetrate clouds and provide flood detection under cloudy conditions. However, passive MW sensors usually have very coarse spatial resolutions (10–25 km) [31,32,33,34]. Even though high-resolution SAR data (10–30 m) can provide very valuable surface information under almost all sky conditions, it usually has limited spatial coverage and a long revisit time (6–12 days) [35]. Recently, geostationary satellites, GOES-R series with a 5 min temporal resolution, allowing us to capture some clear sky observations, have been utilized to help mitigate the cloud contamination problem [36,37]. Multi-day composite VIIRS flood maps have been used to filter the cloud contamination and obtain the maximum flood extent; they are very useful for flood damage assessment after the flooding events [36].



Using a geographic information system (GIS) system, the population cells can be clipped to satellite-derived flood footprints to estimate the ‘population potentially exposed’ (PPE) to flood events [38]. The objective of this study is to map and analyze the catastrophic Asia floods and estimate the affected population in summer 2020 using VIIRS imagery onboard both the S-NPP (Suomi National Polar-Orbiting Partnership) and NOAA-20 polar-orbiting weather satellites. The VIIRS-derived flood footprints will be combined with population databases and ArcGIS (version 10.4.1) for human impact assessment in the catastrophic Asia flood events during summer 2020.




2. Data and Methods


2.1. Data Used


The VIIRS data are acquired from the NOAA operational feed, which provides data globally to users for each orbit (S-NPP) or half-orbit (NOAA-20). The datasets used for VIIRS flood mapping are listed below:




	
VIIRS SDR (Sensor Data Record) data at Imager bands 1, 2, 3 and 5 with 375-m spatial resolution.



	
Geolocation data, including longitude, latitude, solar zenith angles, solar azimuth angles, sensor zenith angles and sensor azimuth angles.



	
VIIRS Intermediate Cloud Mask Product with 750-m resolution.



	
Static ancillary datasets include:




	➢

	
The IGBP (International Geosphere-Biosphere Programme) global land cover;




	➢

	
Global land/sea mask;




	➢

	
MODIS 250-m global water mask (MOD44W) [18];




	➢

	
Water layer in the National Land Cover Database 2006 [39].









	
The population count dataset for China, Bangladesh, and India in 2020 at a resolution of 3 arc-seconds (approximately 100 m at the equator) is obtained from the WorldPop [40]. This database has been continuously updated every year.









2.2. Methods


2.2.1. VIIRS Flood Detection


The physical basis for flood detection with the VIIRS imagery is the spectral characteristics in the VIIRS visible (VIS), near infrared (NIR), and short-wave infrared (SWIR) channels. The main algorithms include t decision-tree method by integrating the reflectance in the VIIRS imager channels and a set of spectral indices to classify water surface from vegetation, bare land, and snow/ice surface [19,20,21,30], a geometry-based cloud-shadow algorithm to separate cloud shadows from VIIRS flood maps [28], an object-based terrain-shadow algorithm to discriminate terrain shadows from VIIRS flood maps [29], and a dynamic nearest neighboring searching (DNNS) method to calculate water fractions [21]. The derived water fractions are then compared with a water reference map at normal conditions to identify flooding water. In the VIIRS flood maps, the floodwater fraction is marked as water percentage in a pixel from 1% to 100%. A comprehensive introduction to the VIIRS flood algorithm can be found from a referenced paper [30]. VIIRS flood algorithms and products have been extensively validated and evaluated [30].




2.2.2. Multiple-Day Composition


Because VIIRS is an optical sensor, the images may be contaminated by clouds. To filter out cloud cover, a multi-day composition process is applied to derive the maximal flood extent. With the near-real-time (NRT) VIIRS flood maps during a period, a pixel is assigned as a flooding pixel in the composited flood map as long as it is detected as a flooding pixel in any flood map during that period, and the maximum flood water fraction among all the NRT flood maps is used as its composited water fraction. If a pixel is not detected as flood but is detected as dryland in any NRT flood maps, then it is assigned as a dryland pixel in the composited flood map. The composition process is illustrated in Figure 1. In this way, the composited flood map shows the maximal clear-sky coverage with the maximal floodwater fractions during an appointed period.




2.2.3. Spatial Analysis


The Geographic Information System (GIS) has been widely used to integrate different spatial data for visualization and further spatial analysis to estimate probable damage due to floods [41,42]. Using GIS software, the population grids can be clipped to flood footprints to estimate the ‘population potentially exposed’ (PPE) to flood events [38,43]. With the ArcGIS Zonal Statistics tool, a statistic is calculated for each zone defined by a zone dataset (a flooded district here), based on values from another dataset (a value raster, like population data here). A single output value is computed for every zone (flooded district, like a city or county) in the input zone dataset (VIIRS flood maps here). The sum of all the cell values in each zone is assigned to all cells in that zone. The VIIRS-derived flood footprints are loaded into the ArcGIS system. Both VIIRS flood and population datasets are projected in the WGS1984 coordinate system. Based on the VIIRS detected floodwater, the Zonal Statistic Function in the ArcGIS Spatial Analyst toolbox is further used to estimate the total population potentially exposed to the flood events for each country. Figure 2 shows the study areas.






