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Abstract: Massive desert locust swarms have been threatening and devouring natural vegetation
and agricultural crops in East Africa and West Asia since 2019, and the event developed into a rare
and globally concerning locust upsurge in early 2020. The breeding, maturation, concentration and
migration of locusts rely on appropriate environmental factors, mainly precipitation, temperature,
vegetation coverage and land-surface soil moisture. Remotely sensed images and long-term meteo-
rological observations across the desert locust invasion area were analyzed to explore the complex
drivers, vegetation losses and growing trends during the locust upsurge in this study. The results
revealed that (1) the intense precipitation events in the Arabian Peninsula during 2018 provided
suitable soil moisture and lush vegetation, thus promoting locust breeding, multiplication and gre-
garization; (2) the regions affected by the heavy rainfall in 2019 shifted from the Arabian Peninsula to
West Asia and Northeast Africa, thus driving the vast locust swarms migrating into those regions
and causing enormous vegetation loss; (3) the soil moisture and NDVI anomalies corresponded well
with the locust swarm movements; and (4) there was a low chance the eastwardly migrating locust
swarms would fly into the Indochina Peninsula and Southwest China.

Keywords: desert locust upsurge; contributing factors; vegetation loss; long-term Earth observations;
remote sensing

1. Introduction

The desert locust (Schistocerca gregaria) has been among the most devastating and
notable pests that threaten local food security in Africa, the Middle East and Southwest Asia
since the beginning of recorded history [1]. Various large-scale crop protection strategies
and preventive management strategies for desert locusts, such as chemical pesticides,
field assessments and early warning systems, have been implemented by researchers and
institutions since the 1950s [2]. Among them, the Food and Agriculture Organization of
the United Nations (FAO) has played an important role in monitoring the timing, scale
and location of invasions and breeding through its global Desert Locust Information
Service (DLIS) (http://www.fao.org/ag/locusts/en/activ/DLIS/index.html). Therefore,
locust outbreaks and plagues have been successfully controlled, and the frequency of
intense and widespread locust infestations has declined significantly in the past several
decades [3]. The locust upsurge in early 2020 has been recognized as the worst infestation
in several decades for some East Africa and West Asia countries, such as Kenya, Ethiopia
and Pakistan, and the hectares of damaged forests and farmlands are still increasing [4]. It
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is widely acknowledged that climatic conditions strongly influence locust outbreaks and
upsurge processes [5-8]. Knowledge of the climatic drivers behind this unusual locust crisis
is essential to further improve the early warning accuracy of outbreaks and potentially
assist with socioeconomic loss assessments during the vastly damaging and lasting locust
upsurge.

Desert locust upsurges are initiated from a large number of contemporaneous out-
breaks, which are supported by favorable conditions, including high rainfall, green veg-
etation, moistened soil, low-speed wind and appropriate land surface temperature [9].
Large-scale and long-term environmental variables over the seasonal breeding areas of
locusts are necessary to forecast the spatial-temporal dynamics of locust outbreaks and
develop effective control strategies [10]. Many previous studies have highlighted the
advantages and efficiency of satellite platforms for collecting meteorological parameters
and land surface observations at national and global scales. Satellite-based time series data,
such as precipitation, land surface temperature and soil moisture, have been increasingly
applied to estimate the location of desert locust breeding and recession areas and have
been used to provide effective preventive management [11-16].

A deep understanding of the roles of various climatic features in desert locust breeding,
multiplication, concentration and gregarization is needed to improve the reliability of the
detection, prediction and simulation of the presence of locust outbreaks [5,17]. In general,
the affecting factors vary during different life stages of the desert locust, and rainfall and
temperature are commonly recognized as two of the most relevant parameters. According
to Symmons, Cressman [18], the period of egg incubation and development decreases
rapidly from approximately 26 to 10 days with increases in soil temperature from 24 to
37 °C, and hopper development occurs more quickly at high air temperatures, which
indicates that high temperatures (approximately 30-37 °C) provide appropriate conditions
for rapid desert locust population growth. Apart from the air and soil temperatures, rainfall
events usually produce adequate soil moisture associated with egg laying and abundant
herbaceous vegetation for increased survival of hoppers to the winged adult stage [13,19].
A longer and favorable rainy season in the breeding area drives the rapid maturation of
populations, and two or three generations can be produced in rapid succession [20].

Vegetation coverage has remarkable effects on the associated changes in behavior,
color, and shape as well as the formation of hopper bands and swarms when the population
density of locusts is high [21]. The less uniform regions with relatively dense vegetation
patches separated by extensive areas of bare land are likely to favor locust concentration and
gregarization [13]. The migration of locust swarms occurs only when there are appropriate
take-off wind speeds and wind directions. Generally, locust swarms take off when the
wind speed is lower than 6 m/s, and the flight direction is downwind [18]. In addition,
in high mountains and dense vegetation, locust swarms settle because their maximum
flight height is 1700 m, and the swarms continue flying only when there is little or no
vegetation [19].

