
 

 

 

ADDIS ABABA INSTITUTE OF TECHNOLOGY 

SCHOOL OF CIVIL AND ENVIRONMENTAL ENGINEERING 

GEODESY AND GEOMATICS PROGRAM 

 

 

LARGE SCALE ASSESSMENT OF DROUGHT AND VEGETATION 

COVER IN RESPONSE TO HYDROLOGY DETECTED BY GRACE 

SATELLITE MISSION 

 

 

By: Mekuanint Eresho 

 

 

 

 

 

 

 

                                                                                                      February, 2021 

                                                                                          Addis Ababa, Ethiopia 
  

 

  



 

 

Addis Ababa University 

Addis Ababa Institute of Technology 

School of Civil and Environmental Engineering 

 

A THESIS SUBMITTED TO 

THE SCHOOL OF GRADUATE STUDIES OF ADDIS ABABA UNIVERSITY 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR MASTER OF 

SCIENCE IN GEODESY AND GEOMATICS, SPECIALIZATION IN 

GEODESY 

 

 

BY: 

MEKUANINT ERESHO 

 

 

 

 

ADVISOR: 

TULU BESHA (Ph.D.) 

 

 

 

FEBRUARY 2021 
ADDIS ABABA, ETHIOPIA 



 

 

The undersigned have examined the thesis entitled ‘Large Scale Assessment of Drought 

and Vegetation Cover in Response to Hydrology Detected by GRACE Satellite 

Mission’ presented by Mekuanint Eresho, a candidate for the degree of Master of 

Science and hereby certify that it is worthy of acceptance. 

 

Dr. Tulu Besha  

 

 

Advisor Signature  Date 

 Mr. Andenet Ashagrea 

 

 

Internal Examiner Signature Date 

 Dr. Haileyesus Belay 

 

 

External Examiner Signature Date 

 Dr. Ing. Mebruk Mohammed   

Chairman Signature Date 

 



I 

 

UNDERTAKING 

I certify that research work titled “Large Scale Assessment of Drought and Vegetation 

Cover in Response to Hydrology Detected by GRACE Satellite Mission” is my work. The 

work has not been presented elsewhere for assessment. Where material has been used from 

other sources it has been properly acknowledged/referred.  

 

 

 

 

 

Mekuanint Eresho 



II 

 

ABSTRACT 

Water is the source of life. Good hydrological management on a certain region plays vital 

role on the economy as well as, life standard of the peoples. If the system fails and resulted 

shortening of water, it could lead to migration of a people from their land or in worst case 

death. Hydrology of a region can be affected mainly by population growth, 

industrialization, drought and vegetation cover change. This study investigates the 

response of the total water storage of the East Africa region for drought and vegetation 

cover change. CHIRPS satellite precipitation data from 1982 to 2019 is used to determine 

one month and three-month standardized precipitation index (SPI) from 2000 to 2019 of 

the region meteorology droughts. The vegetation cover trend of the area is determined by 

using the MODIS Normalized Difference Vegetation Index (NDVI) from 2000 to 2019. 

The Gravity Recovery and Climate Experiment (GRACE) and Gravity Recovery and 

Climate Experiment Follow (GRACE-FO) satellite datasets are used to determine the 

Total Water Storage variation from 2002 to 2019. The result from both, one month and 

three-month SPI shows an increase in drought extent between 2000 and 2005 and a 

decrease in between 2005 to 2019.  From three- month SPI result, in 2002 the total area 

affected by drought was 7.6 x 105 Km2 and in 2019 it decreased to 4.2 x105 km2. The 

vegetation cover of the area shows an increase from 1.73 x106 km2 in 2002 to 2.06 x106 

km2 in 2019. The total water storage of the region is also increased from 1.7 x109 m3 in 

2002 to 8.7 x109 m3 in 2019 due to the high precipitation on the area. The Pearson’s 

correlation coefficient value between SPI and TWSA is -0.998 and NDVI and TWSA is 

+0.985 shows a strong correlation between the variables. Therefore, from the above 

results, the water storage of the area shows strong negative response for drought and strong 

positive response for vegetation cover change, i.e., the total water storage decreases as 

meteorological drought extent increased and cover large area. And water storage of the 

area increases as the vegetation cover of the area increased. 

Keywords: Drought, Vegetation Cover, Standard Precipitation Index, TWSA 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Water is the very necessary natural resource for every aspects of human activities. From 

home use for making food or drinking and cleaning to large macro project like dams, for 

generating electrical energy, irrigation for agricultural practice, it plays very crucial role 

on our day-to-day life. Proper Water management is a driver for economic growth, poverty 

reduction and a key component of a nation’s resilience to climate change (Grey and Sadoff, 

et. al., 2007; DFID 2010). Water storage of a region is highly affected by drought and 

vegetation cover change. Extended long period rainfall deficit and low stream water flow 

affects water management system of the area (Hisdal, 2000). Irrigations, small power 

plant, reservoir and supply of drinking water is affected by these phenomena. 

Drought is one of natural hazards that caused a reducing of water on a region. According 

to the World Meteorology Organization (WMO), Drought is a gradual occurring natural 

hazard caused by lesser amount of precipitations than what is measured normal or average 

(Svoboda and Fuchs, 2017; Wilhite 2005). When this phenomenon extends over a longer 

period, precipitation will fail to meet the demands of human activities and the environment. 

Drought should be considered as a relative condition than an absolute because it is a 

condition relative to the long-term average of balance between rainfall and 

evapotranspiration in a specific area. The effect of drought is regional in extent and each 

region has specific climatic characteristics. This is also true in the case of East Africa. 

Droughts that occur in East Africa will differ in intensity, seasonality, and form of 

precipitation of the other region (World Meteorological Organization, 2012). 

Precipitation, vegetation cover change, soil moisture, temperature, wind, and relative 

humidity are significant issues to include in depicting drought (World Meteorological 

Organization, 2012). The monitoring method for drought needs to be application-specific 

since its impact will vary between different sectors. The meaning of Drought is different 

for different fields such as water management, agriculture, hydroelectric power plant 

operators, and wildlife biologists. Even within sectors or fields, there are many different 

perceptions of drought because effects may vary markedly. Droughts are classified by type 

as meteorological, agricultural, and hydrological (Svoboda and Fuchs, 2017). 
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The impact of drought is significant and widespread, affecting many economic sectors and 

people’s life. The areas affected by droughts are typically larger than those for other 

hazards. It can be characterized in terms of its severity, location, duration, and timing. 

Droughts have occurred in many years in East Africa (Kiros, 1991), and often obvious and 

considered as endemic events to the region (Lyon, 2014; Muller, 2014). In the past years, 

the region has faced prevailing dire drought events (Nicholson, 2017).  The frequency of 

occurrence in the region has increased to once every three years from once every six years 

since 2005 (Ayana et al., 2016). 

Quantification of drought characteristics is necessary for proper management of vegetation 

cover and water resources and for reducing potential losses of habitat. Droughts can vary 

in multiple dynamic dimensions, including severity and duration, which makes it difficult 

to characterize (Zargar et al., 2011). Many indicators and indices are used to characterize 

drought. Drought indicators are parameters that are used to describe drought conditions. 

Precipitation, Temperature, Streamflow, soil moisture, groundwater, and reservoir levels 

are drought indicators. Indices are typically computed numerical values like Standard 

precipitation index, Self-calibrated Palmer Drought Severity Index. The aim is to measure 

the quantitative and qualitative state of drought in a region (Svoboda and Fuchs, 2017). 

Scientists have approved that a drought determining index should be simple, easy to 

calculate, and statistically relevant and meaningful (Svoboda and Fuchs, 2017). The simplest 

method of measuring meteorology drought is using the Standard Precipitation Index (SPI). 

It requires only one parameter, precipitation, to determine drought in the area (Svoboda and 

Fuchs, 2017). It also effectively determines both wet periods or wetness of the area. SPI is 

used in many research institutes as well as in national meteorology organizations and 

hydrological services for drought monitoring across the world (Svoboda and Fuchs, 2017). 

The other significant factor that affects water storage of a region is vegetation cover change 

of the region (Linderman et al. 2005, Minale et. al. 2011). Vegetation cover is useful to 

keep the soil moisture by reducing the thermal effect on the area. It also reduces the water 

runoff on the area. Leaves and stems intercept the rain drops by reducing the kinetic energy 

of the droplets and roots and litter improves the physical and chemical properties of the 

soil, to improve the erosion effect of rainfall and the effect of runoff on the soil (Carroll et 

al. 2000, Zhao et al., 2019). Multiple studies conducted have demonstrated the capacity of 

forest vegetation to increase infiltration rates, providing an essential role for water 
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conservation (Chen et. al. 2016; Mutuku et. al 2019, Miyata et. al. 2019). This vegetation 

cover change is mainly due to human activities on the area (Bullock et. al. 2021). 

To study a vegetation cover change, of a large area it is customary to use Normalized 

Difference Vegetation Index (NDVI) (Bao et al., 2014; Mao et al., 2012). MODIS Satellite 

provides two vegetation index, Enhanced Vegetation Index (EVI) and Normalized 

Difference Vegetation Index (NDVI), in different spatiotemporal resolution. 

Therefore, this study analyzes and measure drought based on the precipitation resulted 

from CHIRPS, vegetation cover change using the MODIS NDVI and total water storage 

from the GRACE satellite mission of the East Africa region from 2002 to 2020. The trend 

of the drought and vegetation cover change of the region is determined and correlate with 

the total water storage of the region to determine the response of the water storage for the 

drought and vegetation cover change on a large scale. 

1.2 Statement of the problem 

The East African region is a known source of large river basins. According to Food and 

Agriculture Organization (FAO), Major River basins in East Africa can be categorized as 

the Nile river basin, Jubba-Shebelle, Rift valley basin, which includes the Awash basin 

and Omo-Gibe basin (http://www.fao.org) 

Measuring and quantifying fresh water storage is becoming increasingly important as 

nations develop strategies for economic growth and adaptations measures for climate 

change (Bonsor et al., 2010). It is also necessary to consider that most of the land in East 

Africa is arid and semi-arid. Most of the population is concentrated in the highlands of the 

region. And access to water is a key issue (FOSA 2003). In addition to this, the region is 

known for re-occurring drought events and extended forest loss for cultivation land. 

Therefore, it is necessary to study the effect of drought and vegetation cover change on 

hydrology of the area. 
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1.3 Objective of the study 

1.3.1 General objective 

The general objective of the study is to study the large-scale hydrological response of the 

East Africa region for drought events and vegetation cover change using the result of 

GRACE terrestrial water storage anomaly, CHIRPS precipitation and MODIS Normalized 

Difference Vegetation Index (NDVI). 

1.3.2 Specific objectives of the study: 

• To assess meteorology drought using Standard precipitation index (SPI) developed 

from CHIRPS precipitation and its trend from 2002 to 2019. 

• To assess the vegetation cover change of the study area using MODIS NDVI from 

2002 to 2019 and the trend of vegetation cover change of the region. 

• To assess time-varying total water storage (TWS) change of the area from 2002 – 

2019 using GRACE and GRACE-FO data and TWSA trend. 

• To evaluate the correlation between the total water storage anomaly, the 

meteorology drought (SPI) and NDVI to show the response of total water storage 

for drought and vegetation cover change. 

1.4 Scope of the Study 

Total water storage of the area can be affected by different factors. This study only 

considers meteorology drought based on the precipitation on the area and vegetation cover 

change as a factor that affect the total water storage. Drought events on the area can be 

measured using different indices and considering different factors such as precipitation, 

temperature, evapotranspiration, soil moisture, and so on. But this study only consider 

drought caused by the precipitation, i.e., SPI, since precipitation contributes up to 60 % 

for the total water storage of the region. 

To study drought using the standard precipitation index (SPI), it is recommended to use 

more than 30-year precipitation data. And the CHIRPS precipitation from 1982 to 2019 is 

used to generate SPI, but to make it consistent for the analysis with the MODIS NDVI and 

GRACE TWSA data the SPI from 2002 to 2019 is used. 
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1.5 Outline of the thesis 

The thesis contains five chapters. Chapter one discusses the introduction of the study. 

