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Abstract This study investigates the spatial and temporal variation of meteorological
droughts in the Upper Blue Nile (UBN) basin in Ethiopia using longer historical records
(1953 to 2009) of 14 meteorological stations, and 23 other stations with relatively shorter
records (1975 to 2009). The influence of using varying record length on drought category
was studied by comparing the Standard Precipitation Index (SPI) results from the 14
stations with long record length, by taking out incrementally one year record from 1953 to
1975.These analyses show that the record length from 1953 to 1975 has limited effect on
changing the drought category and hence the record length from 1975 to 2009 could be
used for drought analysis in the UBN basin. The spatio-temporal analyses of the SPI values
show that throughout the UBN basin seasonal or annual meteorological drought episodes
occurred in the years 1978/79, 1984/85, 1994/95 and 2003/04. Persistency from seasonal to
annual drought, and from one year to the next, has been found. The drought-years
identified by this SPI analysis for the UBN basin, are known for their devastating impact in
other parts of Ethiopia.
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INTRODUCTION

Drought is a natural hazard characterized by a significant decrease of water availability during a
prolonged period of time over a large area. It occurs in different parts of the world and may
cause substantial impact on economic activities, human lives, and various elements of the
environment (Dracup et al. 1980, Bryant et al. 1992, Keyantash and Dracup 2002, Barua and
Perera 2011). In Ethiopia, drought is a frequently recurring phenomenon often accompanied by
very serious and diversified impacts on human lives and environment (Tagel et al. 2011). The
historic drought events show frequent occurrences of severe drought and famine in Ethiopia
(Tagel et al. 2011). In the past few centuries, more than 30 major drought episodes have
occurred, of which 13 were severe and covered the entire country and affected several nations

(Tagel et al. 2011). Some studies show that the frequency of drought occurrence in Ethiopia has
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been increasing over the last decade (Edossa et al. 2009, Tagel et al. 2011). Since 1970, severe
drought has hit Ethiopia every ten years on average with an increasing frequency in recent years.
For instance, Margaret (2003) found that drought in Ethiopia now occurs every two to three

years.

Drought in the year 1984/85 caused a million people to lose their life, destroyed crops
and livestock, and forced millions of people into displacement and destitution (Tagel et al.
2011). More specific figures from recent drought episodes in Ethiopia illustrate the magnitude of
drought associated impacts. For example, the drought of 2003 led to the worst famine since mid-
1980s which affected 13.5 million people (Wagaw et al. 2005) and caused large devastation
interms of life and economical losses. Thus, drought management has become an important issue
in the drought prone parts of Ethiopia in order to reduce the adverse effects of drought hazards
and potential disasters through drought prevention and mitigation measures as well as
preparedness. Thus far, few drought studies have been conducted on the drought management
using the historic time series of hydro-meteorological variables at a local level (e.g., zones or
basins) in Ethiopia (Ramakrishna and Assefa 2002, Edossa et al. 2009, Araya et al. 2010, Tagel
et al. 2011). More specific studies need to be conducted to better describe and characterize
drought and to associate its characteristics with temporal and spatial variability of rainfall at a
local level (e.g. at sub-basin level).

The Upper Blue Nile (UBN) contributes one of the largest of runoff portions (48.5 billion
m’ per year) to the Nile flow (Conway 2000). The UBN basin considered less prone to drought
because of the large amount of rainfall it receives annually and its location on the highlands of
Ethiopia where evaporation losses are minimal. Although not documented, north-eastern and

some pocket areas towards the central part of the basin are historically associated with drought



(Conway 2000). This study assesses the spatial and temporal characteristics of meteorological
drought in the Upper Blue Nile Basin. The study first investigates whether climate records with
shorter-length affect the assessment of drought events interms of drought categories (e.g.
moderate, severe, extreme drought), before making use of all available observations to assess the
spatial and temporal distributions of drought over the UBN basin. Long-term monthly rainfall
data has been a prerequisite for carrying out drought analysis and modelling for many studies.
While the presumption is widely followed, there has been a lack of studies on the effect of data
length, which in fact hampers researchers from using records with shorter length.

