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Abstract

Drought is an extreme event that causes great economic and environmental damage. The main objective of this study is
to evaluate sensitivity, characterization and propagation of drought in the Upper Blue Nile. Drought indices: standardized
precipitation index (SPI) and the recently developed standardized reconnaissance drought index (RDIst) are applied for five
weather stations from 1980 to 2015 to evaluate RDIst applicability in the Upper Blue Nile. From our analysis both SPI and
RDIst applied for 3-, 6-, 12 month of time scales follow the same trend, but in some time steps the RDIst varies with small-
er amplitude than SPI. The severity and longer duration of drought compared with others periods of meteorological drought
is found in the years 1984, 2002, 2009, 2015 including five weather stations and entire Upper Blue Nile. For drought rela-
tionships the correlation analysis is made across the time scales to evaluate the relationship between meteorological drought
(SPI), soil moisture drought (SMI), and hydrological drought (SR/). We found that the correlation between three indices
(SPI, SMI and SRI) at different time scales the 24-month time scale is dominant and are given by 0.82, 0.63 and 0.56.

Key words: drought, drought indices relationships, soil moisture index (SMI), standardized reconnaissance drought index
(RDIst), standardized precipitation index (SPI), surface runoff index (SRI)

INTRODUCTION

Drought occurs due to the scarcity of rainfall spatially
and temporally [BAYISSA et al. 2015; JEMAI et al. 2016].
Conventionally droughts are categorized as meteorologi-
cal, hydrological, agricultural and socio-economic [AMS
Council 1997].

Due to its climatic condition, Ethiopia is often severely
affected by droughts. The past history of drought events

revealed that frequently occurrence and diversified impacts
on human lives and environment. Among 30 major drought
episodes, around 13 were severely affected the entire Ethi-
opia [GEBREHIWOT ef al. 2011].

Increasing sea surface temperature anomaly, especially
in the South-West Indian Ocean, might be an influence for
decreasing rainfall over Ethiopia and also tropical storms
over the South-West Indian Ocean had a role for the occur-
rence of drought in 1984 [SHANKO, CAMBERLIN 1998]. El
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Nifio has a strong impact for Ethiopian rainfall distribu-
tions, and subsequently frequent occurrence of drought
[FEKADU 2015]. This situation is occurred due to lower
pressure in the eastern Pacific and associated to warmer
water and weakened easterly trade winds [WARA et al.
2005].

Deficiency of rainfall in southern Ethiopia, during two
consecutive rainy seasons autumn and summer, and severi-
ty of drought was evaluated in different time scales for
different regions mostly in 1984 and 2009 [VISTE et al.
2013]. Drought occurs for short and long period of time
had impact on severity, intensity and duration in spatio-
temporal [KHEZAZNA et al. 2017]. Mostly drought propa-
gation observed from meteorological droughts to hydrolog-
ical drought [BAK, KUBIAK-WOJCICKA 2017; HASLINGER
etal. 2014].

Meteorological drought is identified by lack of precipi-
tation as the main indicator, while agricultural drought is
related to the total soil moisture deficit [HEIM 2002].

The hydrological drought, on the other hand, is charac-
terized due to shortage of stream flow, ground-water sup-
plies [FLEIG et al. 2006] and implementing the capacity
change of reservoir [YASA et al. 2018].

Several indices have been developed for drought
monitoring based on different variables, like precipitation,
soil moisture, and runoff [MISHRA, SINGH 2010].

Drought is directly related to precipitation, evapotran-
spiration, blockage of zonal winds, soil moisture, runoff
and others meteorological, agricultural and hydrological
variables.

The Upper Blue Nile of Ethiopia supply large amount
of water to the Nile River; however, drought influences
northeastern parts and some pocket portions towards the
central part of the basin are historically associated with
drought [CONWAY 2000].

Drought characteristics monitored by using drought
indices [JAIN et al. 2015]. The drought indices are imple-
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mented action plans, assessment of early warning for the
impact of drought [NGAKA 2012]. The spatial and temporal
variation of droughts by using standard drought index
(SPI) was investigated over Upper Blue Nile basin by
BAYISSA et al. [2015].

Although SPI index can easily be applied for each lo-
cation, but its main disadvantage is using only precipitation
variable.

While recently developed reconnaissance drought in-
dex (RDI) considering precipitation and potential evapo-
transpiration is best choice for meteorological and agricul-
tural drought analysis showed by [TSAKIRIS, VANGELIS
2005].