Objective, and Scope of the study. Chapter two discusses the mission, theory, and 

principles and other researcher's work on satellite precipitation, normalized difference 

vegetation index, and application of GRACE Satellite for total water storage study. 

Chapter three discusses the method and materials. In this chapter, the study area will also 

be discussed and the processing steps, the data used, and method implemented to analyze 

the data are discussed. The general workflow of the study is also included in this chapter. 

Chapter four covers the result and discussion. The result obtained from the data analysis 

is discussed in this chapter. Finally, in Chapter five based on the results obtained and the 

discussion made in chapter four, a conclusion and recommendations are made. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 Drought 

There is no single definition that is used to define drought. Different researchers and 

organizations give different definitions accordingly. World meteorology organization 

defines drought as an insidious natural hazard that caused by less number of levels of 

rainfalls than what is measured average or normal (World Meteorological Organization, 

2012), FAO defines drought as a natural hazard that affects a significant portion of a 

population living in the arid and semi-arid region (FAO, 2019), According to The UN 

Convention to Combat Drought & Desertification (1994), Drought is a natural 

phenomenon that existed due to a significant shortage of precipitation that affects the land 

source production due to hydrological disproportion (UNCCD 1994). and soon. As can be 

seen above all defines drought according to the goal of the organization. But in common 

all includes the climatic variable component, precipitation in common. 

Drought is a normal part of the climate, and it can occur in any climate region around the 

world, even deserts, and rainforests. It is one of the most common natural hazards on a 

year-to-year basis. Its impact is also very significant and widespread, affecting many 

economic sectors and people at any one time (Svoboda and Fuchs, 2017). The areas 

affected by droughts are typically larger than those for other hazards. Even though its effect 

is dire and wide spread, the slow gradual change of observation of temperature, 

precipitation and surface and ground water status on the region allows this hazard to be 

studied and monitored well than other hazards (Svoboda and Fuchs, 2017). 

2.1.1 Types of drought 

According to Global Assessment Report on Disaster Risk Reduction (UNDRR, 2019), 

drought is classified depending on its effect on the environment and on the hydrological 

cycle as meteorological, agricultural, hydrological, and socio-economic drought.  

Meteorological drought is occurred due to a precipitation deficit for a month, season, or 

year (UNDRR, 2019). This deficit should be measured depending on the long-term 

climatology. Meteorological drought can be caused due to tropical sea surface temperature 

change and other remote conditions that affect large-scale atmospheric circulation patterns 

(UNDRR, 2019).  Hydrological drought is a result of a deficit in surface and sub-surface 
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water resources. It shows the effect and impact of meteorology drought. Agricultural 

drought is dryness or deficit of soil moisture due to meteorological or hydrological drought 

(Hisdal, 2000).  It occurs when the soil is failed to supply moisture to vegetation. Socio-

economic drought is the cumulative result effect of all the above drought. It is expressed 

by demand and supply shortage in the region or the area. 

Each type of drought has an impact relationship. Climatic variables, precipitation deficit, 

and high evaporation cause a meteorology drought. This meteorology drought results in 

the dearth of soil moisture that causes vegetation stress and reduces crop yield, agricultural 

drought. Both precipitation and soil moisture deficit results in a reduction of surface and 

sub-surface water supplies, i.e., hydrological drought. These agricultural and hydrologic 

drought causes a problem on the economy, social and ecology by resulting supply and 

demand problem. (world meteorology organization (WMO), 2006) 

Drought can be characterized by intensity, duration, and spatial coverage (world 

meteorology organization (WMO), 2006). Intensity shows the degree of the effect of 

drought, the duration is the drought lasting period and spatial coverage is the areas affected 

by the drought. 

To characterize and monitor drought world meteorology organization proposes different 

indicators and indices. Indicators are variables/parameters that define drought conditions, 

like temperature, precipitation, reservoir levels, streamflow, groundwater, soil moisture, 

and snowpack (Svoboda and Fuchs, 2017). And indices are derived mathematical or 

numeric representations of drought characteristics based on hydrometeorological data, 

including the indicators (Svoboda and Fuchs, 2017). Indices are used to measure 

qualitative and quantitative state of drought by providing useful communication tools for 

users and simplifying the complex relationship. Example of indices are, crop moisture 

index (CMI), standardized precipitation index (SPI), standardized precipitation 

evapotranspiration index (SPEI), palmer drought severity index (PDSI), normalized 

difference vegetation index (NDVI) etc.  

Indicators and indices are necessary for planning and designing of drought early warning 

system and decision making. But there is no single indices or indicator that fully describe 

or characterize all type of drought. Drought monitoring approach can be of, using single 
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indicator/indice, using multiple indicators/indices or using composite or hybrid indicators 

(Svoboda and Fuchs, 2017). 

2.1.2 Effects of Drought 

Drought is one of the top worst natural phenomena that affects the ecology and human life 

on the area. The drought event in east Africa always followed by famine (OXFAM report, 

2020). According to Haile and Tang (2019) the causes of drought can be categorized into 

climatic variability, anthropogenic or combined. Climatic variability causes for droughts 

are El Nino southern Oscillation (ENSO), Sea Surface Temperature change, LaNina, 

climatic dynamics of Indian Ocean, the Mediterranean Sea and Atlantic Ocean (Haile and 

Tang, 2019). The anthropogenic effects like Land use change, Land degradation, 

Deforestation, firing and mining and human activities of expansion for cultivation and 

grazing land, over exploitation of water resources and urbanization are expected to be the 

cause of drought (Haile and Tang, 2019). 

Drought exerts adverse impact on water resources, agriculture and human being (Haile and 

Tang, 2019). Due to recurrent and severe drought events on the stream flow and ground 

water is affected (Haile and Tang, 2019). Agriculture is the backbone of the people’s life 

and economy in East Africa but it is significantly affected by repeated droughts, caused by 

climate variations and anthropogenic effects, and the crop production is reducing (Hayes 

et al., 2004). Famine, malnutrition and migration of peoples from their land or area to other 

place is some impacts of drought on the huma being. The impact can be worse up to losing 

of life (OXFAM report, 2020). 

2.1.3 Meteorological Drought 

Precipitation is water release from clouds in rain or snow form. It is an essential association 

within the water cycle that gives for the conveyance of atmospheric water to the soil. Most 

precipitation fall in the rain form. Precipitation does not drop with the same amount all 

through the world, it is different within a country or city (precipitation and water cycle). 

Precipitations, and consequently water availability, are the most important indicators in 

determining the weather and climate conditions of a region. It is very necessary to know 

quantitative rainfall information and its distribution over time, since these are fundamental 

factors to perform climatic zoning, to forecast drought, and to determine the agricultural 
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aptitude of a given area. In addition, this information is very essential for identifying the 

required amount of water for irrigation of several crops and designing of dams, water and 

sewage networks (Carolina and Lelis et. al., 2018). 

Conventionally, the rain fall station data are an essential source of precipitation 

information. Station data has been a primary, accurate and reliable approach for 

precipitation estimation (Ayehu et al., 2018).  However, precipitation stations in numerous 

parts of the world and most parts of Africa are exceptionally scanty and unevenly 

distributed. Because of its dispersion of climate stations, the determination of rain gauge 

information to a real rain and spatial dispersion of precipitation over a region is 

significantly diminished. To solve this problem, advances in remote sensing science have 

provided an opportunity to estimate rainfall from satellite observations and are becoming 

an important source of rainfall data (Ayehu et al., 2018). 

Nowadays, a wide range of remote sensing products in rain estimation are available in 

increasingly detailed spatial and temporal resolutions. Satellite-derived rainfall estimates 

(SREs) are available from passive microwave (PMW) channels, i.e., from low Earth-

orbiting satellite, and thermal infrared radiation (TIR), from geostationary satellites. The 

PMW approach uses a direct method of measurements of atmospheric liquid water content 

and gives more accurate precipitation estimate by penetrating clouds (Young et al., 2014; 

Kummerow et al., 2001). However, TIR-based atmospheric liquid water content use an 

indirect method to estimate rainfall by relating to clouds top brightness temperatures. Due 

to misidentification of rain producing clouds, data from TIR-based precipitation estimates 

have some uncertainties. But considerable amount of rain possibly be generated from 

warm clouds (Trejo et al., 2016).  But, PMW observations are less frequent due to a 

relatively low temporal resolution from low-Earth-orbiting satellites. Nowadays, 

precipitation estimation from satellite uses both TIR and PMW combined for accurate 

estimation of rain (Ayehu et al., 2018). 

Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) is a 40+ year quasi-

global precipitation dataset that covers between 50°S-50°N in latitude, and all longitudes 

and starting from 1981 to near-present. CHIRPS incorporates CHPclim, 0.05° resolution 

satellite imagery and ground (in-situ rain gauge) station data to create time series gridded 

rainfall data for climatological analysis like trend analysis, percent of precipitation and 
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drought monitoring. It was developed first to support the United States Agency for 

International Development Famine Early Warning Systems Network (FEWS NET).  

CHIRPS measure precipitation based on approaches used in thermal infrared (TIR) 

precipitation products like the NOAA’s Rainfall Estimate and African Rainfall 

Climatology and uses’ the Tropical Rainfall Measuring Mission Multi-Satellite 

Precipitation Analysis version 7 (TMPA 3B42 v7) to calibrate global Cold Cloud Duration 

(CCD) rainfall estimates.  Its data is based on the methods of interpolated gauge products 

(‘smart interpolation’ approach) i.e., working with anomalies from a high-resolution 

climatology (Funk et al., 2015). The incorporated station data is processed in two-phases 

and produces two unique products. In the first phase the scattered (sparse) World 

Meteorological Organization’s Global Telecommunication System (GTS) and Stations 

from Mexico meteorological gauge data are combined with CCD-derived precipitation 

values at each five day. The second phase provides a final product with approximately 

three-week latency by combining the best available monthly (and Pentad) gauge data with 

monthly (and pentad) high-resolution CCD-based precipitation to give results of gridded 

monthly station products (Funk et al., 2015). 

In the past years, worldwide, there was a gap in gridded rainfall estimate datasets. There 

are precipitation estimates that have extended duration of records with very long delay 

times and also there are low delay (latency) rainfall estimates grounded only on satellite 

information. The lack of low latency, historical precipitation data makes it difficult for 

researchers and analysts to measure or analyze climatological extremes of a regions in a 

historic context. CHIRPS is designed to fill this gap, i.e., low latency and long period 

precipitation data, by providing worldwide (cover most part of the glob) blended gauge-

satellite precipitation estimates and have fairly low latency, high resolution, low bias, and 

a long period of record. This dataset may be utilized in conjunction with land surface 

models to form effective mid-season drought forecasts or to research recent shifts in 

decadal precipitation in data-sparse regions that rely on convective rainfall (Funk et al., 

2015). 

Several studies have been conducted in a different part of the world to validate the wide 

range application of CHIRPS Satellite precipitation for flood analysis, hydrology 

modeling, and Drought analysis (Funk et al., 2015; Dembélé and Zwart, 2016; 

Gebremicael et al., 2017; Bayissa, 2017; Zambrano-bigiarini et al., 2017; Ayehu et al., 
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2018; Bai et al., 2018; Levizzani, 2019; Satgé et al., 2019). The overall analysis on 

CHIRPS precipitation product exhibited better performance than other satellites compared 

to rainfall estimate. An evaluation based on categorical/ volumetric and continuous 

statistics indicated that CHIRPS has the greatest skills in detecting rainfall events and 

measure of volumetric rainfall. Generally, the finding of this approval study demonstrates 

the possibilities of the CHIRPS precipitation data to be utilized for different operational 

applications. 

2.1.3.1 Drought and precipitation 

Drought is a gradual and cumulative effect natural hazard that results from less amount of 

precipitations than considered normal (Wilhite, 2005). When this phenomenon prolongs 

over a season or a longer period, precipitation is insufficient to fulfill the demands of 

human activities and the environment (Svoboda and Fuchs, 2017). Drought has to be 

considered as a relative condition rather than an absolute. 