The desert locust upsurge during 2019-2020 originated from the breeding areas in
Northeast Africa and Southwest Asia and severely destroyed natural vegetation, food
crops and forage in East Africa countries, especially Kenya, Ethiopia, and Somalia, as
well as in the Indo-Pakistan border area, and the upsurge may threaten West Africa, East
India, the Indochina Peninsula and Southwest China. This study aims (1) to identify the
contributing factors of desert locust swarm formation and migration by collecting various
environmental observations, including precipitation, soil moisture, air temperature and
vegetation coverage; (2) to evaluate the impacts of locust swarms on local vegetation in
the most damaged areas, mainly the border area of the Kenya, Ethiopia, and Somalia
(K-E-S) and the Indo-Pakistan border area based on satellite remotely sensed vegetation
indices; and (3) to identify the growing trend of locust swarms and estimate the chances
of the desert locusts invading the Indochina Peninsula and eastern areas outside the
current invasion border in the future considering that the desert locust swarms are still
expanding and threatening neighboring countries and regions. For this purpose, the
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historical precipitation, soil moisture, vegetation coverage and elevation data in those areas
were mapped.

2. Materials and Methods
2.1. Study Area

The study area is located in East Africa and West Asia, and the region was separated
into three parts (Figure 1) to analyze the contributing factors of the locust upsurge, evaluate
the locust’s impacts and identify the possibility of East India, the Indochina Peninsula and
Southwest China being affected by eastwardly migrating locust swarms in the future. Part
Iincludes the spring, summer and winter breeding areas of the desert locust in Northeast
Africa and Southwest Asia. These breeding areas are located in the arid and semi-arid
areas of the Sahara Desert, mainly on both sides of the Red Sea, the middle of the Arabian
Peninsula, southwest Yemen, northern Somalia, southern Pakistan and the Indo-Pakistan
border area. The boundaries of the winter/spring and summer breeding areas, as well
as the invasion and recession areas, were acquired from the desert locust guidelines [18],
and mapped as Figure 1. This region is under the influence of arid and semiarid climates,
with an annual rainfall lower than 200 mm [22]. Part II includes the severely damaged
countries and regions, which include the summer breeding area near the Indo-Pakistan
border and the area near the border of three countries (Kenya, Ethiopia and Somalia) in
East Africa. Part III includes the breeding areas of locust near the Indo-Pakistan border
and the South Iran, East India, Southwest China and several Southeast Asian countries,
which have recently been threatened by highly mobile and eastwardly migrating desert
locust swarms.
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Figure 1. The spatial distribution of the annual rainfall in the breeding area, recession area and invasion area of the African

desert locust.

2.2. Meteorological Observations
2.2.1. Precipitation Data from the GPCC

The Global Precipitation Climatology Centre (GPCC) provides more than ten precipita-
tion datasets with long temporal coverage (1891-present) and four spatial resolutions (1.0°,
2.5°,0.25°, and 0.5°) (https://opendata.dwd.de/). The GPCC products have been widely
applied in drought monitoring, analysis of trends and extreme climatic conditions, calibra-
tion of satellite data and hydrological studies. Their sampling error of gridded monthly
precipitation data has been quantified by World Meteorological Organization (WMO) and
investigated by GPCC for various regions of the world. The relative sampling error of
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gridded monthly precipitation is between +5 to 20% if five rain gauges are used [23]. In
addition, the GPCC’s approach of interpolating the anomalies instead of absolute values
is more efficient to reduce the sampling error than the choice of the interpolation method
itself [24]. In this study, the GPCC full data monthly product (version 2018) during 1891-
2016 at 0.25° generated by Schneider, Becker [25] was used as the historical reference as
the most accurate in situ precipitation re-analysis data set of GPCC. The GPCC first-guess
monthly product at 1.0° created by Ziese, Becker [26] was applied to map the precipitation
of the study area (part I) in 2018 and 2019. The percentage ratio of the precipitation (PRp)
was calculated using the following equation:

PRp = Precip/ Precip_histor x 100% (1)

where Precip represents the monthly precipitation, and Precip_histor represents the historical
reference of precipitation. PRp > 100% indicates greater rainfall than the average value,
and PRp < 100% indicates relatively low precipitation in the current month of the year.