According to ZAROUG et al. [2014] drought and floods
are evaluated during the period of El Nifio and La Nifa
events. These events exhibiting different patterns and se-
quences have an influence over Blue Nile catchment
droughts and floods [ZAROUG et al. 2014]. When an El
Niflo events beginning in April-June leads to droughts in
the upper catchment of the Blue Nile.

The satellite rainfall products (CHIRPS) with high
resolution used in this study was validated over Upper Blue
Nile [BAYISSA et al. 2017]. The CHIRPS rainfall product
was implemented evaluation of the spatial and temporal
variability of meteorological drought by using Z-score.

In this study, we used the standardized precipitation
index (SPI), standardized reconnaissance drought index
(RDlIst), soil moisture index (SMI) and runoff index (SRI).
We used CHIRPS precipitation data for SP/ and soil mois-
ture data for SMI and runoff data for SR/ computation.
These indices are used to evaluate meteorological, agricul-
tural and hydrological drought of severity, duration intensi-
ty and relationship among each other.

SMI is an indicator of drought for agriculture [HUANG
et al. 1996] and RDIst used for meteorological as well as
for agricultural drought analysis [TSAKIRIS ef al. 2007].
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Fig. 1. Study area Upper Blue Nile basin of Ethiopia, Great Horn of Africa; source: own study




=

66

www.czasopisma.pan.pl P N www.journals.pan.pl

S

"'A. KEBEDE, J.P. RAJU, D. KORECHA, S. TAKELE, M. NIGUSSIE

DATA AND METHODS
DESCRIPTION OF STUDY AREA

The Upper Blue Nile basin which is located in the
north-western part of Ethiopia (Fig. 1) is frequently affect-
ed by climate extremes. The topography of the basin is
comprised of highlands and hills in the north-eastern part,
and is dominated by valleys in the southern and western
parts [CONWAY 2000].

The altitude of the Blue Nile basin varies from 350 m
a.s.l. close to Sudanese and 4250 m a.s.l. around central
part of the Blue Nile basin [AHMED, ISMAIL 2008]. Savan-
nah grass, crop, wood, water body and sparsely vegetated
plants predominantly are found in this basin [YIRDAW et
al. 2017].

The climate of the Blue Nile basin is mostly affected
by tropical highland monsoon, with the majority of the rain
falling in summer season, however, it varies seasonally and
temporally over the basin [ABERA et al. 2016]. The climat-
ic condition through basin varies specifically between the
Ethiopian highlands and territorial countries spatially and
temporally variation is affected by the movement of air
masses [AWULACHEW et al. 2009]. The flow of the rivers
reflects the seasonality of rainfall over the Ethiopian high-
lands, where there are two separate periods [AWULACHEW
et al. 2009].

SPI, RDIst, SMI AND SRI DROUGHT INDICES

Drought is one of the major problems in the Nile Basin
due to climatic extremes.

SPI is efficient to monitoring meteorological and hy-
drological droughts [MCKEE et al. 1993]; although SPI
varies with drought related issues [DURDU 2010] RDIst
applied for drought characterization and monitoring
[TiGkAs 2008]. Drought threshold identified through the
standardized form (RDIst) to give meaningful expression
of drought [TSAKIRIS, VANGELIS 2005].

RDIst relied on results of cumulative precipitation and
potential evapotranspiration, from which one is measured and
one is calculated determinant [TSAKIRIS, VANGELIS 2005].

The soil moisture index (SMI) was developed by
BERGMAN et al. [1988]. It relies upon the moisture mecha-
nism of capturing precipitation and potential evapotranspi-
ration. It operates within a two-layer soil model were ap-
plied to capture water regulation, to get saturated soil and
soil moisture index is varied depending on Palmer drought
index.

Runoff is an indicator of drought and flood which is
a measure of existence of water in the soil.

We applied the methodology that used by [MCKEE et
al. 1993] for the SPI to evaluate the surface runoff index
(SRI). The percentile of surface runoff accumulated for
a given duration 1, 3, 6, 12 month of time scales with
astandard normal deviation associated. According to
[MCKEE et al. 1993] the monthly precipitation data series
fitted by using gamma distribution, and verified that this
method is also applicable to other hydrological variables

important to drought. Therefore, we applied the gamma
distribution for the surface runoff (SR/).

We derived SPI, SMI, and SRI indices from CHIRPS
precipitation, soil moisture and runoff data, respectively.