Droughts are regional in extent and each region has specific climatic characteristics 

(Svoboda and Fuchs, 2017). Droughts that occur in East Africa will differ from those that 

occur in other regions of the world in in triggering factor, intensity, seasonality, and form 

of precipitation.  

Many drought indices were developed and used by researchers in the field. Which ranges 

from the simplest indices, precipitation percentiles to more complex indices like the 

Palmer Drought Severity Index (PDSI). But all agreed that an index is essential to be 

simple to ascertain and measurably important and significant. 

2.1.3.1.1 Standard Precipitation Index (SPI) 

Different drought indices were developed and used by analysts on meteorology and 

climatology around the world. The understanding of a deficit of precipitation impacts on 

groundwater, reservoir storage, soil moisture, snowpack, and streamflow led American 

scientists McKee, Doesken, and Kleist to develop the SPI in 1993. 

The SPI (McKee, 1993, 1995) is a powerful, flexible index that is simple to calculate. 

Indeed, precipitation is the only required input parameter. To calculate SPI of any place or 

region, twenty or thirty years of precipitation estimate values, with fifty to sixty years of 
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data is required (Guttman, 1994). Long and pristine data records are neither practical nor 

typical in many cases (i.e., missing data). It is more than likely that data sets would only 

have 90% or even 85% complete records. In reality, most of the time 75-85% complete 

data is available (Guttman, 1994). Therefore, using different techniques to fill the gaps in 

the record is necessary. So, it should be noted to be aware of the statistical limitations of 

extreme events when dealing with shorter periods of records for various locations. 

The SPI was designed to quantify the precipitation deficit for multiple timescales. These 

timescales reflect the impact of drought on the availability of the different water resources. 

Soil moisture conditions respond to precipitation anomalies on a relatively short scale. 

Groundwater, streamflow and reservoir storage reflect the longer-term precipitation 

anomalies. For these reasons, McKee (1993) originally calculated the SPI for 3-, 6, 12, 24- 

and 48-month timescales.  

The SPI calculation for any location is based on the long-term precipitation record for the 

desired period (McKee, 1993). This long-term record is fitted to a probability distribution, 

which is then transformed into a normal distribution so that the mean SPI for the location 

and desired period is zero (Edwards and McKee et. al., 1997). Positive SPI values indicate 

greater than median precipitation and negative values indicate less than median 

precipitation. Because the SPI is normalized, wetter and drier climates can be represented 

in the same way; thus, wet periods can also be monitored using the SPI.  

McKee, Doesken, and Kleist et. al. (1993) used a classification system to define drought 

intensities resulting from the SPI (formula of SPI see appendix). They also defined the 

criteria for a drought event for any of the timescales. A drought event occurs any time the 

SPI is continuously negative and reaches an intensity of -1.0 or less. The event ends when 

the SPI becomes positive. Each drought event, therefore, has a duration defined by its 

beginning and end, and an intensity for each month that the event continues. The positive 

sum of the SPI for all the months within a drought event can be termed the drought’s 

“magnitude” (Svoboda and Fuchs, 2017). 
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Table 2.1: SPI classification from WMO 2012 

SPI Value Drought magnitude 

Above 2.00 Extremely wet 

1.50 to 1.99 Very wet 

1.00 to 1.49 Moderately wet 

-0.99 to 0.99 Near normal 

-1.00 to -1.49 Moderately dry   

-1.50 to -1.99 Severely dry 

-2.0 and less Extremely dry 

2.2 Vegetation cover 

Human beings take plants and trees for grant in almost every aspect of our lives. They are 

a source of food, cloth, and medications (NASA Observatory, 2000). Also, plants are very 

necessary to maintain the concentration of carbon dioxide in the air, provide oxygen, and 

used as building materials and furniture. When the vegetation coverage on the area 

decreases health, economy, and environment are all affected (Brooks, 2004; Josephat, 

2018).  Twenty-five years ago, for example, a lot of peoples are starved when the plant life 

in the Sahel region of Africa dried up during an extended drought (Brooks, 2004). In the 

past decades’ deforestation has left thousands of acres fallow and has destroyed many 

species including possible valuable medications around the world (NASA Observatory, 

2000). 

2.2.1 East Africa Vegetation cover 

Africa is home for known forest lands. In 2000 the forest in Africa covers about 650 

million hectares among this, 642 million hectares are natural forest and 8 million hectares 

are forest plantation (FAO, 2000). In 2010 the forest Area coverage the continent increased 
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to 675 million hectares or 17% of the total land in 2010 (FAO, 2010). The forest coverage 

of the continent decreased to 636 million hectares in 2020 (FOA, 2020). 

East Africa region is home to some of the world’s most diverse forests.  Forest agro-

ecological zones in East Africa are Montane forests, which include some of the highest 

and oldest mountains in Africa, the mid-elevation Lake Victoria basin forests, Miombo 

woodlands, tropical rain forest and mangrove forests, along the Indian Ocean coast 

(FOSA, 2003; Esther, 2017). From East African countries, Ethiopia and Djibouti have very 

little forest cover, while nearly 44 percent of Tanzania is forested (FOSA, 2003). The 

highest widespread forest type in East Africa is the savannah woodland and thicket, which 

covers 62.9 percent of the total forest coverage area of the region (FOSA, 2003). In 2000, 

the forest coverage of the East Africa is 135 million hectares of the total forest cover of 

the continent (FAO, 2000; C. Bodart et. al. 2013). In 2010 and 2020 the forest coverage of 

Eastern and Southern Africa is 2.67 x106 and 295 x106 hectares respectively (FAO, 2010, 

FAO, 2020). 

Like many forested areas across the globe, the East Africa forest lands and green covers 

faces a problem. Among the many reasons of green cover change Agricultural expansion, 

economic change, political and institutional change, Industrialization, population growth 

and Environmental impacts (drought, fire…) are the most significant (FAO, 2000; FOSA, 

2010; Gibbs et al., 2010; Rudel et al. 2009; FOSA, 2003). Between 1990 and 2000 East 

Africa loses 1.4 million hectares of forest (FAO, 2000). Between 2000 & 2010 and 2010 

& 2020 the annual percent loss of the region forest is -0.66% and 0.62% respectively 

(FAO, 2010; FAO, 2020). 

2.2.2 Effects of Vegetation cover change 

Vegetation cover change of the area creates a very significant impact on the environment 

and human activities. It is one of the main causes for drought, temperature rise of the 

continent, land degradation and soil erosion, increasing of carbon dioxide on the air and 

hydrological drought due to high evapotranspiration (Josephat, 2018). Peoples living in 

the rural areas are the first to be hit by the environmental effect of landcover change that 

creates soil degradation, climate change and biodiversity reduction.  
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2.2.3 Measuring Vegetation Cover Change 

Satellite maps of vegetation show the density of plant growth over the Area of interest. 

Normalized Difference Vegetation Index (NDVI) is one of the oldest and most frequently 

used method of measurements for studying vegetation cover of large study area. NDVI 

value ranges from -1.0 to +1.0. Very low values of NDVI (-0.1 and +0.1) correspond to 

barren areas like, rock, sand, or snow. Moderate values (+0.2 to +0.4) represent shrub and 

grassland, while high values (0.6 and above) indicate temperate and tropical rainforests 

(Al-doski et al., 2013). The normalized difference vegetation index (NDVI) is calculated 

using the formula below. 

NDVI = (NIR-RED)/(NIR+RED) 

Where: NIR- Near infra-red wavelength 

                             RED-red wavelength   

NDVI can be derived using the above formula from different satellites. But there are also 

different vegetation monitoring satellites, like NOAA’s AVHRR (Advanced Very-High-

Resolution Radiometer), NASA’s MODIS (moderate resolution Imaging Spectro-

radiometer), MERIS (Medium Resolution Imaging Spectrometer), ESA’s PROBA-V, 

SENTINEL 3 etc. that provides NDVI value directly. Among these sensors, the most 

commonly used known satellite for this kind of application is the NOAA AVHHR and 

MODIS (Moderate-resolution Imaging Spectroradiometer). AVHHR is launched in 1978. 

It provides data with 5 bands and spatial resolution of 1100m and temporal resolution of 

12hr. MODIS launched in 1999 provides data in 36 bands with a spatial resolution of 250, 

500, and 1000 meters and with a temporal resolution of 1 to 2 days. 

The water, cloud, and snow reflect more in the noticeable band than they do in the close 

infrared band and in this manner, they have negative NDVI values, though, uncovered soil 

and rock have an NDVI estimation of around zero. Sound green vegetation, then again, 

has more grounded close infrared reflectance in this manner giving NDVI values near +1. 

In this view of NDVI data, satellite images were ordered into five classes. The outcome 

shows that meager (Spares) vegetation NDVI values fall somewhere in the range of 0.2 

and 0.4; moderate vegetation esteems extend somewhere in the range of 0.4 and 0.6, while 
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thick vegetation NDVI values run from 0.6 to 1. Thus, NDVI values under 0.2 speak to 

water bodies and zones without vegetation spread (Al-doski et al., 2013). 

2.2.4 Significance and Application of NDVI 

Normalized Difference Vegetation Index (NDVI) has many applications in different fields 

of study. On the environment and climate study, it helps a researcher to study the 

vegetation cover, vegetation health, and vegetation condition, and vegetation density. It is 

also used for studying drought in the study area.  

Some examples of the application of NDVI from the past study: for Land degradation 

assessment (yengoh et. al., 2015), For mapping land surface emissivity, (Valor, E. et al., 

1996), For the validation of global vegetation phenology models (Llideke, 1996), For 

large-area crop mapping (Wardlow and Egbert et al., 2008), land-cover characterization 

using multi-temporal AVHRR Data (Hirosawa, Marsh and Kliman et al., 1996), 

identification of drought‐vulnerable areas (Jain et al., 2017), used for identifying and 

monitoring droughts affecting agriculture (Svoboda and Fuchs, 2017). 

The NDVI list is generally utilized not only for detecting to gauge biomass or vegetative 

life, just as to get data about surface qualities from multispectral estimations. It isolates 

green vegetation from different surfaces because the chlorophyll of green vegetation 

retains red light for photosynthesis and mirrors the close infrared (NIR) frequencies. The 

simplicity of figuring and understanding different kinds of satellite information has made 

NDVI well-known as unearthly vegetation. Completely, the NDVI is a component of two 

groups: the red band and the near-infrared spectral band. The NDVI differencing technique 

is normal and powerful in change identification of vegetation changes (Al-doski et al., 

2013). 

Among the very application of NDVI, Drought is the most interesting area. A lot of 

researchers have study drought using NDVI (Oceanic, 1995; Son et al., 2012; Sierra-soler 

et al., 2016; Khosravi et al., 2017). It can be used by integrating with other parameters like 

temperature, precipitation… or can be used as a standalone parameter.  

Amid in the drought indicators and indices listed by the WMO and GWP, in the Handbook 

of Drought Indicators and Indices published in 2016, NDVI is listed as a green (i.e., green 

flag means that, a code or program to run the index is already developed and available to 
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analyze it. And also, for the analysis daily data are not required and Missing data are 

allowed in processing) drought indicator. 

2.3 Gravity Recovery and Climate Experiment (GRACE) 

2.3.1 GRACE Satellite mission 

NASA and the German Center for Air and Space Flight (Deutsches Zentrum fur Luft und 

Rumfahrt, or DLR) jointly launch the Gravity Recovery and Climate Experiment 

(GRACE) satellites on March 16, 2002, from Russia on a five-year mission. The U.S. 

portion of the project is managed for NASA's Office of Earth Science, Washington, by 

NASA's Jet Propulsion Laboratory (JPL), Pasadena, Calif. Science data processing, 

distribution, archiving, and product verification are managed under a cooperative 

arrangement between JPL and the University of Texas' Austin-based Center for Space 

Research in the United States and Germany's Earth Research Center (or 

GeoForschungsZentrum) (www.nasa.gov/mission_pages/GRACE/Overview). 

