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Abstract 
The main objective of this research was to characterize alld idemify drought 
incidence using both historic rainfall (RF) data and satellite-images. From the 
analysis o/ the relationships between average !2 months RF and NDVl, there were 
high If values for rainy momhs. For the remaining dry months of the year, there 
were low relationships (with If values of less th<m 0.5). We concluded that it is 
possible to lise the near real-time MSG Qlld historical NOAA AVHRR NDVI and 
Dev_NDV! data with some calibration and validation to identify and predict 
drought incidences. The outputs of this research can help decision makers to take 
approprime actions to mitigate the adverse effects of drought. 
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Introduction 

Frequent and severe drought has become one of the most important natural 
disasters in sub-Saharan Africa, especially in Ethiopia. The issue of drought 
monitoring has also received attention from experts and scientists . This is 
due to the fact that drought is one of the major causes of economic. social , 
and environmental crises (Tadesse el al., 2008). Its effect is marked by the 
creation of uncertain agricultural economies in developing countries 
(U NEP, 2006). 

Drought is defined as "the naturally occurring phenomenon that exists when 
precipitalion has been significantly below nonnal recorded levels, causing 
serious hydrological imbalances that adversely affect land resource 
production systems" (UNCCD, 1999). Drought is also defined as a 
prolonged, abnormally dry period when there is not enough water for users' 
normal needs, resulting in extensive damage to crops and loss of yields 
(Wilhite, 2005). These definitions of drought are conceptual definitions and 
are the basis for the operat ional definition. The operational definition of 
drought focuses on identifying the beginning, end, spatial extent, and 
severity of the drought in a given region and it is based on scientific 
reasoning. The analysis is done using hydro-meteorological information and 
is beneficial in developing drought policies, early warning monitoring 
systems, mitigation strategies, and preparedness plans (Smakhtin and 
Hughes, 2004). 

There are three types of drought: meteorological drought, agricultural 
drought, and hydrological drought (UNISDR, 2009). The definitions for 
these three drought types are given by UNISDR (2009). While 
meteorological drought is usually defined by a precipitation deficiency over 
a pre-determined period of time, agricultural drought is defined more 
commonl y by the lack of so il water to support crop and forage growth than 
by the departure of normal precipitation over some specified period of time. 
Hydrological drought is normally defined by deficiencies in surface and 
subsurface water supplies relative to average conditions at various points in 
time through the seasons. These three types of drought gradually contribute 

68 



Ethiopian Journal of Development Research Vol. 34, No. I, April 20 12 

to socioeconomic drought, which is the anomaly in supply and demand for 
economic goods (such as water, livestock forage. hydroelectric power, etc.) 
that are dependent upon precipitat ion (UNISDR, 2(09). 

National Meteorological Agency of Ethiopia has attempted to collect and 
document the history of drought and its impact on various administrative 
regions of Ethiopia from different national and international documents. 
Accordingly, the analysis of the chronological events of Ethiopian drought 
has been divided into four pa.:t1S (NMSA, 1996). The firs t onc is from 253 
B.C. (Before Christ) to A.D. (Anno Domini - " in the year of our lord"); 
during th is period, one drought was reported in seven years ' Lime. The 
second one is reported from A.D. to 1500 A.D. During this time there were 
devastating droughts known as "Asah", "Fassas" and " Higlah", which killed 
millions of lives . In this period, there were 177 droughts in the country, 
about one every nine years. The third period was from 1500 to 1900, and 
the information is relatively based on recorded data and, therefore, more 
reliable. From the 16th to the fi rst half of the 20th cenlUry, ten, fourteen, 
twenty-one, sixteen, and eight droughts were reported, respecti vely, 
suggesting sixty-nine events in a period of 450 years. The two notorious 
droughts known as "Quachine" and " Kifuken", which devastated major 
areas of the country, were reported during th is period. The fourth period 
(from 1950 to 1988) is well documented with scienti fic data. The analysis 
of the rainfall data during this period indicated 18 droughts in 38 years, 
suggesting the occurrence of drought every two years. The worst period 
appears to be the 1980s and the worst year is 1984 (NMSA. 1996). 