2.2.2. Land Surface Data from the ECMWEF

Various forecast models and assimilation systems were developed and employed
to archive the historical meteorological data and re-analysis datasets by the European
Centre for Medium-Range Weather Forecasts (ECMWF) (https:/ /www.ecmwf.int/). The
ERADS dataset produced by the ECMWEF provides detailed and near-real-time estimates
of atmospheric, land surface, and oceanic climate variables from 1950 onwards at one-
hour intervals, and its spatial resolutions are 31 km at the global level and 62 km for the
ensemble of data assimilation (EDA). The spatial-temporal resolution has been significantly
enhanced, and uncertainty estimates are also included in the ERA5 dataset, compared with
the ERA-Interim dataset [27]. This study applied the ERA5 land monthly averaged data
to calculate and map the 2 m air temperature, 10 m wind speed, soil temperature (Level
1) and soil moisture (Level 1) in the recent decade of the study area (part I1I). Moreover,
the 2 m air temperature dataset was used to calculate the anomaly percentage of the air
temperature (AP;;) over the study area (part I) using the following equation:

APy = (AT; — AT _ave)/ AT _ave x 100% )

where AT; represents the monthly air temperature (°C) in the ith year, and AT_ave represents
the average air temperature over the past decade. AP, > 0 means that the current air
temperature is higher than that in normal years, and AP, < 0 demonstrates a relatively
lower air temperature in the current month of the year.

2.3. Remotely Sensed Data
2.3.1. Soil Moisture Data from the Fengyun Satellite

In recent years, passive microwave remote sensing has been widely applied as an
effective approach to measure soil moisture dynamics over large areas under all weather
conditions [28]. Currently, a large number of microwave-based satellite missions have been
frequently employed for global soil moisture monitoring. Among them, the Microwave
Radiometer Imager (MWRI) onboard the Fengyun-3C (FY-3C) satellite launched by the
National Satellite Meteorological Center (NSMC) of China have been frequently employed
to monitor the regional soil moisture, and its retrievals have been proven to have good
consistency with the measured soil data [29]. The monthly FY-3C/MWRI soil moisture
products (FY-3C VSM) with a spatial resolution of 25 km and presented on the global
equal-area scalable earth (EASE) Grid 2.0 are available from May 2014 to the present on the
website of the NSMC (satellite.nsmc.org.cn/). This study collected and generated those
products to map the spatial-temporal variation patterns of the land surface soil moisture
in the latter half of 2019 and early 2020 across the locust invasion and recession areas.
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2.3.2. MODIS NDVI

The normalized difference vegetation index (NDVI) products derived from Moderate
Resolution Imaging Spectroradiometer (MODIS) are the most mature and widely used
source for monitoring vegetation status [30,31]. In this study, the monthly MODIS NDVI
products (MOD13A3, v006) at a 1 km spatial resolution for 2010-2020 were downloaded
from the NASA website (https://ladsweb.modaps.eosdis.nasa.gov/). Ten tiles (h21v07,
h21v08, h21v09, h22v07, h22v08, h22v(09, h23v05, h23v06, h24v05 and h24v06) of the NDVI
products were reprojected and mosaicked to calculate the NDVI anomaly and map the
vegetation status in East Africa and the Indo-Pakistan border area during 2019-2020. The
NDVI anomaly (NA) was defined as the difference between the current NDVI and the
average NDVI in recent years:

n
NA; = NDVI;— Y NDVI;/n (3)
i=1

where NA, represents the NDVI anomaly in the ith month, NDVI; represents the NDVI in
the ith month, and 7 is the number of years and equals 11 (2010-2020) in the study.

2.3.3. DEM Data

There are several existing digital elevation models (DEMs), including the Advanced
Space-borne Thermal Emission and Reflection Radiometer (ASTER) Global DEM (G-DEM),
the Shuttle Radar Topographic Mission (SRTM) DMEs, and the Global Multi-resolution
Terrain Elevation Data (GMTED2010) dataset, which are freely available for terrain analy-
sis [32,33]. The GMTED2010 was jointly published by the U.S. Geological Survey (USGS)
and the U.S. National Geospatial-Intelligence Agency (NGA), at spatial resolutions of 1 km,
450 m and 225 m. The consistency and vertical accuracy of the GMTED2010 dataset has
been significantly enhanced over the former GTOPO30 elevation model [33]. In addition,
the GMTED2010 dataset is set as the default DEM data by the Environment for Visualizing
Images (ENVI), and it is convenient to load and apply GMTED2010 for elevation data
visualization and image processing workflows. Here, the GMTED2010 data were applied
to map the geomorphic conditions over East India and Southwest China.

2.4. Analysis of the Climatic Anomalies’ Contributions to the Desert Locust Upsurge

Generally, desert locust upsurges and plagues occur after several successful locust
breeding events with appropriate climatic conditions [5]. The desert locust upsurge in
early 2020 can be traced back to the formation of locust generations and the expansion of
locust swarms during 2018 and 2019 [4]. Here, the precipitation and the percentage ratio of
precipitation during 2018-2019 over the study area (part I) were mapped to analyze how
the precipitation anomalies contributed to the successive multiplication and migration of
locusts. Apart from precipitation, favorable land surface air temperature and soil moisture
drive a sequence promoting successful breeding and growth of desert locust populations.
In this paper, the spatial-temporal characteristics of those variables were depicted to
indicate the relationship between the variables” anomalies and the locust outbreaks and
upsurge.

