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Abstract: The Horn of Africa (HOA), including Djibouti, Eritrea, Ethiopia, and Somalia) has been
slammed by extreme drought within the past years, and has become one of the most food-insecure
regions in the world. Millions of people in the HOA are undernourished and are at risk of famine.
Meanwhile, global climate change continues to cause more extreme weather and climate events,
such as drought and heat waves, which have significant impacts on crop production and food security.
This study aimed to investigate extreme drought in the Horn of Africa region, using satellite remote
sensing data products from the Moderate Resolution Imaging Spectroradiometer (MODIS), a key
instrument onboard the National Aeronautics and Space Administration (NASA) satellites Terra
and Aqua, as well as Tropical Rainfall Measuring Mission (TRMM) precipitation data products.
Normalized Difference Vegetation Index (NDVI), Vegetation Condition Index (VCI), Temperature
Condition Index (TCI), and Vegetation Health Index (VHI) data from 2000 to 2017 were derived from
the MODIS measurements and analyzed for assessments of the temporal trend of vegetation health
and the impacts of extreme drought events. The results demonstrated the severity of vegetation
stress and extreme drought during the past decades. From 1998 to 2017, monthly precipitation over
major crop growth seasons decreased significantly. From 2001 to 2017, the mean VHI anomaly of
HOA cropland decreased significantly, at a trend of —0.2364 + 0.1446/year, and the mean TCI anomaly
decreased at a trend of —0.2315 + 0.2009/year. This indicated a deterioration of cropland due to
drought conditions in the HOA. During most of the crop growth seasons in 2015 and 2016, the VHI
values were below the 10-year (2001-2010) average: This was caused by extreme drought during
the 2015-2016 El Nifio event, one of the strongest El Nifio events in recorded history. In addition,
monthly VHI anomalies demonstrated a high correlation with monthly rainfall anomalies in July and
August (the growth season of major crops in the HOA), and the trough points of the monthly rainfall
and VHI anomaly time series of July and August were consistent with the timing of drought events
and El Nifio events.

Keywords: agricultural drought; remote sensing; MODIS data products; TRMM data products;
precipitation; vegetation indices; Horn of Africa