The standard precipitation index (SPI) was used to study the effect of the length of
records and to characterize drought in the UBN basin. The SPI is a probability index that uses
monthly rainfall data as input. It has been demonstrated to perform better in comparing drought
across different regions (Guttman 1998). The SPI also gives better spatial standardization than
other drought indices such as Palmer Drought Severity index (PDSI) on analyzing extreme
drought event (Sonmez et al. 2005). The SPI has been widely applied and tested in many
watersheds. However, very few studies have been conducted in different parts of Ethiopia to
analyze drought using SPI. Edossa et al. (2009) reported the temporal and spatial analysis of
meteorological and hydrological droughts for the Awash basin of Ethiopia applying SPI for the
assessment of meteorological drought using monthly rainfall data from 1963 to 2003. The study
showed the potential benefits of SPI for drought assessment and examined the lag time between
the hydrological and meteorological droughts. Tagel ef al. (2011) evaluated the spatial and
temporal variability of drought using SPI and vegetation condition index (VCI) for the Tigray
Zone located in the high lands of Ethiopia. The Tigray Zone is proximal to the UBN basin and

located in the Northern part of Ethiopia. The study demonstrated that the large part of the study



area is prone to drought. Further, the results showed a time lag between the period of the peak of
vegetation condition index (VCI) and precipitation values (Tagel et al. 2011). Cancelliere et al.
(2007) used stochastic techniques for seasonal forecasting of SPI and showed the importance of
SPI for drought assessment and forecasting. Bonaccorso et al. (2003) analyzed drought for Sicily
Island using SPI and showed that the entire Island is characterized by drought variability with a
multi-year fluctuation and a tendency towards drier periods from the 70s onward. Generally,
many studies have been conducted using SPI in different part of the world for drought
assessment and forecasting (Guttman 1998, Yamoah et al. 2000, Cancelliere et al. 2007, Livada
and Assimakopoulos 2007, Patel et al. 2007, Wu et al. 2007, Khan et al. 2008, Li et al. 2008).
However, testing the effect of data length and incorporating the findings on the spatio-temporal
assessment of drought using SPI in Ethiopia has not yet been considered. The overall objective
of this study is to analyse and assess the spatio-temporal variation of drought in the UBN basin,
Ethiopia, using the SPI. Moreover, this study analyses the effect of the length of rainfall time
series data used on drought assessment with the aim to validate the use of large number of
stations with relatively shorter data record to investigate drought characteristics of the UBN

basin.

STUDY AREA

The Ethiopian part of Blue Nile also known as the Abbay Basin in Ethiopia is located in the
north-western region of the country between 7°40° N and 12° 51” N latitudes, and 34° 25’ E and
39° 49’ E longitudes (Fig. 1). The Upper Blue Nile basin ranks as the largest river basin of the
country by its volume of discharge and the second by its area (Yilma and Awulachew 2009). It is
also the largest tributary of the Nile River (60% of the Nile total flow) and covering a total

drainage area of 176,000 km” (Conway 2000). The basin is the most important water resource for



Ethiopia, Sudan and Egypt. The topography of the UBN basin signifies two distinct features: the
highlands with rugged mountainous areas in the central and eastern part of the basin, and the
lowlands in the western part of the basin. The altitude in the basin ranges from 490m in the
lowlands up to 4261m in the highlands. Whilst the highlands are the main source of water, the
lowlands have expanses of flat lands through which the accumulated flow travel from the
highlands to the lower riparian countries. The annual rainfall ranges from 787 mm to 2200 mm
with the highlands having the highest rainfall ranging from 1500 to 2200 mm and the lowlands

receiving less than 1500 mm (Conway 1997, Kebede et al. 2006, Yilma and Awulachew 2009).