2.5. Evaluation of Impacts and Growing Trends of Desert Locust Upsurge

Here, the MODIS NDVI and NDVI anomaly data across the two severely damaged
regions, i.e., the Indo-Pakistan border and East Africa countries, including Kenya, Ethiopia,
and Somalia, were generated to assess the impacts on the local vegetation caused by desert
locust swarms. In addition, it has been widely acknowledged that tropical cyclones and
tropical depressions over western India are closely related to climatic condition anomalies.
In this study, the frequencies and variation trends of tropical cyclones and depressions
in the past 30 years were analyzed to identify the potential risk of future desert locust
outbreaks, upsurges and plagues.
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3. Results
3.1. The Contribution of Climatic Conditions to the 2020 Desert Locust Upsurge
3.1.1. Precipitation and Its Anomalies

The precipitation anomalies during 2018-2019 were caused by several rare cyclones
and tropical storms, mainly cyclone Mekunu in May 2018, cyclone Luban in October 2018
and cyclonic storm Pawan in December 2019 [4]. Here, the precipitation and precipitation
percentage ratio compared with the historical reference over the breeding areas of the
desert locust are shown in Figure 2. According to Figure 2a,b, the precipitation in West
Oman and East Yemen was between 100 and 300 mm, and the percentage ratio of the
precipitation reached 500%, indicating significant abnormal precipitation amounts across
the South Arabian Peninsula. As a result, several lakes formed in the interior along the
border between Yemen and Oman and in the edges of the Empty Quarter (http://www.
fao.org/ag/locusts/en/info/info/index.html), thus providing favorable conditions for
locust breeding and reproduction. Figure 2¢,d indicate a remarkable precipitation anomaly
over the most parts of the Empty Quarter, the interior of Sudan and Eritrea and the Red
Sea coastal plains in October 2018, which strongly supported the formation of desert locust
groups in these areas. Furthermore, the remarkable precipitation anomaly in the Empty
Quarter, where the control operations for the growing desert locusts were unavailable,
have significantly augmented the locusts” development. The heavy rain brought by the two
cyclones in May 2018 and October 2018 provided favorable breeding conditions beginning
in June 2018 and enabled the continuous and successful breeding of multiple desert locust
generations. In 2019, the total precipitation across the central of the Arabian Peninsula
sharply declined to approximately 50% of the annual precipitation in normal years, while
the precipitation percentage ratio in the Somalian Peninsula and West Asian countries,
including the southwest Iran, Afghanistan, Pakistan and West India, reached 125%~500%
compared with the historical reference (Figure 2e,f). Among those areas, the southwest
Iran, with the precipitation over 75 mm (Figure 2e) and the precipitation anomaly reaching
125% (Figure 2f) allowed a westward extension of the spring breeding area of the locusts,
thus strongly supported the locusts” breeding in spring and the invasion process of the
swarms towards the Indo-Pakistan border at the beginning of the summer. In general,
the abundant rain in those areas around the Arabian Peninsula forced the desert locusts
from the Arabian Peninsula migrated towards northwest to the southwest Iran in early
2019, and then migrated to the Indo-Pakistan border after the successful spring breeding.
In addition, it supported the southwardly migrated swarms into the East Africa in 2019.
Then the numerous locust swarms appeared around the East Africa and the Indo-Pakistan
border, thus triggering the locust upsurge in East Africa and West Asia. The swarms have
been invading, spreading and laying eggs in the East Africa during 2020, and the swarms
are expected to lay eggs and growing in numbers in north Somalia, which received heavy
rainfalls from cyclone Gati in November 2020, as well as the other east African countries
with sufficient rainfalls (Figure 2gh), thus increasing the risk of prolonging the desert
locust upsurge in the area.


http://www.fao.org/ag/locusts/en/info/info/index.html
http://www.fao.org/ag/locusts/en/info/info/index.html

Remote Sens. 2021, 13, 680

7 of 19

20°E 259 E 30° E 35° E 40° E 45° E S0°E 55°E 60° E 65° E 70° E 75°E

(a) Precipitation in May 2018 (mm)

1000

z [ i 1
20°E 25° E 30° E 35° E 40° E 45° E 50° E 55° E 60° E 65° E 70° E

7S°E

(c) Precipitation in October 2018 (mm)

20°E 25°E 30° E 35°E 40° E 45°E 50°E 55°E 60°E 65°E 70°E 75°E

(e) Precipitation during January to December

2019 (mm)

(g) Precipitation in November 2020 (mm)

mm , - |
20°E 25° E 30° E 35° E 40° E 45° E 50° E 55° E 60° E 65° E 70° E 75° E

(b) Precipitation percentage ratio in May 2018

(%)

20°E 257 30°E 357 E 40°E 457 E 50°E 35V E 60°E 657 E 10°E 75° E
(d) Precipitation percentage ratio in October
2018 (%)