1. Introduction

As a result of global population increases, water, energy, and food security have become critical
issues. Additionally, global climate change has caused an increase in the intensity and frequency
of extreme weather and climate events, further worsening water, energy, and food security issues.
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The Horn of Africa (HOA) is a region in eastern Africa (including the countries of Ethiopia, Somalia,
Djibouti, and Eritrea), a region where most of the population lives in rural areas and agriculture
is the main source of livelihood. In the HOA, agriculture responds heavily to weather conditions,
especially precipitation, and is highly vulnerable to extreme weather and climate events. In the
HOA, drought has occurred frequently during past decades, and is the main natural hazard that
contributes to food insecurity and poverty. An estimated 20 million people in the HOA region were
affected by drought [1]. Therefore, establishing the capacity to monitor and predict water, energy,
and food security for decision-making and strategic planning toward sustainable development is
essential. Satellite remote sensing has become one of the leading technologies for earth observation,
and can provide comprehensive information about the dynamics and processes of the earth’s
systems [2]. The Normalized Difference Vegetation Index (NDVI), first developed in the 1970s,
has been used extensively for vegetation monitoring and drought assessment with measurements
from the Advanced Very High Resolution Radiometer (AVHRR) onboard the National Oceanic and
Atmospheric Administration (NOAA) satellites [3,4]. To further monitor vegetation status, Kogan et al.
developed the Vegetation Condition Index (VCI), Temperature Condition Index (TCI), and Vegetation
Health Index (VHI), which are based on relative changes in the NDVI and land surface temperature [5-9].
In 1999, the National Aeronautics and Space Administration (NASA) launched the Moderate Resolution
Imaging Spectroradiometer (MODIS) instrument aboard the Terra satellite, followed by another MODIS
instrument aboard the Aqua satellite in 2002. Compared to the AVHRR, MODIS has a higher spatial
resolution, more spectral channels, more accurate geolocation, and abundant data products [2]. Since
then, MODIS data products have been widely used to monitor vegetation dynamics and drought
development, and many approaches have been developed using these remote sensing measurements
to monitor global vegetation and extreme climate events such as drought, flooding, heat waves,
etc. [2,9-18]. For drought monitoring, many indices have been developed, such as the Palmer-Z index,
the Palmer Drought Severity Index (PDSI) [19], Standardized Precipitation Indices (SPIs) [20], and the
U.S. Drought Monitor (USDM) [21]. While the SPIs rely on precipitation data, the PDSI uses both
precipitation and temperature data, and the USDM integrates multiple indices together, including
SPIs and the PDSI, as well as vegetation and hydrologic conditions. Precipitation data are critical
parameters in these drought indices. Zargar et al. have reviewed various drought indices and indicated
the dependence of drought index implementation on data availability [22]. Wu et al. have evaluated
the performance of various MODIS indices for agricultural drought assessments with Palmer-Z index
data calculated from 129 ground stations across the “Corn Belt” of the United States [14]. Choi et al.
have investigated the NDVI and the Normalized Difference Water Index (NDWI) for drought condition
analyses in the eastern HOA [12]. Most of these previous works either used indices from remote
sensing data only or combined remote sensing data and ground observations for drought monitoring,
while Enenkel et al. developed the Enhanced Combined Drought Index (ECDI) by combining rainfall,
soil moisture, land surface temperature, and vegetation status [18]. Rainfall data are critical for drought
monitoring and assessment. In the HOA region, there are very limited ground observations available.
Therefore, it is more important to develop the capabilities of monitoring agricultural drought and other
extreme events using satellite remote sensing measurements of vegetation and rainfall. The Tropical
Rainfall Measuring Mission (TRMM) is a joint U.S.—Japan satellite mission to monitor tropical and
subtropical precipitation. The TRMM Multisatellite Precipitation Analysis (TMPA) has provided stable
and valuable precipitation data for hydrometeorological studies. By incorporating the measurements
of instruments onboard multiple satellites, as well as monthly accumulated Global Precipitation
Climatology Centre (GPCC) rain gauge analyses, TRMM 3B43 products provide a best-estimate
precipitation rate (in mm/hr) [23,24]. Thus, TRMM 3B43 data were reliable for drought monitoring and
analysis of long-term rainfall trends and spatial patterns.

This study aimed to investigate agricultural drought through a time series analysis of TRMM 3B43
products and MODIS measurements from 2000 to 2017 by integrating the rainfall, VCI, TCI, and VHI,
as well as land cover type data and crop calendar information. For a case study, the extreme drought
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event in the HOA during the 2015-2016 El Nifio event period was investigated. Monthly VHI anomaly
time series of the crop growth season were compared to the monthly rainfall anomaly to identify
the impacts of drought on crop health. The temporal trends provided insight into the past, current,
and future conditions of drought severity and food security, which is helpful in understanding the
severity of the food security situation in the HOA, as well as the urgent need for sustainable solutions.