The monthly rainfall recorded by local meteorological stations was the basis upon which the SPI
and drought categories were calculated. The rainfall records of 45 stations were collected on
monthly time step from the national meteorological service agency of Ethiopia. Most of these
stations are located inside and nearby the UBN basin. However, few of the other stations used in
this study are located in different watersheds that have distinct agro-climatic zones. These
supplementary stations were used to study the effect of data length on the drought category. The
years covered by the records of each station range from 1953 to 2009. While some stations cover
the whole period, others start from the 1970s. Regardless of the data length, the quality of the
rainfall record needs to be assured prior to applying the data in any drought study. The double
mass curve technique was applied to check the consistency and homogeneity of each station. The
annual rainfall data for each of the 45 stations was first cumulated in chronological order. The
pattern of the mean of the cumulative rainfall is then used to test individual station records. The
cumulative rainfall of each station was plotted against the mean of the cumulative rainfall. A

break in the slope of the plot indicates a change in the precipitation regime. This criterion was



used in this study to select the meteorological stations considered for the spatio-temporal
assessments of drought. The double mass curve produced for Debremarkos station (Fig 3)
demonstrates the consistency of the rainfall record. The plot shows the consistent record of
rainfall data in this station and a break in slope was not observed throughout the record length.
Similar procedure was applied for the other stations and similar results were obtained. The
results from the data quality assessment led to the choice of 37 rainfall stations data for further
use. There were a maximum of four years of missing data in some of the selected stations. No
techniques were applied to fill the gaps. Instead the missing data was omitted during the SPI

calculation.

In this study, two distinctive groups of meteorological stations supplied the monthly
rainfall data. The first group includes 14 meteorological stations with relatively long records
(i.e., over 50 years), located in different parts of the country and different rainfall regions. This
group of stations were used to test the effect of data length on drought category. The second
group comprises a total of 29 stations located inside and in a close proximity to the UBN basin.
Out of the 29 stations, six stations had longer data length and also were used in the first group.
The other 23 stations had a shorter data record (i.e., 35 years, from 1975 to 2009). The second
group of the stations was used to study the spatial and temporal assessment of drought in the
UBN basin.

In the first group, most of the meteorological stations have monthly rainfall data and the
data recording began in the early 1950's, with two exceptions (Mekelle and Debreziet) where
recording started in1960. Debremarkos and Gondar stations are located inside the basin whereas

the rest of the other stations are located outside the UBN basin boundary (Fig. 2).



The analysis of the spatial and temporal assessment of droughts was made with the
second group of 29 stations with monthly rainfall data from 1975 to 2009. As shown in (Fig. 2)
most of these stations are located within the UBN basin, except five stations that are located just
outside of the basin. Although there are many meteorological data recording stations in the basin,
getting long term data records was one of the main challenges that prompted for the necessity of

this study.

The effect of the record length on the drought category and the spatial and temporal assessment
of droughts were performed using SPI. This index utilizes the current and historic rainfall data to
compute its value which is proportional to the deviation from the long term average rainfall. The
computation employs fitting the probability density function to the frequency distribution of
precipitation summed over the period of interest in this case from 1970 to 2009 (Khan et al.
2008, Moreira et al. 2008, Tagel et al. 2011). This was performed separately for each month and
for each location. Each probability density function was then transformed into the standardized
normal distribution. Thus, the SPI is said to be normalized in location and time. The conversion
of cumulative probability to the standard normal random variable employs fitting the curves for
all stations at all time scales and for each year. This process can be cumbersome and the SPI
value is more easily computed using an approximation method suggested by Abramowitz and
Stegun (1965) as shown in equation 7 and 8. Once standardized, the values of the anomaly of the
SPI are categorized based on McKee et al. (1993) classification as shown in Tablel.

The SPI calculation involves the selection of a probability distribution function (PDF)
that fits best with the Belg, Kiremt and Annual rainfall of each meteorological station. The

commonly used statistical probability distributions such as Normal, Gamma, Log-Pearson and



Weibull were tested for each station in the study area. We presented the detail calculation
procedure of Gamma distribution below and the detail of the other models can be referred on the
following literatures (Abtew et al. 2009; Hanson and Vogel 2008; Sharma and Singh 2010).
Each model was then fitted to the Belg, Kiremt and Annual rainfall and the goodness of fit of
each model was evaluated using Kolmolgorov-Smirnov test, Anderson Darling test and Chi-
squared test (¥2) (Sharma and Singh 2010). We used the EasyFit software to fit the probability
distribution functions to the rainfall data for each of the stations. Overall, the gamma distribution
fitted the rainfall record well in the majority of the stations and hence the gamma distribution has
been selected in this study to assess the drought.