In the analysis of drought, the onset, duration, and severity of droughts are 
often difficult to determine and the characteristics may vary significantl y 
from one region to another (Rulinda et af., 20 10). In rainfa ll -dependent 
agriculture production are.as, seasonal rainfa ll variab il ity is inev itably 
reflected in both highly variable production levels and in the risk-averse 
li velihoods of local farmers (Cooper et ai., 2008). 

The conventional approach to drought monitoring and earl y warn ing 
systems using ground-based data collection is ted ious , lime consuming, and 
difficult (Prasad el ai., 2007). In recent years, remote sensing data has been 
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used for monitoring agro-climatic conditions. the state of the agricultural 
fields, vegetation cover, and to estimate crop yield in various countries. In 
particular, the advanced very high resolution radiometer (A VHRR) NOVI 
data has been used in vegetation monitoring, crop yield assessment, and 
forecasting (Hayes et al .. 1982; Benedetti and Rossini, 1993; Quarmby et 
al., 1993; Vnganai and Kogan, 1998; Kogan ef al., 2003). The Nalional 
Oceanic and Atmospheric Administration (NOAA) A VHRR-series satellite 
data provides a long-term record of NDVl data that can be used in the 
prediction of crop yield (Prasad el al., 2(07). 

The other remote sensing data source for monitoring agro-climatic 
conditions is Meteosat Second Generation (MSG) satellite. MSG is the new 
European system of geostationary meteorological satellites together with 
the associated infrastructure. It was developed to succeed the highly 
successful series of original Meteosat satellites that served the 
meteorological community for over two decades since it was first launched 
in 1977 (EVMETSAT, 2005). The advanced Spinning Enhanced Visible 
and Infrared Imager (SEVIR l) radiometer onboard of the MSG series of 
geostationary satellites enables the Earth to be scanned in 12 spectral 
channels, from visible to thermal infrared, at 15-minute intervals. Each of 
the 12 channels has one or more specific applications. either when used 
alone or in conjunction with data from other channels. 

From the climatologically data sources, Standard Precipitation Index (SPJ) 
is the usual drought monitoring parameter. The SPI is an index based on the 
probability of recording a given amount of precipitation. and the 
probabililies are standardized so that an index of zero indicates the median 
precipitation amount (half of the historical precipitation amounts are below 
the median, and half are above the median). The index is negative for 
drought, and pos itive for wet conditions. As the dry or wet conditions 
become more severe, the index becomes more negative or positive (Ntale 
and Gan, 2003). SPI can also be used to detennine the magnitude of a 
drought in a locality. DrOUght magnitude is the duration of drought with 
negative SPI deviation expressed in time period of month(s) (McKee et aJ., 
1993). 
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The two drought monitoring approaches, namely climate variable indices 
based and remote sensing based (satell ite-derived vegetation indices (Vis» 
were separately used in the past. Various studies have also demonstrated the 
relationships between climate variables (e.g., prec ipitation) and satellite
derived VIs (Di et al., 1994; li and Peters, 2003). Even though there had 
been various efforts in the past to use meteorological point data or remotely 
sensed data, there were limited efforts to integrate these two approaches for 
practical drought monitoring to save drought victims. The main objective of 
this research is to characterize and identify drought incidence using both 
historic rainfall data and satellite images. 

Materials and Methods 

Study Area 

The study area for this research is the whole of Ethiopia. Ethiopia occupies 
the interior of the Hom of Africa stretching between 3° and 14° N latitude 
and 33° and 48° E longitude, with a total area of 1.13 mi ll ion km2 (EMA, 
1988), 

Ethiopia is located in the tropics and variations in altitude have produced a 
variety of microclimates. Mean annual rainfall ranges from 2000 mm over 
some pocket areas in the southwest highlands, and less than 250 mm in the 
lowlands. In general, annual precipitation ranges from 800 to 2200 mm in 
the highlands (> 1500 meters above sea level) and varies from less than 200 
to 800 mm in the lowlands «1500 meters above sea level). Rainfall also 
decreases northwards and eastwards from the high rainfall pocket area in 
the southwest (NMSA. 1996), 

Data Sources and Analysis 

For this study, historic rainfall (RF) data sets from the Eth iopian 
Meteorological Agency, and satellite images from Meteosat Second 
Generation (MSG) and National Oceanic and Atmospheric Administration 
(NOAA) AVHRR were used. To analyze the relationship between RF and 
NDVI values data collected from 1982 through 2004 were used. Those • 
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years were selected because we found complete data sets for both RF and 
imageries during those time periods. 