2. Data and Methods

2.1. Study Area and Data

The Horn of Africa is a region in eastern Africa, including the countries of Ethiopia, Somalia,
Djibouti, and Eritrea, as illustrated in Figure 1. In this region, agriculture is the primary source of
livelihood, and crop production responds primarily to rainfall. There are two rainy seasons in most
parts of the HOA, the “long rains” season from March to June, and the “short rains” season from
October to November. During the past 30 years, rainfall in the HOA has declined in the “long rains
season” [25], which has had significant impacts on agriculture. In Djibouti, the primary crops are
vegetables, fruits, and palms. About 80% of its food requirements are imported, including all of its rice,
wheat flour, and sugar. In Eritrea, sorghum, corn, millet, barley, wheat, and other crops are grown.
In Ethiopia, agriculture is the foundation of the country’s economy. The five major cereals, including
teff, wheat, maize, sorghum, and barley, account for about three-fourths of the total area cultivated
in Ethiopia. In Somalia, crop production relies on the bimodal rainfall, with two main agricultural
seasons, Gucrop production from April to June and Deyr crop production from October to December.
Yearly harvest areas of major crops in Ethiopia, Somalia, Djibouti, and Eritrea were collected from the
Food and Agriculture Organization Corporate Statistical Database (FAOSTAT) [26]. Figure 2 shows
the annual average harvest areas of major crops in these countries from 2001 to 2017. On average,
Ethiopia, Somalia, Eritrea, and Djibouti take up 91.10%, 4.70%, 4.12%, and 0.08% of total crop areas in
the HOA, respectively.
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Figure 1. Map of the Horn of Africa (HOA), the selected study area.
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For agricultural drought monitoring, understanding the crop calendar is essential to assess crop
status during growth seasons. The Food and Agriculture Organization (FAO) of the United Nations
provides a detailed crop calendar of major crops around the world [27]. Figure 3 shows the calendar of
major crops in Eritrea, Ethiopia, and Somalia, the main agricultural areas in the HOA. The growing
seasons vary by crop type and area. In Eritrea, the planting period for most crops is from June to July,
and the growing season is from August to October. In Ethiopia, the planting period for most crops
varies from February to August, while the growing season varies from March to October. In Somalia,
the planting season for most crops in the Gucrop production area is April, with the exception of rice,
and the main growing season is from May to July.
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Figure 2. Average annual harvest areas of major crops in the HOA from 2001 to 2017.
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Figure 3. Crop calendar for major crops in Eritrea, Ethiopia, and Somalia. Gu indicates the Gucrop
production season in Somalia.
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For crop monitoring, multiple MODIS data products from the years 2000-2017 over the HOA
were downloaded from NASA Earth Science Data [28], including MODIS surface reflectance data,
MODIS land surface temperature data, and MODIS land cover type data. Ancillary information about
crop types was also collected for an integrated analysis. The following is a list of remote sensing data
products that were collected and analyzed in this study:

e  Terra MODIS 8-day surface reflectance data (MOD09). The MOD09 products provide an estimate
of surface reflectance at 500 m spatial resolution during an 8-day period based on the best
possible observations;

e Terra Land Surface Temperature/Emissivity 8-Day L3 Global 1km (MOD11). MOD11 data
products contain day and nighttime land surface temperatures at 1 km spatial resolution, as well
as emissivity. Daytime land surface temperature data were used in this study;

e  Terra/Aqua MODIS land cover type data (MCD12). MCD12 products provide data on global land
cover type assessments and quality control information at 500 m spatial resolution.

For rainfall, TRMM 3B43 data products from the years 1998 to 2017 were downloaded from NASA
Earth Science Data [28]. TRMM 3B43 products provide a best-estimate precipitation rate (in mm/hr) from
the measurements of TRMM Precipitation Radar (PR), TRMM Microwave Image (TMI), and instruments
onboard other satellites, including the Advanced Microwave Scanning Radiometer for Earth Observing
Systems (AMSR-E), the Special Sensor Microwave Imager (SSMI), the Special Sensor Microwave
Imager/Sounder (SSMIS), the Advanced Microwave Sounding Unit (AMSU), the Microwave Humidity
Sounder (MHS), the microwave-adjusted merged geo-infrared (IR), and monthly accumulated Global
Precipitation Climatology Centre (GPCC) rain gauge analysis [23,24]. TRMM 3B43 monthly data cover
an area from 50 degrees south to 50 degrees north latitude at a spatial resolution of 0.25° [23,24].

2.2. Data Processing and Analysis

2.2.1. Land Cover Types

There are many land cover type data products available [29], and even the MODIS MCD12
products contain five land cover classification systems. A study by Meroni et al. showed that different
remote sensing datasets could give different results [30]. Pérez-Hoyos et al. evaluated the performance
of 9 land cover data products and demonstrated that MODIS International Geosphere—Biosphere
Programme (IGBP) data are good for cropland monitoring over Africa [29], so the IGBP Type 1
classification in the MCD12 products was used to compose a majority land cover type map of the HOA,
as illustrated in Figure 4. In this study, we focused on the agricultural area of the HOA. Croplands,
cropland/natural vegetation mosaics, and grasslands were set as the agricultural area. The VCI, TCI,
and VHI anomalies of the agricultural area were averaged to generate time series for temporal analysis.
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Figure 4. Majority land cover types of the HOA composed with the Moderate Resolution Imaging
Spectroradiometer (MODIS) MCD12 data product.