The gamma distribution is defined by its frequency or probability density function:

1

Where a > 0 is the shape parameter, § > 0 is a scale parameter and x > 0 is the amount of
precipitation. F(a') defines the gamma functions.

Fitting the distribution to the data requires avand 8 to be estimated using the approximation of
Thom for maximum likelihood as stated in Edwards and McKee, (1997) as follows

Ot:i 1+‘/1+ﬂ 2
44 3

Where, for n observations

Azgn(x]_w 3
n

G(x) = Cumulative probability excluding probability of zero precipitation



G(x) =j g(x)dx =+j‘xae;dx 5
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H(x) = Cumulative Probability including probability of zero precipitation
=g+1—-g9)G(x) 6
g= is the probability of zero precipitation where gamma distribution becomes undefined
For X=0 and q = p (x=0) (probability of zero precipitation is simply the number of observations
of zero precipitation divided by the total number of observations).

To convert cumulative probability to the standard normal random variable Z:

c, +cit+ czt2
1+dt+d,t°> +d,;t°

Z=SPI=—(£ ] forO< H(x)<0.5 7

c, +ct+ cztz
l+dt+d,t° +d;zt’

Z:SPI:+(t— ] for05<H(x)<1 8

where: t = \/ln(mj fOi" 0< H(X) <0.5 9
1
t= \/ln( a —H(X))2 j for0.5< H(x)<1 10

c, =2.515517, ¢,=0.802853, ¢, =0.010328, d, =1.432788, d, =0.189269,
d, =0.001308

The SPI values were computed for two time-scales i.e. three month (SPI-3) and 12
months or annual (SPI-12). The SPI-3 was used to assess drought during Belg (February - April)
and Kiremt (June - August) seasons, which represent the two rainy seasons in Ethiopia and SPI-
12 was used to assess the annual drought. In assessing the effect of data length on drought
category, two data withholding procedures were applied. The procedure followed in the first data

withholding experiment was that one additional year of data was taken out starting from 1953
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and then SPI values were calculated accordingly. The data withdrawing started from 1953 and
was repeated up to the year 1975 where most of the other stations started recording. Then, the
SPI values for a particular drought year between 1975 and 2009 were checked whether or not the
values indicate the same drought category. As cross-validation of the results of the first
experiment, in the second procedure the one year of data was withdrawn one by one starting
from the middle of the data record (from 1970 to 1988).

Since drought is a regional phenomenon, the point-based SPI time series values of each
meteorological station have been interpolated using the inverse distance weighted (IDW) method
to assess the spatial extent of drought in the basin. The inverse distance weighted method gives
better representation for interpolation of rainfall distribution over heterogeneous topographic
terrain (Tagel et al. 2011). In order to identify the area most frequently struck by drought, the
frequency of occurrences of drought was computed by taking the ratio of the number of drought
years to the total number of years used in the analysis. The frequency of occurrence of drought

was also spatially interpolated using inverse distance weighting.

RESULTS AND DISCUSSIONS

Overall, all stations showed that the SPI values are within the same drought categories
irrespective of the length of records (Figs. 4 to 7). The results of Debremarkos (Fig. 4b), Hossana
(Fig. 5h) and Welaita Sodo (Fig. 7n) give consistent SPI values (no clear trends or abrupt
changes). The SPI drought categories computed from data records starting from 1953 and data
records starting from 1975, therefore, remained the same. The results for Addis Ababa (Fig. 4a),
Gondar (Fig. 4c), and Jimma (Fig. 4d) demonstrate that most of the data series (SPI values)

remained in the same drought category. Three exceptional SPI values were found falling out of
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the range of severe drought category at Gondar (Fig. 4c) and Jimma (Fig. 4d) for data length of
45 and 46 years. Compared with the total number of drought events considered, the impacts of
these exceptions are thought to be negligible. An increasing trend within the drought category
was observed at Gore (Fig 5g) for the first data withdrawing procedure (discussed in the method

section), but not to the extent that the drought category changed.