DATA

This study relies on meteorological, agricultural and
hydrological droughts in Upper Blue Nile from the period
1980 to 2016. The Upper Blue Nile region is accompanied
by basins, high land and low land areas. Recharging of the
basins and abundant water flows from highland regions
which resist hydrological drought intensity. We used na-
tional meteorological monthly temperature and precipita-
tion data from National Meteorology Agency (NMA) to
determine drought for five selected regions. Runoff data
from European Centre for Medium-Range Weather Fore-
casts (ECMWF), precipitation data from Climate Hazards
Group InfraRed Precipitation with Station data (CHIRPS),
soil moisture from Earth System Research Laboratory's
Physical Sciences Division (ESRL PSD) are derived to
find the meteorological, agricultural and hydrological
droughts and their relationships depending on the severity,
duration and frequency. In order to achieve the lowest res-
olution similar to CHIRPS data, we interpolated the soil
moisture and runoff data by using bilinear interpolation
method. We applied different techniques to evaluate mete-
orological, agricultural and hydrological drought. By ex-
amining indices of precipitation, soil moisture, and runoff
applying different time scales.

From National Meteorological Agency (NMA) we
used precipitation and temperature data over Upper Blue
Nile basin; to see the sensitivity RDIst over SPI for five
stations.

METHODS

The monthly rainfall and temperature recorded by lo-
cal five meteorological stations over the Upper Blue Nile.
These variables used to calculate the SPI, RDIst and the
drought categories. According to BAYISSA ef al. [2015] by
using many stations inside nearby regions of Upper Blue
Nile monthly rainfall data was collected to evaluate SP/
and drought category. The selection of five meteorological
stations over Upper Blue Nile to evaluate RDIst sensitivity
compared to SP/ during different time scale of drought.

The three and twelve time scales of SPI were imple-
mented by BAYISSA et al. [2015] for assessment of drought
condition over Upper Blue Nile.

The SPI and RDIst values were computed for three
(SPI3 and RDIst3), six (SPI6 and RDIst6) and twelve
(SPI12 and RDIst12) time scales for the selected five sta-
tions. The SPI-12 and RDIst-12 are used to evaluate annual
sensitivity drought. For six time scales of SPI and RDIst
are used to evaluate two consecutive rainy seasons and
SPI3 and RDIst are used to evaluate two rainy season Belg
(March, April and May) and summer (June, July and Au-
gust) drought condition and performance of each indices
are examined.
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The reconnaissance drought index (RDIst) is based
both on cumulative precipitation (P) and potential evapo-
transpiration (PET), from which one is measured and one
is calculated determinant [TSAKIRIS et al. 2007; TSAKIRIS
VANGELIS 2005]. RDIst has three forms the initial value
(a), the normalized form (RDI,) and the standardized form
(RDlIst). The initial value (ay) of RDI is calculated for the
i" year in a time basis of k& (months)

k
() _ Zj=1Py
k T vk ..
X, PETj

M

Where: i =1 to N and j = 1 to k in which P; and PET}; are
the precipitation and potential evapotranspiration of the ;j*
month of the /™ year, N is the total number of years of the
available data.

The values of oy follow satisfactorily both the lognor-
mal and the gamma distributions for different time scales,
in which they were tested [TIGKAS 2008].

For the calculation of RDIst:

o _yV-y
RDI; = p~ 2)
Where: y is the ln(a,(f)), y is its arithmetic mean, o, is its
standard deviation.

The gamma distribution is applied, the RDIst can be
calculated by fitting the gamma probability density func-
tion (pdf) to the given frequency distribution of a
[TIGKAS 2008; TSAKIRIS et al. 2007].

Using monthly rainfall data standard precipitation in-
dex (SPI) from monthly minimum and maximum tempera-
ture using Hargreaves method potential evaporation (PET)
was calculated.

The reconnaissance drought index (RDIst) depends on
cumulative precipitation (P) and potential evapotranspira-
tion (PET).

The parameter gamma distribution function is used for
both SPI and RDIst calculations for this analysis [VANGE-
LIS et al. 2013]. This fitted distribution is used to calculate
the cumulative probability density function for any given
precipitation amount.

For the RDI the initial value (ay) for the i™ year, the
normalized form (RD/n) and the standardized form (RDIst)
were calculated.

Drought severity can be assessed through the computa-
tion of the standardized form (RDIst).