2.2.2. MODIS Vegetation Indices

A study by Klisch and Atzberger indicated the noise issue of NDVI data [17] and used smoothing
and filtering techniques to improve the quality of daily NDVI time series [17,31]. In this study,
8-day composite MODIS land surface reflectance data and land surface temperature data were used
to calculate the VCI, TCI, and VHI. Each pixel contained the best possible observation during an
8-day period selected according to high observation coverage, low view angle, the absence of clouds,
low aerosol loading, etc. We just filtered out invalid data, but did not smooth the data. Further
smoothing may have improved the results, as indicated by Klisch and Atzberger [17].

The 8-day NDVI value for each pixel and 8-day temporal period was first calculated from MODIS

surface reflectance data:
(k) (k)

Npi®) = Lo~ Pt M)
Prir TP red
where pgg and pig are the surface reflectances of the MODIS near-infrared band (band 2) and red band

(band 1) at the kth 8-day period, respectively.
The VCI for each pixel and 8-day period was calculated using current and historical NDVI

values, i.e.,
NDVI® - NpYI®
vel® = min_ @)
NDvI¥ — NpyI®)

min

where NDVI® is the NDVI value of the kth 8-day period at each pixel, and NDVI ®) and NDVI¥) are

min max
the historical minimum and maximum NDVI values of the kth 8-day period at each pixel, respectively.

The VCI value range is 0-100.
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The TCI for each pixel and 8-day period was calculated using current and historical land surface
temperature data values, i.e.,

(k) _ (%)

LST LST

TCI® = %, 3)
LST, 0 — LSTmin

where LST® is the current land surface temperature at each pixel, and LSTr(:;)n and LST,SQX are the
historical minimum and maximum LST values of the kth 8-day period at each pixel, respectively.
The TCI value range is 0-100.

The VHI for each pixel and 8-day period was calculated using VCI and TCJ, i.e.,
VHI® = g« vCI® + (1-a)«TCIW, )

where a is a weighting constant that was usually set to 0.5 [5]. The VHI value range is also 0-100.

For a trend analysis and detection of extreme weather and climate events, it is more reliable to use
anomalies instead of absolute values. VCI, TCI, and VHI data from the 10 years from 2001 to 2010
were used to derive climatology for each 8-day period using the 10-year mean, and then anomalies
were calculated by subtracting climatology. The steps of the MODIS data processing were:

(1) For each 8-day period during year 2000-2017, use the MODIS Reprojection Tool (MRT) to reproject
and resample MODIS surface reflectance data to the study area at 500 m spatial resolution,
and then calculate the NDVI based on Equation (1);

(2) Foreach8-day period during years 2000-2017, use the MODIS Reprojection Tool (MRT) to reproject
and resample MODIS land surface temperature data (LST) to the study area at 500 m resolution;

(3) For the study area, use the 2001-2010 10-year data to calculate the maximum and minimum
values of NDVI (NDVI,,;, and NDV1I,,;,) and the maximum and minimum values of land surface
temperature (LST 0y and LST),;;,) for each pixel and each 8-day period;

(4) For each 8-day period during years 2000-2017, calculate the VCI using Equation (2);

(5) For each 8-day period during years 2000-2017, calculate the TCI using Equation (3);

(6) Calculate the VHI using Equation (4) with VCI and TCI data;

(7)  Use the 10 years from 2001 to 2010 as normal to get VCI, TCI, and VHI climatology for each of the
8-day periods;

(8) Generate 8-day VCI anomaly, TCI anomaly, and VHI anomaly data at 1 km spatial resolution and
8-day temporal resolution by subtracting VCI, TCI, and VHI data from corresponding climatology;

(9) In addition, reproject and sample MODIS land cover type data over the study area at the same
resolution (500 m) with the VCI, TCI, and VHI. The land cover type data are used to generate a
spatial mask of the agricultural area for analysis of the VCI, TCI, and VHI;

(10) Subset VCI, TCL, and VHI anomaly data using the mask for the agricultural area generated in
step 9, and then conduct a spatial and temporal analysis.