In the cross-validation procedure, the second data withdrawing experiment discussed in
the method section, for meteorological stations located in the UBN basin as well as in other parts
of Ethiopia, results also did not show any sensitivity of the SPI index to the data length. Only in
Kebridhar station (Fig 6j), increasing trends of SPI values were observed, however all the values

observed fall in the same drought category.

These analyses show that the record length from 1953 to 1975 has limited effect on
changing the drought category and hence the record length from 1975 to 2009 can be used for

drought analysis in UBN.

Based upon the findings from the first analysis on the influence of data length, the use of more
stations with shorter data records in the study area was justified. Thus, the second group that
includes all the 29 meteorological stations was used to study drought characteristics using the
SPI.

Figure 8 illustrates the time series values of SPI for two selected stations (Gondar and
Debremarkos). Both stations are located inside the UBN basin (Fig. 2).

Belg season
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As shown from the time series of the SPI for the Belg season (short rainy season from February
to April) in Debremarkos (Fig. 8a) and Gondar (Fig. 8b) stations, moderate drought episodes
were indicated for the years 1965, 1978 and 1985 in Debremarkos station; 1977 and 1998 in
Gondar station. Severe drought occurred in the years 1954, 1971 and 1999 in Debremarkos
station; 1970, 1974, 1984 and 1994 in Gondar station. Extreme drought episodes were also
indicated in the years 1984 and 1998 in Debremarkos station; 1968 and 1983 in Gondar station.
The drought episodes in the Belg season show multi-year persistency at most stations, although
severity often changed from year to year. The moderate, severe and extreme droughts were
followed or preceded by mild drought episodes. Although the mild drought episodes represented
below the long term mean, its impact is much less and closer to the normal condition. For this
reason the mild drought episodes were not presented in the temporal assessment of drought in the
UBN basin.

The occurrences of moderate, severe, or extreme drought episodes in the Belg season, in some
year manifested at the annual time scale as well. However, the impact of the Belg droughts on
the annual droughts were not one to one, which means that severe drought in the Belg season
might be mild on the annual time scale and vice versa. Moderate drought was the dominant
drought category in most of the meteorological stations for the Belg season. Severe drought was
the next predominant drought category in most of the stations and it appeared even more

frequent than moderate drought during the Belg season for some stations.

Kiremt season
Referring to figures 8a and 8b, moderate drought episodes in Kiremt season (main rain season

from July to September) were observed in the years 1963, 1977, 1978, 1984 and 1986 at
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Debremarkos station; 1966, 1971, 1983 and 1987 at Gondar station. Severe drought occurred in
the year 1954 and 1992 at Debremarkos station and 1981, 1982 and 1997 at Gondar station.
Extreme drought occurred in the year 1987 and 2005 in Debremarkos station; 2009 in Gondar
station. The minimum SPI value was detected on the year 2009 (-2.59) at Gondar station. Similar
to the Belg season, the Kiremt season droughts also appeared to be persistent with varying
severity at most stations. For instance, five years persistent droughts have been occurred at
Gondar station during Kiremt season from the year 1981 to 1985, with the severity decreasing
from -1.58 to -0.32. The occurrence of Kiremt drought is found to be a precursor of the drought
occurring at the annual time scale in the majority of the stations. However, the severity varies,
which means moderate or severe or extreme droughts in Kiremt season might be in most cases
mild drought at the annual time scale and vice versa. Moderate droughts are the most dominant
category in Kiremt season.

The analysis of the two rainy seasons, Belg and Kiremt, shows that droughts can occur in
both seasons.
Annual droughts
The drought years in the annual time scale have been identified in figures 8a and 8b. Moderate
annual droughts have been observed in 1973, 1982, 1987 and 1995 at Debremarkos station;
1968, 1983, 1990 and 1992 at Gondar station. Severe drought was observed in 1965, 1978, 1986
and 2005 at Debremarkos station; 1970 at Gondar station. Extreme drought occurred in 1991 at
Debremarkos station; 1982 and 1991 at Gondar station. Moderate droughts are the most
dominant drought category at the annual time-scale.