1 |_IJ_A_| | l |
20°F 25°E 30° E 35° E 40° E 45° E 50° E 55° E 60° E 65° E 70° E 75° E
(f) Precipitation percentage ratio during
January to December 2019 (%)

T T T T T T
20° E 25°E 30°E 35°E 40°E 45°E 50° E 55°E 60° E 65°E 70°E 75°E

(h) Precipitation percentage ratio in
November 2020 (%)
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3.1.2. Air Temperature and Its Anomalies

Apart from rainfall events, a high air temperature and land surface soil temperature,
especially the high temperatures in months from April to December, will significantly
decrease the period of egg incubation and hopper development, thus providing appropriate
conditions for the rapid development of each desert locust generation. Here, the 2-m air
temperature as well as its anomaly compared to the past decade across the study area in
the warmest month (June) and coldest month (December) in 2018 and 2019 are mapped as
Figure 3. According to Figure 3, the study area in June 2018 and 2019 has experienced a
high and favorable air temperature (30~40 °C) in the entire Arabian Peninsula, summer
and spring breeding areas in the West Asia and the both sides of the Red Sea (Figure 3a,e),
thus accelerating the locust breeding, development and migration. In December 2018 and
2019, a large proportion of the study area, including the south Arabian Peninsula, the
winter breeding areas in both sides of the Red Sea and the north Somalia, still have an
air temperature higher than 20 °C (Figure 3c,g), which continued the locust production
and migration in winter. Additionally, the study area has experienced slightly higher
air temperatures in most parts compared with the averaging monthly air temperature of
the past ten years under the influence of global climate change. In 2018, the south and
west of the study area showed a negative air temperature anomaly in June (Figure 3b)
and December (Figure 3d), respectively. The air temperatures in other areas were higher
than the norms, especially the Arabian Peninsula, whose air temperature anomalies in
December was generally more than 0.5%. The area with a higher air temperature in 2019
(Figure 3f,h) was enlarged than 2018.

In order to examine the variation trend of the air temperature during 2018-2019,
the monthly average of the air temperature and its percentage ratio compared to the
past decade across the locusts breeding area, including the Empty Quarter and the south-
west Iran, in 2018 and 2019 were calculated and graphed as Figure 4. According to this
figure, the months from April to October have a favorable air temperature (25~30°C) for
the breeding and migration of the locusts, as well as the development of the vegetation,
during 2018-2019. Additionally, the study area has experienced a similar or higher air
temperature in most of months compared with the averaging air temperature in the past
ten years under the influence of global climate change. In 2018, only one month (January)
out of twelve has a slightly lower air temperature percentage ratio than 100%, and the
other monthly air temperature values in the months from February to December are close
to or higher than the averaged air temperature, especially in the February and March
2018, with the air temperature percentage ratios greater than 106.0%. In 2019, the monthly
air temperature percentage ratios in February, March and April are lower than 100%,
while the air temperature s of the other nine months are greater than or equal to the air
temperature norms in the past ten years. It is likely that a favorable and higher air tem-
perature in the study area promotes and accelerates desert locust population maturation,
the production of multiple generations and locust swarm migration, especially during
the spring period.
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Figure 4. Air temperature and its percentage ratio over part I of the study area during 2018-2019.

3.1.3. Land Surface Soil Moisture

In general, the desert locusts tend to breed in and migrate between their summer
and winter/spring breeding areas, such as the Red Sea coast, interior of the Saudi Arabia,
South Sudan, South Iran and the Indo-Pakistan border, and they migrate between the
regions with continuous rainfall. The continuous heavy rainfalls during the latter half of
2019 and early 2020 greatly increased the land surface soil moisture over the surrounding
regions outside the Arabian Peninsula, thus providing favorable soil conditions and lush
vegetation for the migration of desert locust swarms into West Asia and East Africa. The
land surface soil moisture (0~5 cm) from March 2019 to February 2020 retrieved from the
Fengyun-3C/MWRI soil moisture products and the movement of the desert locusts are
shown in Figure 5. A large proportion of the Arabian Peninsula had a low soil moisture
and experienced a drought condition during 2019 (Figure 5a—j). Therefore, the vast Arabian
Peninsula desert locust swarms had to migrate to find more green vegetation as food and
more favorable soil conditions for egg laying and hopper development.
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Figure 5. Soil moisture over part I of the study area during 2019-2020.