There are over 600 rain gauge stations (Figure 1) found in Ethiopia that arc 
classified into four different classes as synoptic. principal, 3nl

, and 4th class 
stations (NMSA, 200 1). For the correlation analysis between RF and NOVI, 
all of tJle four class stations were used. Average RF data from 1982 - 2004 
were calcu lated for each 2 x 2 degree grids (Figure 3). For each of these 
grids one average RF value was calculated. 

For the Standard Precipitation Index (SPI) analysis a total of 40 stations 
were selected. The spatial d istributions of the selected stations are shown in 
Figure 2. For the remote senSing part, satell ite images from MSG and 
NOAA A VHRR were used. From MSG 12 chalU1cls. we used channels 1 
and 2 for detecting vegetation condition. These two visible channels are 
well known from similar channels to the A VHRR instruments that are on 
the NOAA satellites and can be used in combination to generate vegetation 
ind ices such as NOVI (EUMETSAT. 2005). 

Figure I. Distribution of meteorological stations in Ethiopia ,
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Figure 2: Distribution of selected meteorological stations fo r SPI analysis 

Methods 

-• 

Source: Authors' Own Construction, 2010 

Ethiopia is a country with heterogeneous ecosystem. This heterogeneity is 
mainly attributed to the variability in elevation and topography. This causes 
short distance variability and changes in both RF amount and distribution. 
The number of rain gauges in Ethiopia is small and unevenly distributed 
(Figure I). Therefore, in this research for maximizing the homogeneity of 
the area and reducing the error due to scarcity of RF gauges in the country. 
we produced a total of twenty-one 2 x 2 degrees grid. The historical average 
RF gauge data and NOAA A VHRR NOVI data inside these grids were 
calculated. To observe the relationship between RF and NOV I, the RF 
recoded by all stations inside the grids were averaged from 1982 to 2004 
and an average point data was generated. The same procedure was followed 
fo r the NOAA AVHRR NDV[ values of the 2 x 2-degree grids . The 
correlation and scatter plots of these analyses are presented in Figure 6. The 
RF patterns inside these grids were also analyzed separately (Appendix 2). 
From this analysis different patterns were observed for different parts of the 
COuntry. All the patterns observed are presented in Appendix 2. 
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The RF pattern analysis was done with the intent of maximizing 
homogeneity and control NDV I data for monitoring drought by comparing 
current NDV I with historical NOV l values. These historical average values 
of RF and NOV I are presented in Appendix 1. 

Figure 3. Map of Eth iopia with 2 x 2 degree grids 
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SPI and Dev-NDVI for Monitoring Drought 

Using the 40 selected stations (Figure 2), three-months SPI values were 
calculated for two time periods, 1984 and 2009. The three-month SPI was 
used because the three-month SPl calculated for October can use the 
precipitation total of August, September, and October, which are peak 
growing andlor maturity period of plants. This was also done with the 
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assumption that later on we can match the three· month SPI values with 
Dev_NOVI values. As a single numeric value, the SPI can be compared 
across regions with markedly different cl imates (Ntale and Gan, 2003). In 
thi s research, since the cumulative precipitation was not nonnally 
di stributed, the data was transformed to a nonnal domain to standardize the 
drought index. Us ing the stations data (Figure 2), the three-month SPI was 
calculated using equat ion I (McKee et ai. , 1993). After getting these point 
data for the selected stations, ordinary kriging method was used for 
interpolating the values for the whole of Ethiopia. 

SPl = ~-PIN"" (1 ) 
s 

where SPI is the standard precipitation index, ~ is observed cumulati ve 

rainfall at a given time scaJe, P _0>1 is long-term mean rainfall of a given 

time period. and s is the standard deviation of the past rainfall record of a 
given time scale. 

In the remote sensing imagery analysis part, ILWIS 3.6 software was used. 
The NDV! data from NOAA were used after prcprocessing with the 
recommendation made by the data sources in the Meta Data details. 