 

Figure 2.1: The figure shows the GRACE twin satellite orbiting the earth. (Source: 

jpl.nasa.gov) 

 

http://www.nasa.gov/mission_pages/GRACE/Overview
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GRACE transformed the understanding of changes in the Earth's gravity field over time 

and space. The mission provides measurements of the gravity field that are far more 

accurate and sensitive than any that can be obtained by ground-based observations or 

single remote-sensing spacecraft (Tapley et. al., 2004). It is a scientific pathfinder mission 

that tests a novel approach to track how water is transported and stored within the Earth's 

environment. The mission measures the planet's shifting water masses precisely and maps 

their effects on Earth's gravity field, yielding new information on the effects of global 

climate change (Schmidt et al., 2008). 

GRACE is the first Earth-monitoring mission in the history of space flight whose key 

measurement is not derived from electromagnetic waves bounced off the Earth's surface 

(Schmidt et al., 2008). Instead, the mission uses a microwave ranging system to accurately 

measure changes in the speed and distance between two identical spacecraft flying in a 

polar orbit about 220 kilometers apart and 500 kilometers above the Earth (Tapley et. al., 

2004). The range system is so sensitive it can detect separation changes as small as 10 

microns, about one-tenth the width of a human hair, over a distance of 220 kilometers. An 

additional instrument aboard the satellites called an atmospheric limb sounder measures 

the amount by which the GPS satellite signals are distorted by Earth's atmosphere (Tapley 

et. al., 2004). Scientists use these data to improve the accuracy of key atmospheric 

observations, which serve as input for weather forecast models. 

A more precise gravity map of Earth is measured to increase the accuracy of many 

techniques used by scientists who study Earth with space-based instruments. These 

techniques, ranging from satellite altimetry and radar interferometry to digital terrain 

models covering large land and ice areas provide critical input to many scientific models 

used in oceanography, hydrology, glaciology, geology, and related disciplines (Tapley et. 

al., 2004; Schmidt et al., 2008). The GRACE satellite senses minute variations in the 

Earth's surface mass below and corresponding variations in the Earth's gravitational pull. 

Regions of slightly stronger gravity will affect the lead satellite first, pulling it slightly 

away from the trailing satellite (Tapley et. al., 2004). By measuring the constantly 

changing distance between the two satellites and combining that data with precise 

positioning measurements from the Global Positioning System (GPS) instruments, 

scientists construct a precise Earth gravity map. 
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2.3.2 GRACE Total Water Storage 

The objective of GRACE satellite missions is; better understanding ocean surface currents 

and ocean heat transport, measures seafloor pressure change, ocean mass change study, 

ice sheet and glaciers mass balance measurement, and snow and water storage monitoring 

(GRACE). 

The Gravity Recovery and Climate Experiment (GRACE) data provide a new opportunity 

to gain a direct and independent measure of water mass variations on a regional scale. 

GRACE and its successor, GRACE Follow-On, measures total water storage of the 

continent. They are designed to measure the changes in the gravitational pull of the earth 

that is resulted from the changes of the Earth’s mass. The earth’s mean gravitational 

attraction does not change from one month to the next month because 99 % of the total 

gravitational attraction force of the earth is resulted from to the solid mass of the earth that 

moves rarely and very slowly. But water moves continually in every corner of the 

continent, i.e., ocean currents flow, sow falls, ice melts and so on. When the GRACE twin 

satellites rotate on their orbit, one following the other, the mass change below the satellites 

changes the distance between the two satellites slightly. Therefore, this change is analyzed 

and processed to create monthly global maps of change and redistribution on the earth’s 

mass near the surface. This change in mass of the earth is mainly due to the water 

movement on the surface or beneath the surface of the earth (NASA's GRACE, 2019). 

GRACE satellite used for improving the monitoring result of the spatial and temporal 

changes of the water cycle at a large scale quickly. For regions larger than 200000 km2, 

the TWS changes with intervals on month and longer time scale can be monitored, and the 

accuracy can reach 1.5 cm and above (Jiang et al., 2014) 

In 2014 the review on GRACE data application shows that GRACE provides a new 

method for terrestrial hydrology research, which can be used for improving the monitoring 

result of the spatial and temporal changes of the water cycle at a large scale quickly. The 

paper also presents a description of GRACE datasets and recent applications of GRACE 

data: including terrestrial water storage change evaluation, hydrological components of 

groundwater and evapotranspiration (ET) retrieving, droughts analysis, and glacier 

response of global change (Jiang et al., 2014). 
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The East African hydrology is affected not only with precipitation. ENSO and Indian 

ocean dipole plays a very important role (Becker et al., 2010). Beyond the paramount 

societal importance, water plays a key role in Earth system processes such as weather and 

climate and biogeochemical cycles. Thus, understanding this system not only helps to 

solve water resources and environmental management issues but also facilitates the 

understanding of Earth system processes (Seyoum and Milewski et al., 2017). Climate 

variability is a driving factor in terrestrial water variability and energy fluxes (NĚMec et 

al., 1982). 

Changes in precipitation, evaporation, snow melting, and runoff further contribute to 

TWSA (Chang and Bonnette et. al., 2016), which have important implications for 

assessment of climate change, food security, water, and energy use, drought/flood risk, 

etc. (Wang et al., 2015; Fang et al., 2019). 

2.4 Summary  

The key concept or objective of this study lies on studying the above parameters, i.e., 

drought, vegetation cover and water storage of the East Africa region. Since East Africa is 

facing recurrent, severe Drought and high vegetation cover loss, the hydrology of the area 

will be affected in the long term. Researchers with the knowledge of geomatics and 

geodesy contributes a lot on studying these phenomena. This study incorporates the 

knowledge of geodesy for extracting total water storage anomaly from GRACE satellite 

and incorporating with results of CHIRPS and MODIS data, to study and analyze drought, 

Vegetation cover change and Hydrology. This research will fill gaps that are observed on 

study of the hydrology of the region.  
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CHAPTER 3 MATERIAL AND METHOD 

3.1 Study Area 

The study area is located between 200 E and 550 E longitude and 200 S and 350 N Latitude. 

The study includes East African countries, Burundi, Djibouti, Eritrea, Ethiopia, Kenya, 

Rwanda, Somalia, South-Sudan, Sudan, Tanzania, Uganda and parts of Egypt to include 

the Nile river basin completely. 

The geography of East Africa is shaped by global plate tectonic forces that have created 

the East African Rift (Chorowicz, 2015). East Africa is home to the two tallest maintain 

in Africa, Mount Kilimanjaro, and Mount Kenya. One of the lowest places in the world, 

the Danakil depression (100m below sea level), is also located in east Africa. It is also 

home to the world's second-largest freshwater lake, Lake Victoria, and the world's second 

deepest lake, Lake Tanganyika, and the world's longest river, the Nile river. 

According to NEPAD (New Partnership for African Development), East African countries 

include Burundi, Djibouti, Eritrea, Ethiopia, Kenya, Rwanda, Somalia, South-Sudan, 

Sudan, Tanzania, and Uganda (NEPAD, 2013). 

The East Africa climate is dominantly of equatorial regions. But due to a combination of 

the region's, for the most part high altitude and the precipitation of the westerly rainstorm 

twists made by the Rwenzori Mountains and Ethiopian Highlands, the Region experiences 

cool and dry for its latitude. Indeed, on the shore of Somalia, numerous years can pass by 

with no rain at all (Dewar et al. 1999). In other areas of the region, the annual rainfall 

generally increases towards the south and with altitude. There are two distinct rainy 

seasons in East Africa, the long rains from March-May and the short rains from October- 

December. This is usually attributed to the passage of the intertropical convergence zone 

across the region in those months (Dewar et al. 1999). Droughts in the Horn of Africa are 

aggravated by climate change, desertification, and land degradation. It has been increasing 

in severity and frequency. Consecutive years of poor rains and El Niño-induced drought 

heats the region in recent years (http://www.fao.org/emergencies/crisis/drought-

hoa/intro/en/ ). Figure 3.1 shows the location map of the study Area. 

http://www.fao.org/emergencies/crisis/drought-hoa/intro/en/
http://www.fao.org/emergencies/crisis/drought-hoa/intro/en/
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Figure 3.1:  Location Map of the Study Area 

3.2 Data 

3.2.1 CHIRPS Precipitation Data 

On a worldwide scale, there is a significant gap in varieties of gridded precipitation 

datasets. Environment Hazards Group Infrared Precipitation with Stations (CHIRPS) 

mission fills this gap. CHIRPS was primarily made to help the U.S. Agency for 

International Development FEWS NET program. CHIRPS data is quasi-global that cover 

from 50°S-50°N with the spatial resolution of 0.05° by 0.05°. CHIRPS provides 

precipitation data in daily, pentad, and monthly temporal resolution. 

CHIRPS data are available in Geo-Tiff, Net-CDF and Esri BIL formats. The units are mm 

per time, (e.g., mm per day, mm per pentad, mm per month). Secondary or supplementary 

data to enhance CHIRPS precipitation data are produced every includes, the used gauge 

station density, browse Africa image for a number of time steps, lists of all station names 
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used and their locations for each month, and the number of stations used per month for 

each country (Funk, C. et al. 2015). 

Monthly CHIRPS precipitation data is used for analysis in this study. It is used to calculate 

the Standard Precipitation Index (SPI) for the representative pixels to defining drought and 

its severity. The precipitation is used to study the trend of precipitation throughout the 

study period. The computed result of SPI is used to calculate the area affected by drought 

for the region and plotted to show the long-term change. 

3.2.1.1 CHIRPS data validation 

CHIRPS, as the name indicates, precipitation data incorporates stations gauge 

measurements data provided from meteorology organization of different countries. The 

following link provides the station by country and station by month used in CHIRPS data 

preparation: 

• https://data.chc.ucsb.edu/products/CHIRPS-2.0/diagnostics/stations-perMonth-

byRegion/pngs/ for Africa region. 

• https://data.chc.ucsb.edu/products/CHIRPS-2.0/diagnostics/stations-perMonth-

byCountry/pngs/ by country list. 

Due to sparse and limited observation the use of station rainfall data observation is in 

adequate for large area study (Dinku et al., 2018). On this paper, Dinku et al. (2018), the 

validation of CHIRPS satellite over East Africa is discussed with comparison of other 

likely satellite data. In his study, CHIRP and CHIRPS were evaluated over East Africa at 

different time-scales by comparing the satellite products with rain-gauge data from about 

1,200 stations and the African Rainfall Climatology version 2 (ARC2) and the Tropical 

Applications of Meteorology using Satellite data (TAMSAT). The results show that both 

CHIRPS products are significantly better than ARC2 with higher skill and low or no bias. 

Also, the products were also found to be slightly better than the latest version of the 

TAMSAT product at dekadal and monthly time-scales. Ayehu et. al. (2018) is conducted 

to assess the validation of CHIRPS rainfall products over the upper Blue Nile Basin, 

Ethiopia. CHIRPS rainfall product has been evaluated in comparison to rain gauge data 

and other satellite products such as TAMSAT 3 and ARC2 for the period of 2000 to 2015. 

CHIRPS exhibited better performance in comparison to TAMSAT 3 and ARC 2 products. 