Unlike the Arabian Peninsula, the West Asia and East Africa, including the summer
locust breeding area near the Indo-Pakistan border and the winter locust breeding area
in the Somalia Peninsula, had a favorable soil moisture (between 0.05~0.20 cm?/cm?)
for the egg laying of locust from the spring 2019 to early 2020 (Figure 5), thus provided
adequate food and environmental conditions for breeding and the development of the
newly arrived locust swarms. Therefore, vast locust swarms gathered in the Indo-Pakistan
border area since the spring 2019 (Figure 5a—c) and expanded gradually until January
2020 (Figure 51). Then, the number of locust swarms decreased dramatically in February
2020 due to the local and international preventive and controlling strategies, as well as the
lower soil moisture than the earlier months (Figure 5k). Regarding East Africa, the areas
with soil moisture distributed between 0.10~0.20 cm3 /cm3 were located in Somalia, North
Kenya and East Ethiopia from October to November 2019 (Figure 5h,i), thus allowing
the swarms to move southeastwardly into the Somalia Peninsula and conduct successful
production subsequently. The Somalia and East Ethiopia had become dry since January
2020 (Figure 5k), and the drought conditions had been worsened in the next two months.
The appropriate and moist regions had passed southwestwardly to South Kenya and
Ethiopia during January and February 2020 (Figure 5k,1). Accordingly, the Somalia and
East Ethiopia desert locust swarms moved towards the southwest to those regions since
the early 2020. Additionally, the area with a soil moisture between 0.10~0.15 cm3/cm? in
the winter breeding area in the Arabian Peninsula and the south Yemen was significantly
enlarged than the previous months in the early 2020, which led to the reappearance of
vast swarms in this region (Figure 5k). It is obvious that the soil moisture distribution
was highly relevant to the distribution and movements of desert locust swarms. The
spatial-temporal variation patterns of the soil moisture across West Asia and East Africa
corresponded well with the migration routine of the desert locust swarms.

3.2. The Impact Assessment of Desert Locust Swarms on the Local Vegetation
3.2.1. NDVI Anomalies in East Africa

Kenya, Ethiopia and Somalia are important agricultural countries in East Africa, where
forages, crops and food security have been seriously threatened by the vast desert locust
swarms that have migrated from the Arabian Peninsula since the end of 2019. Figure 6
shows that the swarms have been gathered near the borders of Ethiopia, Somalia and
Kenya (E-S-K border region) for a long time since December 2019. Therefore, in this study,
the NDVI anomaly variation patterns across this region from December 2019 to May 2020
were mapped, to assess the impacts on local vegetation caused by this locust crisis, as
shown in Figure 6. Considering that the vegetation loss caused by the desert locust swarms
cannot be detected in the NDVI anomaly maps until the vast locust swarms have settled the
area for a long time, the locust swarm distributions and movement were analyzed one or
two months prior (http:/ /www.fao.org/ag/locusts/en/info/info/index.html) to identify
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the areas destroyed by the locust swarms. According to the movement of the swarms,
scattered locust bands and groups showed up in north Somalia and East Ethiopia since
November 2019, and a number of swarms became visible and moved southwardly into
Kenya in December 2019, which corresponded well with the areas exhibiting the negative
NDVI anomalies from December 2019 to February 2020 (Figure 6a—c). The desert locust
swarms grew dramatically and severely damaged East Africa beginning in January 2020,
and the swarms in Somalia migrated towards southwest to Kenya and South Ethiopia in
January, and then moved eastward to North Uganda in February 2020, respectively. Thus,
the vast migrated desert locust swarms have been causing great vegetation losses in this
area by March 2020, especially the South Ethiopia, where a large proportion have a NDVI
anomaly lower than —0.05 (Figure 6d). The proportion of the areas with negative NDVI
anomalies increased significantly in Kenya during April and May 2020 (Figure 6e,f), which
corresponded well to the distribution and southwestwards movement of the desert locust
swarms at earlier times, and with the subsequent onset of the monsoon rains.
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Figure 6. Spatial-temporal patterns of NDVI anomalies in E-S-K border region from December 2019 to May 2020.

3.2.2. NDVI Anomalies in the Indo-Pakistan Border Area

According to the investigation conducted and published by the FAO (http://www.
fao.org/ag/locusts/en/info/info/index.html), the locust swarms started to form and
increased rapidly beginning in the middle of 2019 in the breeding area around the Indo-
Pakistan border. The NDVI anomalies during July 2019 and May 2020 (Figure 7a-k)
indicated that the most damaged vegetation was mainly located in the summer locust
breeding area, where the NDVI values were widely lower than those in normal years.
Figure 7 demonstrates severe vegetation losses in the summer breeding area during July
2019 and February 2020 (Figure 7a-h), and the vegetation conditions has been improved
since May 2020 in this area (Figure 7f) because the number of locust swarms declined
rapidly since February 2020 (Figure 51), due to the intense and successful control strategies.
To conclude, the NDVI anomalies can used to reflect the impacts of the desert locust swarms
when prior movements are considered.
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Figure 7. Spatial-temporal patterns of the NDVI anomalies near the Indo-Pakistan border from July
2019 to May 2020.