For a quantitative comparison to the precipitation data, the 8-day VHI anomaly data were
composed with monthly VHI time series using the weighted average with the number of days. Suppose

a month was covered by M 8-day periods, with {mi}?i 1 as the number of days in the month for each

period. Then the monthly VHI anomaly was calculated with the following equation:

VHI(m) B Z{\il mj * VHIanomalygday (l) 5
”nomalymonthl o M . ) ( )
y Zizl m;

2.2.3. Rainfall Data

The TRMM 3B43 rainfall data were also subset to the HOA region using a spatial mask to analyze
the spatial patterns and the temporal trend during the past decades. The steps for TRMM 3B43 data
processing are:
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(1) Generate a spatial mask at 0.25° spatial resolution for HOA;

(2) Subset the TRMM 3B43 monthly rainfall data from years 1998 and 2017 to the HOA area;

(3) Generate precipitation climatology using the data from years 2001-2010, and then get monthly
anomalies of precipitations in the HOA;

(4) Analyze the spatial patterns and temporal trends of precipitation during crop growth seasons.

3. Results

3.1. The 2015-2016 Extreme Drought Event in the HOA

There is a significant association between drought in the HOA and the El Nifio-Southern Oscillation
(ENSO) events [32]. The powerful 2015-2016 El Nifio event ran from October 2014 to June 2016,
followed by a La Nifa from July 2016 to January 2017. The events caused extreme drought in Eastern
Africa from the second half of 2015, and the drought conditions extended to year 2017. Figure 5 shows
the precipitation anomalies during August and September in 2015 and 2016. The rainfalls during these
periods in the western HOA, especially the agricultural areas of Ethiopia, were far lower than the
10-year average from 2001 to 2010, which demonstrated extreme drought conditions. According to
the crop calendar of Ethiopia (Figure 3), August is the growth season for major crops except cereals,
and the drought had significant impacts on crop production in both years, as illustrated in Figure 6
(the VHI anomalies of the HOA in late August 2015 and 2016). The significantly negative anomalies
of the VHI in most of the HOA region during both years indicated the impacts of the drought event,
especially in the agricultural area of Ethiopia.
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Figure 5. Monthly precipitation anomalies indicating extreme drought in the HOA during August and
September in the years 2015 and 2016, especially in the agricultural areas of Ethiopia.
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Figure 6. MODIS Vegetation Health Index (VHI) anomaly map from August 2015 (left) and August 2016
(right), illustrating extreme drought conditions in the HOA. In most of the HOA region, VHI anomaly
values were negative in August 2015 and August 2016, which indicated that VHI values were
significantly lower than in normal years.

3.2. Temporal Trends of Rainfall and Vegetation Indices in Crop Growing Season

Since agriculture in the HOA depends primarily on rainfall, precipitation during crop planting
and growing seasons is critical. Figure 7 shows the time series of monthly rainfalls in June, July, and
August from 1998 to 2017. Although the precipitation amounts of these months fluctuated from year
to year, the decreasing trends were statistically significant. Especially in June, the precipitation was
generally above or around 2 mm/day before 2009, but has been consistently below 2 mm/day since
2009. As summarized in Table 1 (with a 95% confidence interval), the rainfall trends from 1998 to 2017
were negative during the critical periods of major crops. The VCI, TCI, and VHI were investigated
to assess the impacts on agriculture. Figure 8 shows VCI, TCI, and VHI anomaly time series of the
agricultural area in the HOA and indicates the decreasing trends of all of these three indices for crop
status. The results of the statistical analysis are summarized in Table 2. The VCI anomaly had a trend
of —0.2266/year, with a range of [-0.3559, —0.0973]/year at a 95% confidence level, and the p-value was
0.0006, which indicates that the VCI decreased at a statistically significant rate over the past 17 years.
This illustrates the long-term trend of crop stress in the HOA. The TCI anomaly had a decreasing trend
of —0.2315/year, with a range of [-0.4325, —0.0306]/year, and the p-value was 0.024, which means that
the TCI also decreased at a statistically significant rate over the past 17 years. Based on the definition
of the TCI, it can be concluded that the surface temperature of the agricultural area in the HOA is
increasing. Finally, the VHI, a combined indicator of vegetation health, also showed a decreasing trend
of —0.2364/year, with a range of [-0.3810, —0.0918]/year at a 95% confidence level. These three indices
demonstrate the impacts of drought during the past decades and imply severe food security conditions
in the HOA region.
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Figure 7. Monthly precipitation time series of June, July, and August, the growing period of major
crops in the HOA.