An evaluation based on categorical/volumetric and continuous statistics indicated that 

https://data.chc.ucsb.edu/products/CHIRPS-2.0/diagnostics/stations-perMonth-byRegion/pngs/
https://data.chc.ucsb.edu/products/CHIRPS-2.0/diagnostics/stations-perMonth-byRegion/pngs/
https://data.chc.ucsb.edu/products/CHIRPS-2.0/diagnostics/stations-perMonth-byCountry/pngs/
https://data.chc.ucsb.edu/products/CHIRPS-2.0/diagnostics/stations-perMonth-byCountry/pngs/
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CHIRPS has the greatest skills in detecting rainfall events and measure of volumetric 

rainfall, the highest correlation coefficients, better bias values, and the lowest RMSE than 

TAMSAT 3 and ARC 2 products. In addition, CHIRPS is less affected by variation in 

elevation in comparison to TAMSAT 3 and ARC 2 products. Other researches conducted 

on the validation of CHIRPS satellite data are also indicated that the potential of CHIRPS 

precipitation data for climatic analysis (Awange et al., 2016; Diem et al., 2014; Dinku et 

al., 2007; 2008; 2011; Hirpa et al., 2010; Maidment et al., 2013; 2014; 2017; Romilly and 

Gebremichael et. al., 2011; Worqlul et al. 2014; Young et al. 2014).  

3.2.2 MODIS NDVI Data 

One of the objectives of Earth Observing System (EOS) is to study the quantity and role 

of vegetation cover of the Earth in global scale and to understand the system that the earth 

functions. This requires a good understanding of spatial and temporal distribution of 

vegetation type and cover as well as the biophysical and structural properties of the 

distribution. For this, Normalized Difference Vegetation Indices (NDVI) are used as the 

measures of vegetation activity at the land surface.  

NASA launched two Moderate Resolution Imaging Spectroradiometer (MODIS) into 

Earth orbit, the Terra (EOS AM) satellite in 1999 and the Aqua (EOS PM) satellite in 

2002. It is built by Santa Barbara Remote Sensing. The instruments capture data in 36 

spectral bands ranging in wavelength from 0.4 μm to 14.4 μm with spatial resolutions 250 

m, 500 m, and 1 km. The instrument's image covers the entire Earth every 1 to 2 days 

(Moderate Resolution Imaging Spectroradiometer 2020). 

MODIS provides two vegetation indices. Normalized difference vegetation index (NDVI) 

and enhanced vegetation index (EVI). Two vegetation indices are produced by MODIS 

satellite, NDVI and EVI. These two indices are extracted from red, near infrared (NIR) 

and blue bands. All these three bands are atmospherically corrected reflectance. NDVI is 

a continuity with the oldest NOAA’s AVHRR NDVI data and EVI enhances and reduces 

the canopy soil differencing over dense vegetation covered area. These products used to 

characterize the vegetation state of the world effectively. EVI uses a blue band to remove 

atmospheric effects resulted from clouds and smoke. Both vegetation index products of 

MODIS corrected for atmospheric effects like aerosols, ozone absorption ad molecular 

scattering. (Didan, 2015). 
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Vegetation indices are used for global monitoring of vegetation conditions and are used in 

products displaying land cover changes. NDVI and EVI can be used for climate study in 

global and regional scale, global biogeochemical modeling and hydrologic processes. 

Additional applications include characterizing land surface biophysical properties and 

processes, such as primary production and land cover conversion (Didan, Munoz and 

Huete et. al, 2015). 

MODIS provides VI products in different spatial and temporal resolution accordingly in 

HDF format. For this research gridded Level 3 Terra MODIS Vegetation Indices 

(MOD13A3) Version 6 monthly 1 kilometer (km) spatial resolution product is used. 

The table below shows monthly product of MODIS vegetation index, spatial and temporal 

resolution. 

Table 3.1:  The MODIS monthly NDVI data product list with the temporal and spatial 

resolution. 

SDS Name Description Units Data Type Fill 

Value 

No 

Data 

Value 

Valid 

Range 

Scale 

Factor 

1 km monthly 

NDVI 

1 km monthly 

NDVI 

NDVI 16-bit signed 

integer 

-3000 N/A -2000 

to 

10000 

0.0001 

1 km monthly 

EVI 

1 km monthly 

EVI 

EVI 16-bit signed 

integer 

-3000 N/A -2000 

to 

10000 

0.0001 

1 km monthly 

VI Quality 

VI Quality 

indicators 

Bit 

Field 

16-bit 

unsigned 

integer 

65535 N/A 0 to 

65534 

N/A 

1 km monthly 

red 

reflectance 

Surface 

Reflectance 

Band 1 

N/A 16-bit signed 

integer 

-1000 N/A 0 to 

10000 

0.0001 

1 km monthly 

NIR 

reflectance 

Surface 

Reflectance 

Band 2 

N/A 16-bit signed 

integer 

-1000 N/A 0 to 

10000 

0.0001 

1 km monthly 

blue 

reflectance 

Surface 

Reflectance 

Band 3 

N/A 16-bit signed 

integer 

-1000 N/A 0 to 

10000 

0.0001 

1 km monthly 

MIR 

reflectance 

Surface 

Reflectance 

Band 7 

N/A 16-bit signed 

integer 

-1000 N/A 0 to 

10000 

0.0001 

1 km monthly 

view zenith 

angle 

View zenith 

angle of VI 

Pixel 

Degree 16-bit signed 

integer 

-

10000 

N/A 0 to 

18000 

0.01 

1 km monthly 

sun zenith 

angle 

Sun zenith 

angle of VI 

pixel 

Degree 16-bit signed 

integer 

-

10000 

N/A 0 to 

18000 

0.01 
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1 km monthly 

relative 

azimuth angle 

Relative 

azimuth angle 

of VI pixel 

Degree 16-bit signed 

integer 

-4000 N/A -18000 

to 

18000 

0.01 

1 km monthly 

pixel 

reliability 

Quality 

reliability of 

VI pixel 

Rank 8-bit signed 

integer 

-1 N/A 0 to 3 N/A 

 

3.2.3 GRACE Data 

Data products of GRACE is obtained from a system called the GRACE Science Data 

System (SDS). The GRACE SDS is a distributed system. System development, data 

processing, and archival is shared between three big institutions, the JPL, UTCSR and 

GFZ. The SDS is designed to perform all tasks for gravity field processing through the 

production of the monthly and mean gravity field models, by following under the GRACE 

SDS Development Plan (Bettadpur, 2012). 

GRACE data products are available in different processing levels, release numbers, and 

version. The Level-0 data products are the result of telemetry data reception, collection, 

and de-commutation by the GRACE Raw Data Center (RDC) at DLR in Neustrelitz 

(Bettadpur, 2012). This telemetry data, from each satellite, from each down-link pass, is 

separated into the Science Instrument and Spacecraft Housekeeping data streams and 

placed in a rolling archive at the RDC. Besides the appropriate headers, Each Level-0 data 

product file contains the un-scaled, binary encoded instrument communication packets. 

The GRACE SDS obtains these data from the rolling archive at RDC and stores them in 

permanent archives at the SDS centers at JPL and GFZ. The Level-1A data products are 

generated by applying non-destructive processing to Level-0 data. The data are reversible 

to Level-0, except for the bad data packets. The sensor calibration factors are applied to 

binary encoded measurements to convert to engineering units. When it is necessary, time 

tag second ambiguity integer is resolved and the respective satellite receiver clock times 

data are time tagged then the data is reformatted, after editing and flags of quality control 

addition, for further processing. This level contains additional data products required for 

processing to the next data level.  The Level-1B Data Products are the outcome of perhaps 

a destructive, or irreversible, processing applied to both the Level-1A and Level-0 data. 

After time-tagging of the data, the sample rate of the data is reduced or decreased from 

previous higher rate levels. The result of level 1B data consists of the additional data 

products formed during this processing and the other data needed for further processing. 

The Level-2 data products include the gravity field and related data products derived from 
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the application of Level-2 processing to the previous level data products. This level also 

includes the ancillary data products generated during this processing.  By applying Level-

2 processing to the previous level data products the Level-2 data is generated. The three 

centers CSR, GFZ, and JPL generate the spherical harmonic fields for the Level-2 data 

product. Their output includes spherical harmonic coefficients of the gravity field, as well 

as the de-aliasing fields used in the data processing (Bettadpur, 2012).  

The Level-2 spherical harmonics are used as inputs to Level-3 postprocessing steps. All 

grids of the data have one degree in latitude and longitude, approximately 111 km at the 

equator, spatial sampling. But it is not meant that cells of two neighboring grids are 

independent. Because the actual spatial resolution of GRACE and GRACE-FO is about 

330 km, and spatial smoothing has been applied. The new GRACE level-3 data products 

are delivered in several data formats to accommodate a range of user needs. The formats 

are NetCDF, ASCII, GeoTIFF (land only). Each monthly GRACE Tellus grid represents 

the surface mass deviation for that month relative to a baseline temporal average (most 

often 2004-2009) (Cooley and Landerer, 2020). 

The below Figure 3.2 shows the available GRACE monthly products from April 2002 up 

to 2017. The white open area shows missing data during that month. Starting from 2018 

the new GRACE-FO satellite replaces the GRACE and starts providing continuous data. 
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Figure 3.2:  Shows the available monthly data of GRACE satellite from 2002 to 2017 and 

from 2018 the GRACE-FO satellite product (image data source: 

https://www.tugraz.at/fileadmin/user_upload/Institute/IFG/satgeo/itsg-grace2018/mosaic.png) 

The mascon data are provided with a spatial sampling of 0.5 degrees in both latitude and 

longitude (approx. 56 km at the equator). This differs from the spherical harmonic 

solutions, which are provided with a spatial sampling of 1 degree in latitude and longitude. 

The reason for the difference is that the mascon has boundaries that lie on Parallels of 

approximately 0.5-degree increments. Although the grid is sampled at 0.5-degree 

resolution. The units of the data and error grids are Liquid Water Equivalent Thickness (in 

meter or centimeter); gain factors (scale factors) are dimensionless and time-invariant. The 

grids have 720 longitude points (0.25, 0.75, 1.25, ..., 359.75), and 360 latitude points (- 

89.75, -89.25, ..., 89.25, 89.75) (Cooley and Landerer, 2020). 

For this research GRACE mascon data is used for three main reasons as described in the 

GRACE L-3 data user manual. These are: 

• Unlike the unconstrained spherical harmonic solutions, the constrained mascon 

solutions derived from geophysical models do not need to be de-striped or 

smoothed and suffer less from leakage errors than harmonic solutions. 

• The mascon approach allows a better separation of land and ocean signals with the 

coastline resolution improvement (CRI) filter coupled with the application of state-

of-the-art gain factors. 

• Computing basin averages for hydrology applications show general agreement 

between harmonic and mascon solutions for large basins; however, mascon 

solutions typically have a greater resolution for smaller spatial regions, in particular 

when studying secular signals. 

https://www.tugraz.at/fileadmin/user_upload/Institute/IFG/satgeo/itsg-grace2018/mosaic.png
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3.3 Material and software 

To achieve the objective of this study, it is very necessary to choose a proper software that 

is suitable for the data used and the method selected. GeoCLIM and ArcGIS software are 

the main processing environment used. GeoCLIM is used to download the mask and 

process the CHIRPS precipitation data and for generating SPI. ArcGIS desktop software 

for further analysis and mapping of both the GRACE and SPI data. 

3.3.1 GeoCLIM 

GeoCLIM software is an agroclimatic analysis software product designed by Famine Early 

Warning System Network (FEWS NET)/United States Geological Survey (USGS). This 

software is mainly used for climatology analysis of temperature, evapotranspiration ad 

precipitation data. It contains tools for agricultural development analysis. The tools are 

user friendly and used for blending ground gauge measurement with satellite data in order 

to enhance the quality of the datasets for seasonal trend analysis using historical data, 

drought study by calculating SPI for any region, for visual analyses and editing of results 

in raster or vector format, to create scripts for quick and efficient analysis of large data, 

and extraction of statistical information from raster datasets to create time-series trend 

graphs and analysis. 

The main purpose of using the GeoCLIM software in this research is to generate a gridded 

time-series standard precipitation index (SPI) from the CHIRPS precipitation. It includes 

a tool to download CHIRPS precipitation data automatically only by selecting the time 

range and type of precipitation data. 