Correlation coefficients were computed between
standard precipitation index (SPI), soil moisture index
(SMI) and surface runoff index (SRI) for summer — June—
September (JJAS) season. Pearson correlation analysis is
used to determine the relationship among two drought in-
dices.

Their correlation coefficients have the limit +1 and —1,
however, zero correlation values indicate that no relation-
ship among the two drought indices, while +1 and —1 im-
ply strong linear association, which is the same association
for positive and negative values respectively.

The equation of correlation is expressed as:

Y(Xi-X)(Yi-Y)

r=

- JZ(Xi-X)ZJZ(Yi—?)Z ®

Where r is the correlation coefficient between X and Y rep-
resents the variables of standardized precipitation, soil
moisture and surface runoff indices.

Climate Prediction Center (CPC) applies soil moisture
to predict monthly and seasonal temperature and precipita-
tion. Increased evaporation from the soil results humidity
to increase the likelihood of future precipitation [FAN, VAN
DEN DooL 2004]. Such qualitative assessment is possible
because soil moisture changes little during the winter.

Soil moisture is important in temperature forecasts
than precipitation. The correlation between soil moisture
and temperature reaches maximum [HUANG et al. 1996].

The CPC soil moisture model can be represented by
Equation (4).

ASmoist =P—-F - Srunoff - Gwaterloss (4)

Where: ASpis 18 change in soil moisture over time, P is
precipitation, £ is evapotranspiration, Sy, 1S surface run-
off, Gyaterloss 1 groundwater loss.

Precipitation or temperature data from observations
and evaporation estimates from Thornthwaite’s expression
for potential evaporation, uses temperature as an input and
the soil pores hold water and the infiltration rate, affects
the runoff and groundwater loss [EAGLESON, PETER 1978].

Soil moisture is important in temperature forecasts
than precipitation.

Precipitation, estimated evapotranspiration, runoff, and
groundwater loss are the parameters used in soil moisture
calculations [HUANG ef al. 1996].

RESULTS AND DISCUSSION
COMPARISON OF SPI AND RDIst INDICES

The drought and non-drought events evaluated based
on criteria of the values either below (or) above the RDIst
zero value. Drought threshold is considered when the val-
ues of RDIst fall below zero and to measure length of
drought duration and magnitude of drought severity,
a threshold value must be described.

The comparative studies of SP/ and RDIst from 1980—
2015, shows no more variations, although the RDIst varies
with smaller amplitude from SP/ in some time steps. In this
study both annual SP/ and RDIst indices are analyzed for
assessment and coherence of drought over 5 selected sta-
tions above the parts of Upper Blue Nile region which are
presented in Figure 1.

The RDIst is more sensitive index than SP/ in different
locations and time.

Extreme drought threshold occurred in 1980 in Fiche
with both SP/ and RDIst values of —3.03 and —3.02.

Extreme and severe drought is observed for Deber-
markos and Deberberehan in 1984. Again in 2015 extreme
drought occurred at Debermarkos which is —2.24 and —2.47
for both SPI and RDIst drought indices (Tab. 1).
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Table 1. Annual standardized precipitation index (SP/) and re-
connaissance drought index (RDIsf)

Annual drought events (Tab. 2) shows severity levels
of drought across five meteorological stations. Mild