3.3. Possibility Analysis of Desert Locust Swarms Migrating into the Indochina Peninsula and
Southwest China

Because the expanding and eastwardly migrating desert locust swarms have been
threatening East India, the Indochina Peninsula and Southwest China, this study mapped
the spatial distribution patterns of the average soil moisture and high vegetation coverage
during 2008-2019, as well as the elevation across the study area (part III) (Figure 8), to
analyze the possibility of desert locust swarms flying to the Indochina Peninsula and
Southwest China. According to the biological characteristics of desert locust, desert locust
swarms take off under suitable climatic conditions, such as air temperature (20~40 °C)
and wind speed (<6 m/s). Generally, the maximum flight height is no more than 1700 m,
and they are easily restrained by heavy rain and flourishing vegetation [18]. According
to Figure 8a, the desert locust swarms cannot continue moving northward across the
Himalayas and other high mountains due to the restrictions caused by elevation (>2000 m).
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East India has a significantly higher precipitation (>100 mm) than that in the locust breeding
areas (Figure 8b) and is widely covered by dense vegetation (Figure 8c), which will inhibit
the eastward migration of locust swarms. The countries and regions near the locust swarms’
historical invasion borders, such as Nepal, Bhutan, Burma, Thailand and Yunnan Province
of China, have high precipitation (>200 mm) and perennial vegetation coverage as high as
0.9 (Figure 7b,c). Thus, the arrival of locust swarms is likely to be stopped by heavy rainfall
and scattered by dense vegetation. In addition, the desert locusts are likely to perish even
after they migrated into the Nepal, east India and further eastwards due to the fungal
growth and the natural infection promoted by the local humid tropical conditions. In this
case, the chance that the desert locust swarm will migrate across the region with a high
density of vegetation and continue flying into the Indochina Peninsula and Southwest
China is very low. In addition, the reproduction of desert locust requires appropriate
soil moisture. Figure 8d demonstrates a much moister soil in the eastern area outside the
invasion border and Figure 8d demonstrates a much moister soil in this area (>0.3 m3/md)
than in the summer and winter desert locust breeding areas (<0.2 m®/m?). Besides the
appropriate soil moisture, the reproduction of the desert locusts has to be in the open areas
of sandy soil with very low air humidity, which are not broadly exist beyond the east India.
In conclusion, there is little chance that the desert locust swarms will migrate into the
Indochina Peninsula, Southeast China and the eastern areas outside the locusts’ historical

invasion borders.
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Figure 8. The spatial distribution of climatic factors near the southwest border of China during 2008-2019.

4. Discussion
4.1. The Importance of Long-Term Earth Observations

In this study, long-time series Earth observation data, such as remotely sensed FY-3C
soil moisture images, precipitation data from GPCC and air temperature data from ECMWE,
played important roles in the detection of the dynamic patterns of climatic conditions
during 2018-2020 across desert locust breeding and invasion areas. In other words, a
large amount of freely available Earth data provided a convenient way to map the spatial—-
temporal patterns of those environmental factors and then revealed the driving factors
dominating the process of desert locust upsurges. Additionally, the vegetation anomalies
and the average environmental variables, including precipitation, soil temperature, and
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vegetation coverage, in the past decade were derived and generated from long-term
Earth observation data and significantly benefited the evaluation of the impacts on local
vegetation and the potential risk of this desert locust upsurge. It is very likely that the
increasing amount of satellite remote sensing data and meteorological observations will
greatly facilitate the analysis of desert locust upsurges and other natural disasters in the
future.

Despite of those advantages of the long-term Earth observation dataset and products,
there are still some limitations and need to be further improved to achieve better estimates
in the future. For example, the FY-3C soil moisture products are likely to overestimate the
soil moisture in those areas covered by dense vegetation [30], thus different models should
be established and compared to achieve more consistent soil moisture estimates in areas
with green plants. There are still omissions errors with the MODIS NDVI images with a
250 m spatial resolution and could be improved using filters to better reflect the regional
vegetation status. The precipitation and land surface parameters at the daily scale can
be derived from the GPCC and re-analysis datasets from ECMWEF. However, the spatial
resolution of some commonly used datasets is low, such as the spatial resolution of the
GPCC first-guess monthly product is 1.0°. Therefore, the downscaling and multivariate-
based models should be developed to improve the applicability of those meteorological
datasets and remotely sensing products.

4.2. Implications of This Study on Desert Locust Control

A deep understanding of desert locust upsurge mechanisms is of utmost importance
for improving the accuracy of desert locust detection and building control operations to
prevent locust upsurges in the future. The results of this study suggest that the frequent and
heavy rainfall is likely to play a major role in the formation and migration of locust swarms.
During the 2019-2020 desert upsurges, the exceptional heavy rainfalls in southwest Iran
in early 2019 has strongly supported the earlier and successful spring breeding of locust
swarms than normal years. The Horn of Africa also received unusually late rainfall in
December 2019, which was brought by the cyclonic storm Pawan, thus promoted the
breeding and multiplication of the desert locusts. Apart from that, the interior of Yemen
and the south west Asia has received continuous rains under the impact of the cyclones and
monsoon in 2019, respectively. Besides, the lack of in-time and effective survey and control
operations in those remote areas also forced the recent locust upsurge, which indicated that
the desert locust management should be further enhanced in those regions with unusual
and continuous rainfalls.