3.3.2 ArcGIS 

The other powerful software used in this research is ArcGIS desktop software. This 

software is developed by the Environmental Systems Research Institute (ESRI). It is an 

extensive and integrated software platform technology for building operational 

Geographic Information System (GIS). It is used to manage, store, manipulate, process, 

analyze, and map geospatial data. The four key software parts that ArcGIS comprises are, 

set of tools to create, edit, manipulate, analyze and mapping geographic data, components 

to store and manage geographic information in database, it also contains webservice tools 

for networked clients and real-world modelling. (Maguire et.al ). 
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In this research, ArcGIS software plays a very vital role from the location map (study area) 

preparation to output result map production. All SPI, NDVI, and GRACE TWSA data are 

processed, analyzed, and mapped using this software. After the generation of SPI raster 

bill format data from the CHIRPS using the GeoCLIM software, it is imported to the 

ArcMap for further extraction of necessary statistical information and mapping. The data 

conversion from HDF to tiff, and multiplying using the gain factor of the mascon data is 

also processed using this software package. The MODIS NDVI data is also processed, 

classified, and extracted using the ArcMap. 

3.4 Method 

3.4.1 General workflow of the study 

To study Large-scale hydrological response to severe drought different data were 

analyzed. The Standard precipitation index is measured from CHIRPS satellite 

precipitation data. The NDVI information is extracted and classified from MODIS 

monthly data. Monthly terrestrial Total water Storage (TWS) time series data for the region 

is derived from GRACE data. All the listed data are processed using different software and 

the correlation analysis of the three outputs is computed. To fulfill the objective, the 

following general workflow was used. 
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 Figure 3.3:  Shows the work flow of the study  

3.5 Data processing 

3.5.1 Standard Precipitation Index (SPI) 

The meteorological drought of the study area was determined using the Standard 

Precipitation Index (SPI) as an indicator for the drought. The data source for the SPI is the 

CHIRPS (Climate hazards center infrared precipitation with station data) satellite. 

CHIRPS satellite provides rainfall data set from 1981 to near-present spanning 50oS and 

50oN in decadal and monthly temporal resolution. For this study, the CHIRPS monthly 

precipitation is used. To download and process the CHIRPS monthly precipitation 

GeoCLIM software is used. The software has different tools for defining the region (study 

area as masking), to download between the different temporal resolution of the data as an 

archived format, to Analyze the data and to view and export the result in a different format.  

To determine drought using SPI it needs a minimum of 30-year data, using GeoCLIM 

software monthly precipitation of the study area is downloaded from 1982 to 2019. Then 

for processing the data for a specific region (study area) the vector format file is converted 
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to bill format raster file as a masking region i.e., it gives 1 for the inside of the region and 

0 for the outside. Using Climate composition, the average rainfall for each month, and the 

period from 1982 to 2019 were calculated. Using a climatology analysis, the SPI is 

generated. SPI is calculated for 1 month and 3 months from 2002 to 2019. Each period SPI 

quantifies the drought on the specified time for the whole study period. And also, indicated 

different types of drought on region. 

After the SPI is generated and archived in the GeoCLIM output director. The data is 

imported into the ArcGIS platform for further processing. As indicated by the world 

meteorology Organization (WMO) the SPI is classified into seven classes to indicate the 

drought type from extremely wet to extremely dry condition (World Meteorological 

Organization, 2012). Finally, tabular data is extracted and time series graph of the study 

area is plotted for both one month and three-month SPI data. 

3.5.2 Normalized Difference Vegetation Index (NDVI) 

A MODIS NDVI is used to study the vegetation cover of the study area. The MODIS 

provides a consistent spatial and temporal comparison of vegetation cover greenness, a 

composite property of leaf area, chlorophyll, and canopy structure. 

The NDVI that are used in this study has one-month temporal resolution and 1km spatial 

resolution. The time range cover from 2002 to 2019. The data was downloaded using the 

AppEEARS tool (https://lpdaacsvc.cr.usgsgov./appeears/). AppEEARS interface provides 

the user to input precise sample location or study area and access analysis-ready data from 

land MODIS products from the NASA’s LP DAAC.  

After downloading all the vegetation indices of monthly L3 MOD13A3 terra product of 

MODIS data, it is arranged for further analysis in ArcGIS Environment. In the ArcGIS 

environment, the MODIS NDVI data is multiplied by a scale factor and classified into 

non-vegetation (water body, barren soil, and rock), sparse, moderate, and dense vegetation 

according to the pixel value of the cell. sparse vegetation, NDVI values between + 0.2 and 

+ 0.4; moderate vegetation, values range between + 0.4 and + 0.6; dense vegetation, values 

range from + 0.6 to + 1, and water body or no vegetation area, values less than + 0.2 (Al-

doski et al., 2013). Then, the NDVI data were clipped to the boundaries of the study area 

and processed. Finally, all generated information about the vegetation cover was converted 
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to tabular data. And it is used as input for time varying graph plotting and correlation 

analysis. 

3.5.3 Total Water Storage (TWS) 

GRACE Data processing aims to determine the monthly TWS of the Study Area. To 

process and achieve the goal the Level-3 RL06 V2.0 GRACE mascon solution dataset 

were downloaded from the NASA website, NASA JPL site https://podaac.jpl.nasa.gov, 

and used. The mascon datasets include mascon file, land mask, mascon placement, and 

scale factors. The data products are delivered in NetCDF data formats to accommodate a 

range of user needs. This data type had extracted and converted to tiff file format. There 

are two main reasons for converting the format: The first reason is a need for grided data 

to compare the result with the extracted from CHIRPS Satellite precipitation and MODIS 

NDVI. The second reason is, it is easy to extract necessary information from .tiff file using 

the intended ArcGIS platform. After downloading all the necessary time series raw data in 

the directory, the first step is to extract and convert the netcdf file to tiff format. After that, 

multiply mascon data by gain factors and then by land mask to remove or separate the 

aquatic(ocean) from Land. The resulted data is Subsated (Clipped) using the study area 

shape file. Then the data is projected from geographic world reference to a projected world 

Mercator to make different measurements and mathematical analyses easily. After 

conversion and projection, tabular data is extracted from the resulted data. Since the 

GRACE data has missed some months data, Spline Interpolation technique is used to fill 

missing data. Spline estimates values using a mathematical function that minimizes overall 

surface curvature, resulting in a smooth surface that passes exactly through the input 

points. This method is best for gently varying surfaces, such as elevation, water table 

heights, or pollution concentrations (Spline interpolation). And this technique is chosen 

because total water storage of the area is a gently varying variable. Then, a map and time 

varying series graph of the water storage anomalies of the study area was created. 

3.5.4 Correlation Analysis and Trend 

In different researches of several studies quantitative variables are measured on each 

member of a sample. If we study a pair of such variables, mostly it is need to establish if 

there is a relationship between the two variables, i.e., if they are correlated. 

Correlation of variables can be categorized in to three groups by considering the variables 

relationship: Positive correlation – when both variables increase or decrease in same way; 
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Negative correlation – if the Increase/ decrease of the first variable affects the second 

variable in opposite or No correlation – when the other variable does not tend to either 

increase or decrease depending on the first  (Samuels, 2014; Schober and Schwarte et.al., 

2018). 

The starting point of any such analysis should thus be the construction and subsequent 

examination of a scatterplot (Samuels, 2014). There are two correlation coefficients, the 

Pearson’s product moment correlation coefficient and spearman’s rank correlation 

coefficient (Senthilnathan, 2019; Schober and Schwarte et. al., 2018). 

Pearson’s correlation coefficient is a statistical method of measuring the strength of a linear 

relationship between paired data. The Pearson’s correlation coefficient (r) rages between 

-1 and +1 (Samuels, 2014). The negative or positive sign indicates the relation type 

between the variables, i.e., negative or positive correlation. The range of the value of r 

indicate the strength of the correlation. The value of r between ± 0.00 to ± 0.39 indicates 

weak correlation, value between ± 0.40 to ± 0.59 moderate correlation and value greater 

than ± 0.60 shows strong correlation between variables. 

The Pearson’s correlation coefficient, r, is mathematical described as: 

 

𝒓 =
𝒏∗(∑ 𝑿𝒀)− ∑ 𝑿.∑ 𝒀

√𝒏∗(∑ 𝑿𝟐)−(∑ 𝑿)𝟐∗ √𝒏∗(∑ 𝒀𝟐)−(∑ 𝒀)𝟐
      eq. 3.1 

where, n = Number of observations; x = Measures of Variable 1; y = Measures of Variable 

2; Σxy = Sum of the product of respective variable measures; Σx = Sum of the measures 

of Variable 1; Σy = Sum of the measures of Variable 2; Σx2 = Sum of squared values of 

the measures of Variable 1 ad Σy2 = Sum of squared values of the measures of Variable 2. 

Second degree polynomial regression or sometimes called curve fitting is used to study 

the trend is calculated using the formula:  

𝒀 = 𝑨𝑿𝟐 + 𝑩𝑿 + 𝑪                          eq. 3.2 

Where, X and Y are independent variable and outcome variable respectively, A and B are 

the quadratic effect parameter and linear effect parameter, and C is the y intercept A, B 

and C are determined using least square.  
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To study the effect of drought and green cover change on hydrology, the interrelation 

between different parameters were first visually analyzed. Standard Precipitation Index, 

Normalized Difference Vegetation Index, and GRACE monthly Total Water Storage are 

the variables used. Standard precipitation index from 1982 to 2019, NDVI from 2000 to 

2019, GRACE TWS from 2002 to 2019 were taken and the long-term changes were 

modeled using polynomial regression, least-squares curve fitting method. For this, the 

second -degree polynomial was used in the analysis. The parameters obtained from the 

least-squares fits are then used to generate the long-term trends in the SPI, NDVI, and 

TWS data, between 2002 and 2019, and from the tabulated data the correlation of variable 

is analyzed using the Pearson’s moment correlation method. 
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CHAPTER 4 RESULT AND DISCUSSION 

The results obtained from all the input data after passing through the proposed process or 

methods are presented here. Results from MODIS NDVI, CHIRPS precipitation, and 

GRACE TWSA are presented. The correlation analysis result between each variable 

(parameter) is also discussed. 

4.1 Drought/SPI 

One of the climate change effects is reducing the average precipitation of the area in the 

long term. Drought in this context is recording precipitation below the long-term average 

precipitation in the study period of the area. One of the methods for measuring such 

drought is using SPI. To measure or determine drought in the study area using SPI 30 to 

40-years of data is recommended by the world meteorology Organization (WMO) (World 

Meteorological Organization, 2012).  

Using relatively short time scale the response of Soil moisture conditions to precipitation 

anomalies can be studied. On the other hand, to study Groundwater, streamflow and 

reservoir storage longer-term precipitation anomalies is necessary. So, for example, to 

study meteorology drought one month or three-month SPI result is enough (World 

Meteorological Organization, 2012). 

CHIRPS satellite data from 1982 to 2019 is used to analyze the SPI of the study area and 

one month and three-month SPI values are generated.  

4.1.1 One-month SPI 

A one-month SPI map shows a very similar meaning to a map displaying the percent of 

normal precipitation for a month. It is truly a more precise representation of monthly 

precipitation since the distribution has been normalized (SPI map Interpretation). Even 

though, the one-month SPI reflects relatively short-term conditions and used to study 

short-term soil moisture and crop stress in growing season it is enough to study the 

meteorological drought of a region (World Meteorological Organization, 2012). 

Figure 4.1 shows the one-month SPI for October 2000, 2005, 2010, 2015 and 2019. The 

green color shows areas with above-average precipitation(wet) and the Reddish-brown 
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color shows areas with below-average precipitation (dry). As seen in the figure the short-

term drought extent in October month shows an increase between 2000 and 2005 and 

decreases from 2005 to 2019. The drought extent decreased in the rainy season and starts 

to increase after the growing season passed gradually.  

To see the result in detail the January month of the first one-month SPI, January 2000 is 

8.7 x105 km2 of the area falls in the dry classification. In January 2005 is 6.7 x105 km2, 

January 2010 is 5.7 x105 km2, January 2015 is 7.1 x105 km2 and January 2019 is 6.7 x105 

km2 area is affected by drought.  