The 10-days images of MSG (1·10 October 2009) were imported to ILWIS 
raster image format using the "Multiple times in one file" option. This 
means that we had all IO bands stacked (map list) together and made ready 
for the NOVl calculation. The raw data downloaded from MSG were pre
processed and the NOV I values were calculated using equat ion 2. During 
the analysis, cloud-contaminated pixels were removed from each individual 
image by examining the reflectance and temperatures. The daily NDVI 
values of MSG were aggregated on a dekadal basis. In a year. there are 36 
dekads (one dekad is equal to JO days). 

The deviation of nonnalized difference vegetation index (Oev_NOVl) was 
calculated after processing the two datasets separately (NOAA historical 
NDVI and MSG NOVl data). Since the two data sources were found to 
have different resolutions, the MSG data was re-sampled to 8 km (to the 
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spatial resolution of NOAA A VHRR data). After importing the three-band 
image data to ILWIS 3.6 raster format, a script was written for calculating 
the Dev_NDVI. 

Dev NOVI is calculated using Equation 3. 

NOVI = P"i._P"d 
Pnl. + P •• d 

(2) 

where P"d (0.4-0.7 mm) and PIli. (0.75- 1.1 mm) are reflectance in red and 

near-infrared bands of the satellite images. 

(3) 

where NOV! _i is the actual dekad (lO-day composite) NDVI from MSG 
satellite and NOVI _ Mean _ i is the long-term mean for the same-dekad 

NOVl from NOAA satellite. 

Results and Discussions 

Rainfall Pattern in Ethiopia 

According to Verdin et al. (2005), the RF seasons for the country as a whole 
are March-May (locally called 'Belg'), and June-September (locally called 
'Kiremt'). They al so indicated that most of the rains in Ethiopia come in the 
period March to September, with a pause in many parts of the country 
around the end of Mayor beginning of June. The 'Selg' rains come in 
March-May, and the 'Kiremt' rains in June-September. A FEWS NET 
(2003) study also showed that April-May RF totals could explain 50% of 
the variance of long-cycle water requirement satisfaction index, revealing 
that th is is a critical stage when rainfall deficits can negatively impact yields 
of crops harvested in September- December. 

In our study, the overall monthly average RF pattern analysis showed that 
there is a difference between the different grids (Appendix 2). From this 
analysis. four major different patterns were identified. The first pattern is 
the one with high average RF during July and August. In this pattern. the 
rain starts in March with gradual increase and reaches the maximum in July 
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and August. This panern is presented on Figure 4a using grid P5. III The 
second pattern has high average RF during July and August and a secondary 
RF during March, April and May with highest average RF in April. This 
pattern is presented on Figure 4b using grid [4 t , 13]. The third pattern has 
high average RF during April and May and a secondary RF during 
September. October and November with highest average RF in April. This 
pattern is presented on Figure 4c using grid [39, 7}. The fourth pattern has 
RF throughout the year with relatively low average RF during December. 
January and February. This pattern is presented on Figure 4d using grid [35, 
7]. The overall monthly average RF analysis for Eth iopia using the 21 grids 
is presented in Appendix 2 and the spatial distributions of the four RF 
pauerns are also presented in Figure 5. 

Results from both Verdin el al. (2005) and FEWS NET (2003) are not 
refined enough to develop a practical drought monitoring system in 
Ethiopia. Compared to these coarse classifications, our approach classified 
the country temporall y and spatiall y (Figures 4 and 5). In our research we 
delineated the RF pattern in the country (Figure 5) and our aim was to 
develop a drought monitoring system specifically for the localities based on 
their RF patterns. The four patterns identified in this research nre the basis 
for developing drought-monitoring system using the satell ite data in our 
subsequent research. 
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Figure 4: Average RF for Ethiopia: pauern 1 (a), pattern 2 (b), pattern 3 (c) 
and pattern 4 (d) 
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Figure 5. The four average RF patterns using all RF gauges inside the 2 x 2 
degree grids in Ethiopia, J 982 - 2004 
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Relationships between RF and NDVI 

From the analysis of the relationship between average RF and average 
NOVl for 12 months. there were relatively high R2 values for rainy months 
(Figure 6) as expected. For dry months. there were low relationships (with 
R2 values of less than 0.5). The maximum R2 values recorded were for May 
(R2 = 0.7613) and September (R2 = 0.7698) and the minimum values were 
in Febnlary (R 2 = 0,2 172) and November (R2 = 0,2095). The R2 values 
showed a gradual increase from February to May. with a maximum value in 
May; it decreased in Jul y, and then increased again in September (Figure 6). 
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The result showed that the main rainy months, which stan in mid-June and 
end in mid-September, have strong relationship with NDVI values. From 
these analyses, it was found that the decrease or increase in RF value cou ld 
be tracked using NDVl values . 