Table 1. Monthly rainfall trends of June, July, and August in the HOA from years 1998 to 2017.

Month Trend Trend Confidence Interval (95% Level) p-Value
June —0.0415 mm/day/year [-0.0630, —0.0201] mm/day/year 7.1941 x 1074
July —0.0435 mm/day/year [-0.0698, —0.0172] mm/day/year 0.0027

August —0.0328 mm/day/year [-0.0600, —0.0055] mm/day/year 0.0211
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Figure 8. VCI (top), TCI (middle), and VHI (bottom) anomaly time series of cropland in the HOA from
the years 2001 to 2017. The red lines are trend lines.
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Table 2. Statistics of Vegetation Condition Index (VCI), Temperature Condition Index (TCI), and VHI

anomaly trends of HOA cropland from the years 2001 to 2017.

Index Anomaly Trend Trend Confidence Interval (95% Level) p-Value
VCI Anomaly —0.2266/year [-0.3559, —0.0973]/year 0.0006
TCI Anomaly —0.2315/year [-0.4325, —0.0306]/year 0.0240
VHI Anomaly —0.2364/year [-0.3810, —0.0918]/year 0.0014

3.3. Rainfall and Crop Status in the Growth Season

In the HOA, agriculture crucially depends on rainfall, and thus rainfall in the crop growth season
has significant impacts on crop health. As shown in Figure 2, over 91% of HOA crop areas are located
in Ethiopia, where July and August are the critical growth seasons for most crops. Figure 9 shows
time series of the monthly rainfall anomalies and VHI anomalies in July and August. The variations
in rainfall anomaly and VHI anomaly were very consistent, and the trough points coincided with
documented drought events in the study area in the years 2002, 2009, 2011, and 2015 [32]. The monthly
rainfall anomaly and VHI anomaly had a high correlation in July and August, with correlation
coefficients of 0.7492 and 0.6512, respectively, as illustrated in Figure 10, which means that crop growth

in the HOA strongly depended on rainfall.
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Figure 9. Monthly rainfall anomalies and VHI anomalies during the crop growing season. The trough

points coincide with the timing of drought events and El Nifio events.
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Figure 10. Monthly VHI anomalies showing a strong correlation with rainfall anomalies in July, August,

and September, the major crop growth season in the HOA.

In addition, rainfall in the HOA was significantly affected by ENSO events [32]. Since 2000,
El Nifio events have occurred in the years 2002-2003, 20042005, 2006—-2007, 20092010, and 2014-2016:
The 2014-2016 event was one of the major ENSO events in history [32,33]. The troughs of rainfall in July
and August (Figure 9), which indicated significantly lower rainfall than in normal years, corresponded
with the El Nifio years. Thus, VHI and TRMM rainfall data could reflect drought conditions in the
study area.

4. Discussion

Up to now, over 100 indices have been developed for drought monitoring using various data,
including ground observations, modeling, reanalysis, and remote sensing measurements at different
spatial and temporal scales [22]. For agricultural drought monitoring, spectral indices derived from
remote sensing measurements, such as the NDVI, NDWI, VCI, TCI, and VHI, are widely used [3-18,22].
The NDVI is one of the most popular vegetation indices. However, it has limitations in monitoring
drought directly, because the NDVI is mainly sensitive to vegetation greenness [22]. Some other
indices using shortwave infrared channels, such as the NDWI and Normalized Difference Infrared
Index (NDII), have been suggested for drought monitoring because of their sensitivity to vegetation
and surface water content [22]. Wu et al. compared various MODIS-based indices in a case study
on the “Corn Belt” of the United States and suggested the NDII for drought monitoring. Choi et
al. used the NDWI for drought monitoring in the eastern HOA and found a decreasing trend from
2000 to 2013 [12]. Kogan proposed the VCI by scaling the NDVI and the TCI by scaling surface
temperature with minimum and maximum values of historical data. Case studies have demonstrated
that the VCI and TCI had good agreement with precipitation and yield anomalies [6-9]. Specifically,
Unganai and Kogan found that the VCI and TCI around six weeks before harvest time could explain
yield variations well [9]. By integrating ancillary information, such as crop phenology and water use
function, Wu developed a Phenology-Adjusted Drought Index (PADI) with a weighted average of the
NDII during corn growth season and demonstrated the good capability of the PADI for agricultural
drought monitoring in the “Corn Belt” of the United States [14].