Overall the temporal SPI analysis shows that most of the 29 stations measured severe,

moderate and mild drought episodes in the years 1978/79, 1984/85, 1994/95 and 2003/04. Indeed
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these years were among the worst drought years in the history of Ethiopia (Edossa et al. 2009,
Tagel et al. 2011). Several studies confirm that severe droughts have occurred in these years and
caused substantial damage in terms of life and economical losses and covered the entire country

(Wagaw et al. 2005, Tagel et al. 2011).

A statistical test was conducted to check whether a trend exists or not in the SPI time series of
the stations using the Mann-Kendall ( Yue ef al. 2002, Hamed 2008) method. The result shows
that a negative slope (trend) was observed in both stations for the three SPI time-scales, however,
the trend was statistically insignificant at 95% confidence level. This shows that there is no
statistical evidence of any positive or negative trend of meteorological drought severity and
frequency for the study area. Although the trends at all time-scales were statistically
insignificant, a relatively strong trend of increasing frequency was observed during Kiremt
season with the average value of regression coefficient (R) greater than 23%. It is, therefore,
recommended to regularly re-check if this increasing trend becomes significant in a later stage. It
is important to note that Kiremt is the main rainy season in Ethiopia from which agricultural

production is highly dependent.

The spatial coverage of drought over the UBN basin was obtained using the Thiessen Polygon
method. The resulting areal extent was expressed as the percentage of the basin in drought
conditions. The drought area percentages were calculated for all SPI time-scales, however, only
the result for Kiremt and annual time-scales are presented in figures 9a and 9b for further

discussion.
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The areal extent of annual droughts (Fig. 9a) shows that more than 40% of the area was
struck or impacted by mild droughts in 1982, 1987, 1997, 2002, and 2003. The years of 1982 and
2003 could be marked as critical as 63% and 56% of the entire study area was struck by mild
drought. In 1984, 1985, 1986 and 1995, the 12-month SPI values indicated 15% of the total area
under moderate or more severe droughts. The year 1995 was considered as a critical year as the
areas of moderate and severe drought reached up to 26% and 28% respectively. This analysis of
spatial extent of droughts in the UBN basin shows, with over 25% of the area having been hit by

moderate, severe, or extreme droughts, that substantial parts of the basin are drought-prone.

Drought frequency in the UBN basin of Ethiopia was investigated using SPI for Kiremt, Belg,
and annual time-scales for each meteorological station. Frequency of occurrence of each drought
category was computed for each station at each time-scale by taking the ratio of the number of
occurrence of particular drought of a particular category and time-scale to the total number of
data years (Edossa et al. 2009). The main objective of this analysis was to identify the areas that
are most frequently struck by drought. Figure 10a shows that the relative frequency of mild
drought in Kiremt time-scale was high in the south-west, central and the north to north-east of
the UBN basin. The annual frequency of mild drought also shows most frequent mild droughts
occurred over the south-western part of the UBN basin. Relatively large prevalence of moderate
drought occurred in central towards south and northeast part of the study area for Kiremt and
Annual time-scales (Fig. 10b). The map with frequency of occurrence of the severe droughts at
annual time-scale shows that a large part of the study area was free from severe droughts. The
North and North-west parts, however, do show severe droughts during Kiremt time-scale (Fig.

10c). The frequency of occurrence of extreme droughts (Fig. 10d) further shows that the central
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and the northern parts of the study area are struck more frequently by extreme droughts for
Kiremt and annual time-scales.

From the analysis above it is clear that the maps of drought frequency show differences
for the time-scales and severity considered. A conclusion on which sub-areas of the basin are
more prone to droughts is difficult to make. Therefore, the drought frequency was also calculated
for the mild, moderate, severe, and extreme drought categories together. The resulting drought
frequency maps for annual and Kiremt time-scales are shown in Fig. 11. For the Kiremt time-
scale (Fig. 11a) the only clear pattern is that in the eastern parts of the basin drought-frequencies
are lower. For the annual time-scale (Fig. 11b) high drought frequencies (50%) were observed in
the south, central and west. It can be concluded that in the UBN basin the central, south, and
western parts are the most drought-prone, while the North and East are less drought-prone. The
conclusion needs, however, to be taken with care, because patterns are not very distinct and may

be influenced by the limited coverage of rainfall stations in the north-west and north-east parts.