The overall pattern indicates that the correlation between RF and NOVI is 
low during dry months. It stans to increase when the rain starn, and reaches 
maximum when plants are in vigorous growing stages. Tadesse el a1. (2005) 
categorized the plant growing seasons into three (early growth, peak growth 
and harvest) for modeling and predicting drought related vegetation stress. 
Then, they built regression tree models for each of the three phases. In our 
research, we have not been limited to the vegetation growing seasons. 
Instead, we used the monthly average values throughout the year. 

Figure 6: Scatter plots showing the correspondence between the average 
NDVI and RF. 1982102004 
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Figure 6 ... conr d 
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NB. The numbers 1-1 2 correspond to January-December. 
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Spatial Analysis of Drought in Ethiopia 

The overall analysis of the 1984 and the 2009 drought showed that the 1984 
drought was more severe compared to the 2009 drought. In the 1984 
drought, moderate to extreme drought patterns across the central and 
southwestern regions of Ethiopia were observed. Extremely dry classes 
were observed in the central, northeast and southwestern corner of the 
country (Figure 7). The severely dry classes were observed in the central 
and southwestern part of the country. 

In 2009, severel y dry. moderatel y dry. near normal and wet categories were 
observed. In 2009, the severe drought class was observed in relatively 
smaller areas (i.e., central, eastern and southern part of the country) than the 
1984 drought (Figure 8). 

Figure 7: Spatial distribution of the 1984 drought in Ethiopia 
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According to McKee er al. (1993), SPI >=2 means extremely wet 
1.99>=SPJ>=1.0 means very wet or moderately wet; 0.99 >= SPI >=-0.99 
means near nonnal; -1.0 >=SPI>=-1.49 means moderately dry; -1.5 >=SPI 
>= -1.99 means severely dry; and SPI < -2.0 means ex..tremely dry. Based on 
this standard classification of drought, the 1984 drought was more severe 
compared to the one in 2009. The NMSA (1996) also indicated that the 
1984 drought was one of the worst droughts in the 1980s, in Ethiopia. 

Figure 8: Spatial dislribution of the 2009 drought in Ethiopia 

, 

, 

Extent of Drought in Octobel' 2009 in Ethiopia .. .. .. .. .. 

, 
.I 

'---, , • " 

'. 
\ 
\ • 

'. a 

" 

"-
) , 
L- -_ 

-
, 

- r" ~ -
, 

----. 
;0; " ~ --. 
~ 

• • • 

'" 

Legend 

_" II'iI ··\~C~[)Y1 
_ • \ oG · . , (MOc)tnIt/i C)y) 

o .oill· OI5eIl'W N!;mI8II 

0 0118. ' 1III~ "" IO_.'o«) 
o Cw"lIY Iloo.r\IWy 

, 

--------- 7 • / 

- , 

• 

Source: Authors' OYlO Construction, 2010 

NDVI and Deviation of NDVI for Spatially Locating Drought 

, 

, 
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In this section, we present the status of drought cond.itio~s in October 20?9 
using the NDV I parameter. This analys is was also pnmanly conducted wah 
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the aim of testing the applicability of MSG data for spatio·temporal drought 
monitoring. The results were obtained by using first dekad of October 2009 
MSG data and the long· term average NOAA AVHRR NDV[ data. 