3. Results


The VIIRS 5-day composite flood maps from 28 July to 1 August 2020 are shown in Figure 3. By the end of July, flooding across the Huai River and its tributaries became severe. The Yangtze River and the Huai River were inundated at the same time and soon evolved into major floods. The affected regions include not only the upper and middle river basin of the Yangtze and its tributaries such as Sichuan, Hubei, and Hunan, but also extended to the lower regions of the Yangtze basin and Hua River basin such as Jiangxi, Anhui, Jiangsu, and Zhejiang. As shown in Figure 3 (upper), one of the worst flooded regions is located in Jiangxi Province along the Poyang Lake. Figure 3 demonstrates the advantages of an operational weather satellite with large spatial coverage. Such satellites enable watching a flood over the entirety of China. The VIIRS flood map can show the flood extents over both Yangtze River and Huai River and their tributaries.



The remotely sensed flood maps obtained from VIIRS were implemented into the ArcGIS to estimate the population potentially exposed to flooding. Utilizing the 2020 WorldPop [40] population distribution map, and overlaying it on the areas of likely inundated regions (Figure 3 upper) through the zonal statistics in the ArcGIS shows an example of how VIIRS flood maps can potentially help decision makers to locate the potentially exposed population within the inundated areas during this catastrophic flood period. According to the spatial analysis with the ArcGIS (Figure 3 lower), the total affected population is about 37,371,605 in Anhui province, 807,771 in Henan province, 2,722,861 in Hubei province, 3,148,590 in Hunan province, 9,964,559 in Jiangxi province, 181,672 in Shanghai, and 1,736,842 in Zhejiang province. The most deadly rejoins include Fuyang and Luan in Anhui province along the Huai River basin, and Jingdezhen and Shangrao in Jiangxi province along the Yangtze River floodplains, where more than 10 million people might have been affected by the floodwaters. The total estimated PPE is about 55.3 million in China, which is very close to the reported 54.8 million victims [7].



As mentioned previously, the unusually heavy rainfall from the 2020 summer monsoon also resulted in widespread severe flooding in South Asia, including India, Bangladesh, and Myanmar (Burma). Figure 4 shows the flood situation across Bangladesh, Myanmar (Burma), and India. As shown in Figure 4, two main Himalayan rivers—the Brahmaputra and the Ganges—that flow across Bangladesh and India, and the regions around the Brahmaputra River, were severely inundated. One third of Bangladesh, including Jamalpur, Tangail, Sylhet, and Barddhaman, was underwater. In Myanmar, major floods occurred at the west and south coastal regions, and along the Ayeyarwady River.



Figure 5 illustrates the potentially exposed population to floods (cumulative) aggregated by district using the NOAA20-VIIRS-derived flood map in Bangladesh between the 22nd and the 26th of July, 2020, and Worldpop spatial demographic data [40]. According to the estimate from the spatial analysis with the ArcGIS, the worst affected districts are mainly located in Dhaka, Sylhet, and Rajshahi divisions, with a PPE of over 1.3 million. According to the estimate, the total population potentially exposed to floods is about 9,889,899 in Dhaka, 5,118,810 in Chittagong, 4,926,018 in Sylhet, 4,409,792 in Rajshahi, 3,181,396 in Rangpur, 2,144,122 in Khulna, and 725,797 in Barisal. About 30 million people in Bangladesh were exposed or living close to flooded areas. The estimated 30 million PPE is much higher than the reported 5.4 million flood victims in Bangladesh [8]. The Bangladesh 2020 population is estimated at 164,689,383 people; if one third of Bangladesh was reported to be underwater in July 2020, the estimated 30 million population potentially exposed to floods should make sense.



The VIIRS composited flood map from 29 July to 2 August (Figure 6 upper) show details about floods in north/northeast India during this time period. The worst inundated states within India were Utter Pradesh, Bihar, Assam, and West Bengal. As shown in Figure 6 (lower), the majority of the population exposed to flood was limited to northern states of Bihar, Assam, and West Bengal. The worst impacted States are Bihar and Assam. It is estimated that the total population potentially exposed to floods is 32,360,188 in the poorest Bihar state, 9,491,897 in Assam state, 4,434,680 in Uttar Pradesh, and 12,533,403 in West Bengal (Figure 6 lower). The estimated total PPE is about 40 million in India. Compared to the report [9], more than 7.4 million people in Bihar, and over 3.5 million people in Assam, and more than 17 million people in entire India were affected by floods.