CONCLUSION

The spatial extent and distribution of drought frequency in the UBN basin was analysed by
interpolating the station SPI values across the study area. For assessing the impact, the spatial
analysis of drought severity and frequency of the SPI needs to be coupled with information that
assimilates evaporation and/or soil moisture and land use to characterize hydrological and
agricultural drought. This needs further research that is beyond the scope of this study.

The methodology employed to test the influence of record length on SPI index proved
successful in validating the use of a large number of additional stations with shorter data record

for the UBN basin. The findings of this study may help other researchers and practitioners who
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have faced similar challenges of insufficient data length by checking the effect of data length for
their drought study using SPIL.

The trend analysis of the SPI index from 1953 to 2009 showed no conclusive evidence
that meteorological drought in the Upper Blue Nile is increasing or declining. SPI droughts
occurred throughout the basin. Persistency from seasonal to annual drought, and from one year to
the next, has been found. The temporal analysis showed that the historical drought years in the
area (1978/79, 1984/85, 1994/95 and 2003/04) were successfully captured using SPI index.
Therefore, the SPI index can be used as an important index to identify the historical drought
patterns in the UBN basin, which could help in predicting drought. Further, a study needs to be
conducted to test the procedure employed in this research for other basins and/or the entire

country of Ethiopia, emphasizing areas most frequently hit by severe droughts.
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0 to -0.99 drought

Above 0 No drought
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Figure 1. Location map of the Upper Blue Nile Basin.

50000

45000

40000

35000

30000

25000

station

20000

15000

10000

5000

Cummulative annual rainfall of Debremarkos

0 5000 10000 15000 20000 25000 30000 35000 40000
Mean of the cummulative annual rainfall of other stations

45000

50000




Figure 2. The double mass curve produced for Debremarkos station and used to demonstrate the

consistency of the rainfall record.
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Figure 3. The location map of the rainfall stations. Note: the stations represented by triangular
shape and labelled their name were used to study the effect of the data length. Stations

represented by rectangular shape were used to study the spatial variability of droughts.
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Figure 4. Moderate (SPI: -1 to -1.5), severe (SPI: -1.5 to -2) and extreme (SPI: > -2) drought in
Addis Ababa, Debremarkos, Gondar and Jimma stations. Note: the number in the parenthesis in
the legend section indicates the drought year. The roman number I and II in the parenthesis next
to the name of each rainfall stations indicate the graphs obtained for data withdrawing from the

beginning and from the middle respectively.
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Figure 5. Moderate (SPI: -1 to -1.5), severe (SPI: -1.5 to -2) and extreme (SPI: > -2) drought in
Debrezeit, Diredawa, Gore and Hossana stations. Note: the number in the parenthesis in the
legend section indicates the drought year. The roman numbers I and II in the parenthesis next to
the name of each rainfall stations indicate the graphs obtained from the data withdrawing from

the beginning and from the middle respectively.
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Figure 6. Moderate (SPI: -1 to -1.5), severe (SPI: -1.5 to -2) and extreme (SPI: > -2) drought in

Kombolcha, Kebridhar, Mekelle and Nazaret stations. Note: the number in the parenthesis in the

legend section indicates the drought year. The roman numbers I and II in the parenthesis next to

the name of each rainfall stations indicate the graphs obtained from the data withdrawing from

the beginning and from the middle respectively.
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Figure 7. Moderate (SPI: -1 to -1.5), severe (SPI: -1.5 to -2) and extreme (SPI: > -2) drought in

Negele and Welaita Sodo stations. Note: the number in the parenthesis in the legend section

indicates the drought year. The roman numbers I and II in the parenthesis next to the name of

each rainfall stations indicate the graphs obtained from the data withdrawing from the beginning

and from the middle respectively.
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Figure 8a. Standard precipitation index time series values of Debremarkos station.
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Figure 8b. Standard precipitation index time series values of Gondar station.
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Figure 10b. Frequency of occurrence of moderate drought.



Figure 10c. Frequency of occurrence of severe drought.
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Figure 10d. Frequency of occurrence of extreme drought.
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