The actual drought condition was determined by comparing the NDVI fo r 
the first dekad of October 2009 with the long·term mean NOVI using 
NOAA satell ite data. Our results show that approximately 40% of the area 
exhibited negative deviation (see Figure 9). This indicates that drought 
conditions were observed in 2009 in different parts of Ethiopia. -111ese 
results align with recorded RF in 2009 in most parts of Ethiopia, which 
show that the rai nfa ll amounts recorded were below the overall average 
(FEWS NET, 2009), 

Figure 9: Dev_NOV I spatial distribution 
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The comparison of the SPI and Dev _NDVI maps also showed that there are 
some localities where similar pauems were observed. The two hot spots 
observed in the north western and western parts of Ethiopia from the SPI 
map were also observed in the Oev_NDVI analysis output map (Figure 10). 
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There is also a ciifference in the two maps in showing the intensity of 
drought. The SPI drought intensity shows the hot spots and the Oev_NOV I 
map shows the pixel level deviations. The Dev_NDVI drought intensity 
map is continuous compared to SPI map. This difference is auributed to the 
number of stations (only 40 stations) used for the SPI va lue interpolation. 

From our analysis (pixel level comparison of SPI and Dev_NOV I), it can be 
observed that the drought identified as 'severely dry' in 2009 by SPI 
parameter (Figures 8) is related to high Oev _NOVI values (see Figure 10 
and 11 ). Specifically, the two zones shown in Figure 10 are Awi Zone in 
Amhara Region and Agnuak Zone in Gambella Region. In these zones, 
drought pixels were reported both by SPI and Dev _NDVI parameters 
(Figure 11). Therefore, it might be possible to say th at with some 
cal ibration and validation of the two parameters, it is possible to use 
Oev_NDVI for identifying drought incidence. 

Calibration and validation of the Dev_NDVI parameters for identifying 
drought incidence in the different RF patlern areas is the future research 
agenda fo r using satellite data for drought monitoring. From Figure 11 
(pixel level comparison of SPI and Dev_NDVJ), it could also be observed 
that a Dev_NDVl of one pixel is related to its neighboring pixels and it 
might be possible to estimate or develop a mathematical function fo r 
identifying and modeling drought objects. The nex t step in this research is 
to estimate or develop a mathematical function to characterize drought 
pixels from non-drought pixels. After having the appropriate function, an 
algorithm can be developed to automate the process of identifying and 
~odeling drought pixels fTom high temporal resolution MSG satellite 
Imagery. 
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Figurc 10: Comparison of SPI and Dev _ND VI maps, October 2009 
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Source: AUlhors' Own Construction. 2010 

NB. The arTOWS show a drought intensity using both SPI (left) and Dev_NDVI (right) 
parameters 

Figure 11: Pixels level comparisons of SPI and Dev_NOV!. 

---~ =--
Source: Authors' Own Construction. 2010 

NB . The arrow shows a drought intensity using both SPI and Dev_NOVl parameters 
during October 2009 in Gambela Region. Agnuak Zone. 
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Conclusions 

The focus of this research was to characterize and identify drought 
incidences using both historic RF data and satellite images. NDVI and 
Dev_NDVI data from satellite sources were analyzed and compared with 
the historical RF records in forty stations. In this case the RF records were 
used as control parameters for the satellite source data. The relationship 
analysis between RF and NDVl showed that there are high R2 values in the 
main rainy months. Overall , interesting results have been achieved in 
characterizing and identifying drought incidence using bolh historic RF data 
and satellite images data sources. Based on this study. it is possible to use 
the near-real time MSG and historical NOAA A VHRR NDVI and 
Dev_NDVI data with some calibration and validation to identify and predict 
drought incidence in advance and take appropriate actions for saving 
drought victims. 

The results of this study may help decision makers to use advanced satellite 
teclmology for effective drought monitoring and early warning systems in 
various regions. Integrated with appropriate policies, these early warning 
systems can help to prevent famine and starvation in food-insecure regions.. 
In the past. satellite technologies have primarily been used in areas of 
meteorological applications. In this research. the main emphasis is on 
mining knowledge (e.g., pattern recognition) from satellite images for 
drought hazard assessment and saving the lives of individuals who are 
affec ted by recurring droughts. The findings of this research can also assist 
decision makers in taking appropriate actions in time to save li ves in 
drought~affected areas using advanced satellite technology. 
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Appendices 

Appendix 1: Average monthly RF (MM) and NDVI data from 1982-2004 
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Appendix 1 .. . cont'd 
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Appendix I ... com'd 
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Appendix 2: Rain fall pattem for the 2 x 2 degree grids 
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