Desert locusts usually gather in areas with high soil moisture and good vegetation
coverage before moving to the surrounding areas when their current habitat becomes
dry. This information could be considered to create more effective locust management
strategies. Moreover, there is a time difference between the timing of rainfall and the
swarm movement, which indicates that accurate precipitation predictions may help detect
potential swarm outbreaks in advance and should be applied in future research.

4.3. Future Conditions for Desert Locust Outbreaks and Upsurges

Many researchers have linked the risk of fires and pest and pathogen outbreaks to the
frequency and severity of extreme climatic events [1,34]. Considering that desert locust
upsurges are closely related to climatic condition anomalies caused by more frequent tropi-
cal cyclones and depressions, we analyzed the trends in tropical cyclone and depression
frequencies around the Arabian Peninsula and western India during 1990-2019 using the
five-year moving average method, as shown in Figure 9. The annual frequency of cyclonic
disturbances (maximum wind speed of 17 knots or more), cyclones (34 knots or more) and
severe cyclones (48 knots or more) over the Bay of Bengal (BOB), Arabian Sea (AS) and
land surface of India was published by the website of the India Meteorological Department
(IMD) (www.imd.gov.in). According to Figure 9, an increasing trend is observed in the
frequency of tropical cyclones and tropical depressions around the Arabian Peninsula and
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the West Indian Ocean, which will lead to more precipitation and environmental anomalies
in the breeding areas of the desert locusts. If this trend continues as part of climate change,
conditions are likely to become increasingly suitable for desert locust upsurges, which
means that the sensitivity of the disaster warning system should be enhanced, and more
effective prevention and control measures will need to be developed.
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4.4. Study Limitations and Uncertainty

Although multiple environmental factors associated with desert locust breeding,
development, multiplication, gregarization and migration, as well as the biological charac-
teristics of desert locusts, have been analyzed in this study, our current analyzes and results
are qualitative. The numerical analysis between the locusts’ activities and those climatic
conditions were not conducted in this study, due to the fact that the movement and popula-
tion of the desert locust was comprehensively affected by many other factors, especially the
control and management strategies. Besides, there was an uncertain time lagging, which
could be two or three months, between the arrival of locusts and the visible vegetation
losses on the satellite images. Those issues could cause uncertainties for the quantitative
correlation analysis in this study. Apart from those uncertainties, the quantitative analysis
was also limited by the lack of high-quality and long-term survey data. More survey
data, such as egg density, which is closely related to swarm size, should be considered
to accurately and quantitatively assess the impact of desert locust swarms. The accuracy
and resolution of various Earth observation datasets should be further improved as input
variables. Meanwhile, some factors, such as the complex mechanism by which desert
locusts respond and adapt to extreme climatic events, were not considered when evalu-
ating the chances of desert locusts migrating to the Indochina Peninsula and Southwest
China. Hence, genetically evolved desert locusts or extreme drought events outside the
invasion boundary would undisputedly promote the expansion of the swarms. Therefore,
a deep understanding of the relationship between locust upsurges and multiple variables
is needed, and a comprehensive time series analysis approach should be employed to
forecast the occurrence and potential risk from desert locust upsurges in the future and
support global food security measures.

5. Conclusions

This study applied heterogeneous Earth observation data to analyze the contributions
of climatic anomalies, impacts on the local vegetation and the growing trend of the recent
desert locust upsurge. The results showed that a sequence of higher-than-normal precipita-
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tion, air temperature and soil moisture during 2018-2020 provided a favorable environment
for a number of successive generations of desert locust breeding that led to the observed
locust upsurge in East Africa and West Asia in early 2020. Among those regions affected by
desert locust swarms, Kenya, Ethiopia, Somalia and the Indo-Pakistan border areas have
suffered the most. The vegetation losses in East Africa countries have greatly worsened
since March 2020, and South and West Africa are still being threatened. The desert locust
crisis in West Asia originated from the summer breeding area along the Indo-Pakistan
border and destroyed numerous vegetation in this region from December 2019 to February
2020, although the situation has been alleviated since March 2020. The biological charac-
teristics of the desert locust, along with the historical climatic condition patterns across
the study area (part III), were comprehensively analyzed. The results show that locust
swarms are likely to be restrained by high mountains, heavy rainfall, dense vegetation and
unfavorable soil moisture; thus, have little chance of entering the Indochina Peninsula and
Southwest China. In addition, the frequencies of tropical cyclones and depressions in the
western Indian Ocean have fluctuated over the past 30 years and showed an increasing
trend in recent years, which demonstrated that East Africa may be threatened and affected
by severe desert locust outbreaks and upsurges more often in the future.
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