In the HOA, there are limited ground observations available, and satellite remote sensing
measurements are critical. In this study, the TRMM 3B43 precipitation data product was used, while
there are some other satellite rainfall data products available, such as the Tropical Applications of
Meteorology using Satellite and Ground-Based Observations (TAMSAT) [34], the African Rainfall
Climatology and Time series (TARCAT) [35], the Climate Hazards Group Infrared Precipitation with
Station data (CHIRPS) [36], the Climate Prediction Centre (CPC) Morphing technique (CMORPH) [37],
the Precipitation Estimation from Remotely Sensed Information using Artificial Neural Networks
Climate Data Record (PERSIANN-CDR) [38], the CPC Merged Analysis of Precipitation (CMAP) [39],
and the Global Precipitation Climatology Project (GPCP) [40]. Because of differences in satellite
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sensors and rainfall retrieval algorithms, there are biases among these rainfall products. Kimani
et al. compared seven satellite rainfall products with ground observations over eastern Africa and
demonstrated that all of the selected seven satellite rainfall products could substantially replicate
rainfall patterns, and CMORPH, CHIRPS, and TRMM showed consistently high performance during
main rainy seasons [41]. Thus, it should be fine to use TRMM 3B43 data for drought assessment in
the HOA region. We exploited TRMM data products for a comparative analysis with the VCI, TCI,
and VHI. Although crop growth seasons vary significantly in the HOA, most of the cropland is in
Ethiopia, where the main growth seasons of most crops are from July and September. Monthly VHI and
rainfall anomalies in July and August matched well with drought and El Nifio events, as demonstrated
in Figures 9 and 10. In September, the troughs of the VHI and rainfall time series also corresponded
with drought events (Figure 9), but the correlation coefficient between the VHI anomaly and rainfall
anomaly in September was 0.4169 (Figure 10), lower than the correlation coefficients of July and August.
As September was close to harvest time, this result was consistent with Unganai and Kogan’s findings
in a case study of South Africa. They found that the VCI and TCI around six weeks prior to harvest
time could explain corn yield variations well [9]. In this study, the trends of the VCI, TCI, and VHI over
cropland and the rainfall in crop growth season were also consistent, as all of them decreased from
2001 to 2017. Further investigation and more detailed analyses would rely on ancillary information
and ground observations in the HOA, especially yearly crop maps, including location, planting time
and areas, and the yield of each crop type, which were not available when we conducted this study.

5. Conclusions

Due to climate change, the HOA region has been under frequent and extreme drought conditions.
Decreasing rainfall during the crop growth season is the cause of increased severity in food security
issues. This study investigated rainfall and vegetation status through spatial and temporal analyses
using TRMM rainfall data from 1998 to 2017 and MODIS land data products from 2000 to 2017. We found
that during the 2015-2016 EI Nino period, monthly rainfall during crop growing seasons decreased
dramatically. This indicated an extreme drought in the HOA, while the VHI map showed significant
vegetation stress during the crop growth season. Monthly rainfall in June, July, and August has
significantly decreased from 1998 to 2017. Furthermore, a time series analysis of MODIS measurements
from 2000 to 2017 indicated the impacts of drought in the HOA, with significant decreases across all
three indices (the VCI, TCI, and VHI) at a 95% confidence level, which implies a long-term increase
in surface temperature and decrease in crop health. In addition, the monthly VHI anomaly showed
a strong correlation with the monthly rainfall anomaly in July and August, the major crop growth
season in the HOA. Both the monthly rainfall anomaly and the VHI anomaly time series in July
and August corresponded with the timing of drought events in the study area and ENSO events.
This study provides insight into past, current, and future conditions of drought in the HOA agricultural
area and will help in understanding the severity of HOA food security and the urgent need for
sustainable solutions.
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