4. Discussion


Operational weather satellites such as the S-NPP/JPSS satellites, which are the first two satellites in a series of NOAA polar orbiting satellites, have the strengths of large spatial coverage and frequent observations. The JPSS series will provide critical observations for the environment and the Earth system until the late 2030s. The VIIRS flood maps can provide big pictures of flood over large spatial regions and can be used for damage assessment. Moreover, the VIIRS flood maps can be frequently available and used as guidance for decision makers for rescue efforts. The VIIRS global flood products, including VIIRS near-real-time flood product, VIIRS daily composited flood product, and VIIRS 5-day composited flood product, are now routinely generated in Space Science and Engineering Center (SSEC) of the University of Wisconsin-Madison, where direct broadcast VIIRS data can be obtained. All these products are now available from the SSEC’s Real Earth front page [44]. The VIIRS near-real-time, daily and 5-day composited flood maps since October 2019, including all the flood maps shown here, can be obtained from the NOAA JPSS Proving Ground Global Flood Products archived at George Mason University [45].



It is expected that operational weather satellites such as the new NOAA series with daily observations, in combination with other upcoming LEO (low Earth orbit) and GEO (geosynchronous) sensors, will continue playing a significant role in mapping and monitoring floods over large spatial areas, especially like this large-scale Asia flood event.



In this study, VIIRS flood products are applied for assessing the potential population affected by the floods, which is directly relevant to disaster response and rescue efforts. The resolution of the VIIRS flood footprint is different from the population resolution and may generate errors in the PPE estimation. There are also some technical limitations to include flash flood impacts on human, because 5-day composite flood maps are used to estimate the PPE, and the flooding water from flash floods usually cannot be captured by the satellites.



While the estimated PPE in China is very close to the reports, the estimated total PPE in Bangladesh and India are much higher than the reported numbers. This may be because the population data used for PPE estimation is static, while, in reality, some people might have been evacuated before the flooding. Another reason is that all VIIRS-based flood footprints, including minor floods with a flooding water fraction less than 20%, are used to estimate the population within the inundated areas, while, in a real situation, small floods may not affect people.




5. Conclusions


In this study, the flood maps derived from VIIRS observations were implemented into the ArcGIS system and combined with the world population dataset to estimate the potentially affected population by floods during this summer catastrophic flooding events across South and East Asia. According to the spatial analysis with the ArcGIS, Jiangxi provinces and Anhui province in China were most deadly impacted by the severe flooding. There were approximately over 10 million people in each city or region at Jingdezhen and Shangrao in Jiangxi province along the Yangtze River floodplains, and Fuyang and Luan in Anhui province around the Huai River basin, and approximately about 55 million people in China might have been affected by the floodwaters. The unusually heavy summer monsoon rainfall also caused widespread severe flooding in Bangladesh, Myanmar, and India. Two main Himalayan rivers—the Brahmaputra and the Ganges—that flow across Bangladesh and India, and the nearby regions, were severely inundated. One third of Bangladesh was underwater. The north/northeast of India also experienced severe floods, and the worst inundated states include Utter Pradesh, Bihar, Assam, and West Bengal. It is estimated that about 40 million people in the northern states Bihar and Assam might be potentially influenced by the severe floods. The estimated total PPE is 55 million in China, and very close to the reported 54.8 million affected population [7]. The estimated 40 million PPE in India is much higher than the report claiming at least 17 million affected people [9], while, in Bangladesh, the estimated PPE is about 30 million, also higher than the reported 5.4 million affected people. Considering the Bangladesh 2020 population estimated at 164,689,383 people, if one third of Bangladesh was reported to be underwater in July 2020, the estimated 30 million PPE should be reasonable.
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Figure 1. Flow chart of the composition process. 
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Figure 2. Study areas. 
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Figure 3. VIIRS 5-day composite flood map from 28 July to 1 August (upper) and the estimated population potentially exposed to flooding (lower) in July 2020 in China. 
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Figure 4. Visible Infrared Imaging Radiometer Suite (VIIRS) 5-day composite flood maps from 22 to 26 July 2020, across Bangladesh, Burma, and India. 
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Figure 5. Estimated population potentially exposed to flooding in July 2020 in Bangladesh. 
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Figure 6. VIIRS 5-day composite flood maps from 29 July to 2 August (upper) and the estimated population potentially exposed to flooding (lower) in July 2020 in India. 
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