Value for location drought events are occurred frequently than others moder-
Year Bedele Deberberchan | Debermarkos Fiche ate, severe and extreme drought events. The extreme
SPI | RDIst| SPI [RDIst| SPI | RDIst| SPI | RDIst drought at Deberebirehan shows highest frequency while
1980 | —0.03] —0.81 1.09] 1.11| 0.72] 0.81] -3.03| -3.02 compared to other meteorological locations.
1981 0.87| 0.88| 0.18| 0.27| -0.70| -0.56| 0.28| 0.45
1982 049] 038] -084] 071| 039 0.63[ -0.91| -0.75|  Table 2. Annual drought events
1983 0.73| 044| 0.77| 0.72]| -0.64| -0.38| —2.80| —2.80
1984 | —2.18| 0.56| -2.56| -2.49| —-1.94| -1.71| -1.84| —-1.78 Location Index i Drought Total
1985| —0.94| —0.49| 0.75| 0.81| 0.69| 090| —1.36| —1.31 mild | moderate | severe | extreme
1986 | —1.37| 0.96 1.36 1.41| -2.05| -1.74| 0.14| -0.06 Jimma SPI12 5 6 0 1 12
1987 0.73| —-1.17| -2.03| -2.19| -0.36| —0.27| —-0.37| —0.33 RDIst12 8 5 1 1 15
1988 | —0.24| —1.98| 0.57| 0.60| 0.02| 0.05| 0.36| 0.31 SPI12 4 4 0 2 10
1989 1.19| 0.52] -1.68| —1.54| 1.00| 1.57| 0.33| 045 Bedele RDIst12 | 6 5 0 0 11
1990 -0.32] 0.54] ~0.50] 036 0.03[ 0.18] 059] 0.62] [ Pz | 3 3 3 3 10
1991 | —0.11| —0.61 0.09( 0.07| —0.83| —0.68| —-0.07 | —0.06 birehan RDIst12 ) ) 1 3 3
1992 1.97 1.81| -0.05 0| —0.49| -0.29| 0.28( 0.36
1993 027 1.73| -1.14] -1.05| 1.83| 1.86| 0.64| 0.73 Deber- SPI2 7 0 ! 2 10
1994 2.15] —0.95| —027| —0.18| —0.87| 09| —028] —026| |makos | RDIst12 | 7 0 2 0 9
1995 0.18| -1.36] —1.96| —2.01| —0.56] —0.7L| 0.39] 038 Fiche SPN2 1 2 1 2 6
1996| 093] -139] 0.67] 0.76| 2.07| 205 2.08] 2.18 RDIst12 | 2 2 1 2 7
1997| 071 -0.03| -0.21| -0.19| 155] 139] 0.13] 0.3 Explanations: SP/ = standardized precipitation index, RDIst = standard-
1998 029 -1.13| —0.44| -047| -0.3| -043 0.33 0.30 ized reconnaissance drought index.
1999 0.28 1.00f 027 049 022| 034| 066| 0.72 Source: own study.
2000 —0.81| —0.72| 0.68| 0.87| 0.56| 0.59| 0.38| 0.44
2001) 066| 097| 042) 045| 045| 0.50| 0.23| —0.19 Table 3 shows the 6-month SPI and RDIst, it shows
2002 141} -1.01] -0.71) -0.87| ~0.09| -0.29] -0.07] ~0.14 drought at Jimma location with value of SPI and RDIst is
2003 | —-1.12| —0.97 1.04( 097| —0.88] -0.98| 0.51 0.47 found to be —2.64 and —2.83 in 1999.
2004 | -0.35| —0.20 1.00f 096| —0.22| -0.27| 0.15( 0.13 .
50057 06T 003 02T 012l 0321 0451 0471 ~0.30 Maximum drought threshold has been observed for
20061 2371 1261 0391 0261 1571 141l 1201 128 different locations in different periods, for Fiche in the pe-
2007 0.66 1.48 1.49 1.40 0.66 0.52 032 0.34 riod of 1980 and 1983; for Debermarkos in 2015; for
2008| 0.05] 0.13] 035] 029 —0.02] —0.12] —0.14| -0.15 Deberberehan in 1987 and 1989 and for Bedele in 1986.
2009| 0.46| 0.19] —0.01] -0.17| —0.48] —0.80| 0.72| 0.64 For Fiche mild drought is observed starting from the 1990,
2010| —0.20 0] 031] 0.13] 090] 0.58] 1.00] 0.90 whereas at Deberberehan mostly mild and moderate
20111 —0.82 0] 130] 123] 129) 1.04] 079] 075}  drought is observed in the same period.
2012 | ~0.78 0] 122} 124} -036] 061} 076] 0.70 Table 4 shows the 6-month SP/ and RDIst values
igii 7(1):?2 8 :gjg :gé(z) 78:?2 73:3? gi; 8:12 shows dryness at Deberemarkos shows the highest drought
20551 052 ol 136 a1 2241 247 —1.03] —1.20 events, SPI and RDIst is found to be 14 drought events.

Source: own study.