The annual average one month SPI is also showing the same decreasing pattern of drought 

effect on the area. For example, the annual average area in 2000 was 7.3 x105 km2 and 

decrease to 6.4 x105 km2 in 2010 and again the area decreases to 4.3 x105 km2 in 2019.  

 

Figure 4.1:  Shows the October month SPI of the study area for 2000, 2005, 2010, 2015 and 

2019. The color-range from Green to red shows from wet to Dry in a continuous manner. 
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Table 4.1 Shows the 5-year interval drought affected area in million km2 

No. year 

Approximate Area in mill. 

km2 

1 2000 0.4035 

2 2005 1.2077 

3 2010 1.0316 

4 2015 0.4504 

5 2019 0.1638 

Table 4.1 shows the tabular data extracted from the above figure SPI for 2000, 2005, 2010, 

2015 and 2019. The table information clearly indicates the decrease in drought extent from 

2005 to 2019. But the 2005 drought extent is among the largest of all. 

The graph below shows a time series drought extent extracted from a one-month SPI 

drought-affected area. The graph also shows the long-term decreasing trend of the drought 

extent. Besides, from the graph one can observe the seasonal variability of the drought. 

 

Figure 4.2:  The figure shows the monthly drought in number of pixels under drought 

extracted from SPI from 2000 to December 2019 and the red line shows the curve fitting. 

The result of one moth SPI indicates that the moisture loss of the soil and the crop stress 

effect in the region. This very helps full to study soil moisture and crop stress. Drought 

events in May 2002, May 2004, Oct 2005, July 2009, Apr 2011, and Oct 2016 are among 

the driest time of the period. 
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Figure 4.3:  Shows the annual average drought-affected area (blue line) and the decreasing 

trend (red line) of the drought. 

The graph clearly shows the time where short-term soil moisture and crop stress reaches 

their maximum and is identified as drought existing period of the area. Therefore, 2004/05, 

2008/09, and 2015/16 are the peak drought time. 

4.1.2 Three-month SPI 

The three-month SPI gives a comparison of the precipitation over a specific 3-month 

period with the precipitation totals from the same three-month period for all the years 

included in the historical record. For example, in Figure 4.4, three-month SPI September 

to November compares the precipitation of Sep, Oct, and November (i.e., abbreviated as 

SON) from 1982 to 2019 and results’ the SPI of the October month. A three-month SPI 

reflects short- and medium-term moisture conditions and provides a seasonal estimate of 

precipitation.  

Figure 4.4, below, shows the three-month SPI of October month for 2000, 2005, 2010, 

2015 and 2019. In the figure, the reddish color shows Dry area. And the green area shows 

a relatively wet region. 
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Figure 4.4: Shows the three-month SPI value of the study area for October month in 2000, 

2005, 2010, 2015 and 2019. the color ranges from Green to red shows from wet to Dry 

condition of the area. 

The table below also summarizes the three- month standardized precipitation index 

drought extent from the 2000 to 2019 in Five-year interval. It clearly shows the decrease 

in the extent of drought. 

Table 4.2 Indicate the drought extent from three-month SPI result for October month 

No. Year 

Approximate 

Area in mill. km2 

1 2000 0.493697 

2 2005 1.314119 

3 2010 1.142456 

4 2015 0.456668 

5 2019 0.145465 

 

The three-month SPI from 2000 to Sep. 2005 and 2006 to end of 2009 shows an increase 

in intensity and affects 1.31 x106 km2 in October 2005, from 2010 to 2015 the effect drops 

to 4.6 x105 km2 on October 2015 and the drought effect again decreased to 1.5 x105 km2 in 

October 2019.  
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Figure 4.5:  The figure shows the three-month drought in no. of pixels affected by drought 

extracted from SPI from 2000 to December 2019. The red line shows the curve fitting line 

that shows the overall trend of drought in the area. 

The above graph of three-month SPI shows the result of each three-month SPI in terms of 

number of pixels affected by drought. As can be seen on the graph the drought extent was 

very high between the years 2003 and 2006 of the study period. From the year 2011 to 

2019 the drought effect has decrease except in 2016/17.  

Even though the trend of drought extent on the area decreased, the frequency of drought 

event is increasing. On the Figure 4.5 it is shown that the drought frequency of the between 

2006 up to 2015 is greater than that happened in between 2000 and 2006. 

The mean annual area for the three-month SPI shows that the highest drought effect was 

recorded between 2004 and 2006. There also other times like 2007 - 2009, 2011 and 2015 

- 2017. All these results coincide with the registered El NINO effect on the world 

(https://psl.noaa.gov/enso/past_events.html).  

As seen in the Figure 4.7, the effect of El Niño in the first 20 year, between 1980 and 2000, 

is very high than between 2000 and 2020. The red color shows the El Niño occurrence and 

the size shows the effect, as the size increase the effect is high. The blue line is the time of 

La Nina. 
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Figure 4.6:  Shows the mean annual approximate area of the 3-month SPI drought. The 

Linear line shows the linear decreasing trend of the drought in the area. 

El Nino is the warming of the ocean surface or above-average sea surface temperatures in 

the central and eastern tropical Pacific Ocean. This has a negative impact on the 

precipitation of the area. Since 2000, El Niño events have been observed in 2002-03, 2004-

05, 2006-07, 2009-10, 2014-16, 2018-2019 and 2019-2020 (NOAA ENSO). 

But as NOAA announced in the February of 2019/20 El Nino of 2019/20 is weak and it 

doesn’t create a significant negative impact on the precipitation worldwide. As Mike 

Halpert, deputy director, NOAA’s Climate Prediction Center and ENSO forecaster said 

While sea surface temperatures are above average, current observations and climate 

models indicate that this El Nino will be weak (NOAA Press Release 2019). 

  

Figure 4.7:  Shows the El Nino event from 1900 to 2020. The width of the bar shows the 

intensity of the effect (Source: https://psl.noaa.gov/enso/mei/) 

The FEWS NET special report on the 2019 short rainy season east Africa region indicates 

that, 2019 is the wettest year in East Africa in at least 40-years, exceptional above average 
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rainfall is recorded (FEWS NET 2020). The long lasting strong positive Indian Ocean 

Dipole (IOD) for October – December and above average sea surface temperature for 

March - May rainy seasons are the main cause of the increased precipitation on the area. 

Due to high rain fall, above average crop production is recorded in some countries like 

Ethiopia, Kenya, Somalia, south-Sudan and Uganda (FEWS NET East Africa special 

report 2020). Also, wide spread flooding and displacement of peoples have resulted. 

4.2 Vegetation Cover/NDVI 

NDVI has a vast application in studying the vegetation cover of large areas. The value of 

NDVI ranges from -1 to +1. A value of less than + 0.2 indicates water bodies and areas 

that have no vegetation cover. Values greater than +0.2 indicate areas with a vegetation 

cover that includes grassland, sparse, moderate, and dense vegetative areas. 

The vegetation cover of the study area is derived from the MODIS MOD13Q1 data for 20 

years period starting from 2000 to 2020. Figure 4.8 of shows NDVI of the October 2000, 

2005, 2010, 2015 and 2019 NDVI. As can be seen from the figures the Vegetation cover 

has increased in 2005 than in 2000. And it decreased in 2010 and increased in 2020, which 

indicate the raise of the area coverrage of a region is not linear. 

Using the monthly interval processed NDVI data, the total vegetation coverage in millions 

of square kilometers is computed and tabulated. This time series tabulated vegetation 

coverage is plotted as shown in Figure 4.9. The figure also shows the curve fitted by 

making use of the second-degree polynomial least-squares approach to the 20 years of 

monthly data. In Figure 4.9 the area with NDVI value above +0.2, healthy green vegetation 

coverage, of the study area is plotted. The reason for fitting a polynomial degree two is to 

remove the seasonal effects and be able to analyze the long-term vegetation coverage trend 

of the study area. 
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Figure 4.8:  Shows the NDVI of October month in 2000, 2005, 2010, 2015 and 2019. The 

green color shows the area with a high NDVI value and area with a red color area with no 

vegetation cover/ unhealthy vegetation. 

 

Figure 4.9:  The figure shows the time vs area cover by vegetation in the study area from 

2000 to 2020. The red line shows the degree two polynomial trend of the vegetation cover in 

the period of the study. 

The MODIS NDVI values for the study area indicate that for May-August the NDVI 

values are high, indicating the growing season and peak vegetative period. And on average 

February is the month with the smallest area covered with healthy green.  

To describe statistically in the first month of study, in Feb 2000, the green coverage of the 

area was 1.3 x106 km2. On the same year,2000, in October the green cover rises to a peak 
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of 2.04 x106 km2. On average the green coverage of the study area in 2000 is about 1.73 

x106 km2. The table below summarizes the rest of the results in the annual average green 

coverage of the year. The rate of change of East Africa vegetation cover is 6.0 x103 km2/yr. 

Table 4.3: Shows the annual average of green vegetation coverage from 2000 to 2020 

year 

The yearly average 

Vegetation cover of the area 

(in 106 km2) Year 

The yearly average Vegetation 

cover of the area (in 106 km2)  

2000 1.732259 2011 1.641758 

2001 1.483955 2012 1.678939 

2002 1.665825 2013 1.704525 

2003 1.635558 2014 1.710827 

2004 1.643653 2015 1.634215 

2005 1.529564 2016 1.631919 

2006 1.717037 2017 1.604705 

2007 1.845084 2018 1.769242 

2008 1.651356 2019 1.873713 

2009 1.474734 2020 2.063844 

2010 1.666174   

The result of this study coincides with the findings of Wanyama et.al (2020), Amadi et.al 

(2018) and Kalisa et al., (2019) study. All those researches are conducted in East Africa to 

study the vegetation cover change and its effect. And the result has shown the trend of 

green coverage in the area has positive or increasing. This increase in the vegetation could 

be due to an increase in precipitation, increasing agricultural practice, or afforestation 

practice policy. 

According to NEPAD 2013 report, in the last 3 decades, agricultural production in Africa 

increased by +160%. This agricultural growth is achieved by cultivating more land 

(NEPAD, 2013). According to FAO report on the forest coverage of the world, the 

deforestation rate is also decreased from 15.1 x106 ha/yr in 2000–2010 to 10.2 x106 ha/yr 

in 2015–2020 (FAO, 2020). 

Adepoju, Adelabu, and Fashae, et. al. (2019), and Ghebrezgabher et al., (2020) study the 

vegetation cover of Nigeria from 2001 to 2017, west Africa, and vegetation cover in the 

horn of Africa respectively founded that the trend shows a decreasing pattern. The first 

study was taken in West Africa therefore the characteristics of the region precipitation and 

agricultural practice on the area and the methodology difference could be the reason. But 
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the second study was conducted in the horn of Africa but the data type used and 

methodology are different for these reasons the result has a different meaning. 

According to the FEWS NET special report on the 2019 short rainy season in East Africa, 

have recorded very high amount of precipitation (FEWS NET, 2020). This exceptionally 

above average rainfall on the region positively influences the vegetation cover on the 

region. 

This increase in the overall trend of green coverage has a positive impact on total water 

storage. Since green vegetation holds water in the leaf and decreases the surface water 

runoff of the area. it helps the ground to hold water and store it. It also Increases the soil 

moisture by reducing the amount of water loss by evaporation. 

4.3 GRACE TWS 

The GRACE total water storage shows the total water available in the area during that 

specific period. It is extracted from the GRACE mascon level three data. The mascon data 

provides the total water storage anomalies extracted from the JPL Spherical harmonics by 

removing noise due to high frequency. The figure below shows the TWSA for May month 

of 2002, 2007, 2013, and 2019.  

Total Water Storage anomalies (TWSA) from the GRACE solutions at a monthly time 

scale corresponds to the sum of all water mass variations at the continent's surface and in 

the soil (i.e., the sum of snow water equivalent, surface water, soil water, and groundwater 

(Chen et al., 2016). 

In the Figure 4.10, the reddish-brown color shows areas with negative TWSA that means 

the water storage is decreased in the area and the blue and green color shows an area with 

positive TWSA. The result shows that from 2002 up to mid-2006 the water storage of the 

area has fallen at a rate of -0.15 mm/month. From 2006 to 2008 it increases and reach +4.8 

mm/month recharge amount. From mid-2008 to 2010 the trend decreased. The trend from 

2010 to end of 2016 showed an increasing with some loose of the water in the middle. the 

recharge and loss of water in the area are almost constant. Between the years 2016 and 

2017, the TWSA anomaly falls to -0.08 mm/month. Recharges 6 cm/month between 2017 
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and 2018 and falls again in 2019 and reaches to its maximum at the end 2019, +10 

mm/month, because of a very high precipitation registered on the area. 

 

Figure 4.10: Shows’ the TWSA for may month 2002, 2005, 2010, 2015 and 2019 

respectively. 

 

 

Figure 4.11:  Shows mean monthly Total Water Storage Anomaly from GRACE and 

GRACE-FO starting from April 2002 to July 2020. The red line shows the curve fitting line 

that shows the long term TWSA trend in the area. 

Like precipitation, GRACE TWSA is also affected by climatic variability factors. Indian 

ocean dipole, ENSO, and Precipitation are the common factors of TWSA change (Becker 
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et al., 2010). In east Africa, precipitation plays up to 60 % to recharge TWS of the region 

(Nanteza et. al., 2016). 

Becker et al., (2010) has found that the trend of TWSA decreased from 2002 to 2006 and 

very strong increasing to 2008. The result of his finding corresponds with the finding of 

this research. Nanteza et. al., (2016) also confirms the decrease of TWSA on the region 

2003 to 2006 and 2007 to 2010. The effect of change in regional precipitation, increasing 

demand of ground water due to growing population and industry are listed as a cause for 

the decrease (Nanteza et. al., 2016). Other factors for the decrease in 2017 and early 2019 

are due to the ENSO effect of 2017 and 2019 and the decrease in drought extent on that 

specific time.  

The overall trend of the total water storage anomaly in the area shows an increasing 

pattern. This is related to the results of the NDVI and drought extent patterns of the area.  

4.4 Trend Analysis and Correlation 

The result interpreted and discussed above showed that all have a strong relation. It is 

shown that the precipitation has a positive relation with NDVI and TWS, both NDVI and 

TWS have a negative relationship for drought, as drought increase NDVI and TWS 

decreases. To quantify this relationship Pearson’s correlation coefficient analysis is 

performed. The correlation coefficient result between the variables is discussed below. 

Trend analysis result shown in the Figure 4.12, Figure 4.13 and Figure 4.14 shows the 

three-month SPI drought extent trend obtained from Equation 3.2, vegetation cover trend 

and the GRACE total water storage trend of the study area. The graph is plotted using the 

second-degree polynomial least square curve fitting. 
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Figure 4.12:  Three-month SPI drought effect trend 

 

Figure 4.13:  Vegetation cover trend of the study area 

 

Figure 4.14:  GRACE total water storage anomaly trend 

NDVI and Drought (SPI) 

The vegetation cover of the area is affected by the temperature and precipitation. In this 

research one can see that at the time of high precipitation, the green-ness of the area 

increase. And when the precipitation decreases the health of the leaf of the vegetation color 

changed and the leaf of vegetation reflection differs from green which affects NDVI, and 

the value decreases. 

The relation between precipitation and NDVI with one month delay shows a strong 

correlation than correlating same month data. This means the NDVI doesn’t fall 
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immediately on the month that the rain decreases, the vegetation stays some times without 

losing its green-ness. The correlation coefficient, r, on the same month Precipitation to 

NDVI is r = + 0.79 and in one month it increases to r = + 0.96. 

The correlation analysis result between NDVI and SPI is -0.97, this indicates the strong 

negative correlation between the two variables. 

TWSA and Drought 

Precipitation increases or recharges the water amount stored on the area. But it doesn’t 

mean that the water storage rises immediately after the rain. The delay between 

precipitation and TWS is approximately two months. The Pearson’s correlation coefficient 

between the TWS and precipitation is r = 0.34 without the delay (time lag) and it raises to 

r = 0.73 with a two months delay. And the correlation coefficient between the GRACE 

total water storage and three-month SPI is -0.98, strong negative relation, showed that 

when the extent of drought increases on the area the total water storage decreases.   

NDVI and TWSA 

Changes in total water storage affects greenness (vegetation growth) of the area, and in 

reverse, vegetation cover changes the land water storage by modifying the land surface 

water balance (Xie et al., 2019). The above results showed this relationship. The vegetation 

cover of the area and GRACE TWSA trend shows both an increase. The Pearson 

correlation analysis resulted +0.98. which is a very strong correlation between the two 

variables. 

From the above three correlation analysis result. One can generalize, as the drought extent 

effect increases both the vegetation cover of the area and the total water storage decreases. 

In a period of high drought extent, the total water storage shows a decrease within the next 

one to two months. 

It can be also seen the on the graph below that the drought effect and the total water change 

relation. As the drought effect decreases the water storage anomaly increases positively 

upward. The trend line of drought (red line) and the trend line of total water storage 

anomaly (blue line) indicates this relation clearly. 
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As seen from all the results of SPI, NDVI and TWSA, the water storage of the region 

responds for both variables, i.e., SPI and NDVI, in different ways. The hydrology of the 

East Africa responds negatively for Drought with approximately two-month delay. When 

the drought extent change between consecutive months become high the total water 

monthly anomaly change will also rise. Vegetation cover change of the area affects 

hydrology of the region. Hydrology responds positively for green cover change. The 

increase or decreasing of vegetation cover change of the region increases or decreases the 

hydrology respectively. 
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CHAPTER 5 CONCLUSION AND RECOMMENDATION 

5.1 Conclusion  

The research work was conducted to study the large-scale hydrological response for 

drought, by correlating the GRACE total water storage with drought measuring index, SPI, 

from CHIRPS precipitation and vegetation cover from MODIS NDVI. The result clearly 

showed that there is a strong correlation between drought, vegetation cover, and TWSA.: 

The general trend of meteorological drought extent of the study area has shown an increase 

between 2002 and 2006 and decreases from 2006 to 2019 but the frequency of occurrence 

of drought on the region has increased. The Vegetation cover change of the area is also 

showing a decreasing between 2002 and 2007 and shows an increase on the area from 

2007 to 2019. The TWSA of the region has decreased between 2002 and early 2006 and 

increased between 2006 and 2019. Precipitation has 60% contribution for total water 

increase on the area and due to 2019 high precipitation record the total water storage of 

2019 in the region is recorded the highest.  

A strong positive correlation between NDVI and total water storage show hydrology of 

the region responds positively for increase in vegetation cover. A strong negative 

correlation between Drought and total water storage indicates the hydrology responses 

negatively to drought. 
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5.2 Recommendation  

The drought, green coverage and water storage of East Africa has studied and results had 

discussed above.  

The countries on the region should develop and follow implementation of policies related 

to prevention, monitoring and mitigation of drought in collaboration of the neighboring 

countries since drought is regional by extent. Effective regional climate change and 

forecasting models for East Africa should be developed and implemented for early 

warning and emergency responses. Environmental rehabilitation through afforestation, 

reforestation and agroforestation practices should be encouraged and supported by 

different sectors. Effective water conservation and saving system should be developed and 

water related researches should consider vegetation cover change of the area.  

Since, this study only considers and relate the drought caused by a deficiency in 

precipitation, green coverage and total water storage in the region, and drought is a very 

serious problem that affects not only human activities but also affects nature itself, it is 

recommended to conduct researches to measure the drought (related to temperature, soil 

moisture, …) and study its effect on the water storage of a region using different drought 

index. 
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APPENDIX 

A.1 Standardized Precipitation Index (SPI) 

SPI was derived by McKee and others (1993). The index is based on a specified non‐ 

exceedance probability of rainfall of certain time scale e.g., weekly, monthly, yearly etc. 

To determine non‐ exceedance probability of rainfall, empirical or a theoretical probability 

distribution function is used. Typically, rainfall have negatively skewed distribution i.e., 

smaller rainfall magnitudes occur with larger frequencies. Thus, instead of common 

normal pdf, Gamma pdf provides better fit for the data. In a probability distribution, 

cumulative probability value and a variate (e.g., Z‐ score) have one‐ to‐ one 

correspondence, cumulative distribution function (cdf) being monotonically increasing 

function. Thus, a cumulative probability value has one and only one variate value. Thus, 

for a rainfall value, cumulative probability value is drawn from Gamma cdf. From given 

cumulative probability, standard normal variate (Z‐ score) is determined using inverse 

standard normal cdf. Z‐ score for precipitation data is termed as SPI. It signifies severity 

of dryness or wetness. Various drought categories are defined for different threshold 

values of negative SPI values e.g. ‐3, ‐2.5, ‐2, ‐1.5, ‐1, ‐0.5 and 0 (Table 1.0). Cumulative 

probability and corresponding SPI values are given in Table 1.1. 

Appendix Table: A. 1 : Classifications of SPI 

SPI values Drought/Wetness condition 

2 and above Extremely wet 

1.5 to 1.99 Very wet 

1.0 to 1.49 Moderately wet 

-0.99 to 0.99 Near normal 

‐1.0 to -1.49 Moderately dry 

‐1.5 to -1.99 Severely dry 

‐2.0 and less Extremely dry 
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Appendix Table: A. 2 Cumulative probability for SPI values 

SPI  

 

Probability  

   -3              -2.5                 -2               -1.5               -1              -0.5                0 

 

0.0014       0.0062         0.0228           0.0668         0.1587         0.3085            0.5  
SPI  

 

Probability  

    0.5             1                   1.5                 2                2.5               3 

 

0.6915       0.8413          0.9332           0.9772        0.9938         0.9986 
 

Gamma probability distribution function (Eq. 1) has two parameters, namely α (shape 

factor) and β (scale factor). The parameters are estimated using maximum likelihood 

estimator as given by Thom (Eq. 2 to 4). The cumulative probability distribution function 

is given by Eq. 5. 

 

 

 

        Where;    (shape factor) parameter of the gamma probability density function 

                           (scale factor) parameter of the gamma probability density 

function 

                       n is number of precipitation observations 

�̅� is mean precipitation 
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Since the gamma function is undefined for x=0 and a precipitation distribution may contain 

zeros, the cumulative probability becomes: 

H (x) = q + (1− q) * G(x) 

Where q is the probability of a zero. The cumulative probability H(x) is then transformed 

to the standard normal random variable Z with mean zero and variance of one, which is 

the value of the SPI. 
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One month SPI results 

 

Appendix Figure A. 1 SPI from 2000 to 2005 

 

Appendix Figure A. 2 SPI from 2006 to 2010 

 

Appendix Figure A. 3 SPI from 2011 to 2015 
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Appendix Figure A. 4 SPI from 2006 to 2010 

3-month SPI 

 

Appendix Figure A. 5 SPI from 2000 to 2005 

 

Appendix Figure A. 6 SPI from 2006 to 2010 
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Appendix Figure A. 7 SPI from 2011 to 2015  

 

 

Appendix Figure A. 8 SPI from 2016 to 2020 
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NDVI 

 

Appendix Figure A. 9 NDVI from 2000 to 2005 

 

Appendix Figure A. 10 NDVI from 2006 to 2010 

 

Appendix Figure A. 11 NDVI from 2011 to 2015 
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Appendix Figure A. 12 NDVI from 2016 to 2020 

TWSA 

 

Appendix Figure A. 13 TWSA from 2002 to 2005 

 

Appendix Figure A. 14 TWSA from 2002 to 2005 

 



Large scale assessment of drought & vegetation cover in response to hydrology detected by GRACE satellite mission 

MSc Thesis Page 71 
 

 

Appendix Figure A. 15 TWSA from 2006 to 2010 

 

Appendix Figure A. 16 TWSA from 2011 to 2015 

 

Appendix Figure A. 17 TWSA from 2016 to 2020 

 

 

 