However, the extreme drought events are observed at Fiche

Table 3. Six-month (April-September) standardized precipitation index (SP6) and standardized reconnaissance drought index (RDIst6)

Value in location

Year Jimma Bedele Debereberehan Deberemarkos Fiche

SPI6 RDIst6 SPI6 RDIst6 SPI6 RDIst6 SPI6 RDIst6 SPI6 RDIst6

1 2 3 4 5 6 7 8 9 10 11

1980 -1.19 —0.98 0.18 -0.73 0.77 0.67 1.00 1.12 -3.03 -3.09
1981 -0.91 —0.63 0.25 -0.53 —0.88 -0.91 0.23 0.20 0.15 0.24
1982 -0.70 -0.29 0.22 —0.63 -1.76 —1.83 -0.76 -0.50 -1.26 —-1.03
1983 0.72 0.64 0.42 2.44 0.40 0.27 -0.98 —-0.95 -2.92 -3.03
1984 -1.08 -0.92 -0.21 0.19 —1.48 -1.59 -1.00 -0.75 -1.04 —-1.05
1985 —0.68 —0.17 1.26 1.06 1.11 1.28 1.39 1.79 -0.92 —0.83
1986 —0.78 —0.42 -2.57 -2.09 0.71 0.97 -1.29 —-0.95 0.12 0.08
1987 -1.74 —1.69 -0.01 0.28 -2.30 -2.32 -0.90 -0.76 —-1.19 -0.69
1988 0.36 0.47 —-1.66 0.37 0.41 0.49 0.12 -0.07 0.40 0.37
1989 -0.34 0.04 —-1.51 —0.83 -2.29 -2.20 0.30 0.84 0.07 0.17
1990 1.51 1.81 -0.20 0.25 —-0.19 -0.23 0.59 0.70 0.44 0.39
1991 -0.19 0.07 —0.13 0.31 0.27 0.32 -1.10 —0.81 —0.18 -0.17
1992 1.26 1.64 0.80 —-1.03 —-0.09 0.10 -1.21 -0.98 -0.49 —0.46
1993 1.16 1.36 1.16 0.43 -0.89 —0.85 2.18 2.22 0.77 0.94
1994 0.55 0.90 0.11 0 —0.58 -0.49 -0.02 0.08 0.02 0.09
1995 -1.11 -1.23 1.20 0.47 -1.22 -1.27 -0.23 -0.14 0.44 0.45
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continue Tab. 3

1 2 3 4 5 6 7 8 9 10 11
1996 -0.07 —0.04 —0.2 —1.12 0.70 0.81 2.01 2.03 1.88 2.09
1997 0.44 0.46 1.05 0.05 —0.67 —0.54 0.53 0.51 —0.15 —0.09
1998 0.71 0.24 —0.57 —0.85 0.08 —0.10 —0.74 —1.04 0.43 0.35
1999 —2.64 —2.83 1.68 1.56 0.40 0.40 -0.91 —0.84 0.69 0.65
2000 0.79 0.66 0.88 —0.03 0.87 0.83 —0.50 -0.29 0.81 0.87
2001 1.77 1.69 0.27 1.00 0.40 0.39 0.89 0.78 —0.17 —0.13
2002 —-1.04 —1.23 —1.56 -1.73 —0.67 —0.77 -0.37 —0.55 —0.57 —0.68
2003 —1.41 —1.64 —1.81 -1.90 0.73 0.62 —0.70 —0.94 0.49 0.42
2004 —0.73 —0.87 0.05 —0.45 1.08 1.00 0.09 0.04 0.42 0.43
2005 0.49 0.25 0.22 0.97 0.55 0.45 —0.86 —1.09 —0.44 —0.51
2006 0.79 0.83 0.48 1.24 0.14 0.12 1.39 1.27 1.00 1.10
2007 —0.10 —0.35 1.29 0.89 1.77 1.68 1.07 0.95 0.51 0.45
2008 0.18 —0.01 1.49 1.35 0.68 0.60 0.51 0.47 0.18 0.08
2009 0.12 —0.01 -0.50 —1.11 —0.04 —0.04 —0.53 —0.96 0.80 0.67
2010 0.75 0.31 —0.74 0.72 0.10 0.09 1.44 1.15 0.90 0.78
2011 1.07 0.78 —0.88 -1.20 1.35 1.29 0.95 0.60 0.91 0.77
2012 0.43 0.43 —0.32 0.33 1.86 1.88 0.27 —0.01 1.12 0.95
2013 0.22 0.02 —-1.30 —0.22 —0.26 —0.17 —0.96 —-1.05 0.49 0.41
2014 —0.23 —0.44 0.54 0.34 —0.42 —0.37 0.20 0.12 0.35 0.24
2015 1.61 1.17 0.58 0.20 —0.63 —0.57 -2.09 -2.21 -0.97 —1.15
Source: own study.
Table 4. Six-months drought events and Deberebirehan. In comparison to other locations (Tab.
' Drought 5) mild drought events frequently occurred at Debere-
Location | Index = == e T extrome | ot markos for both SPI6 and RDIst6.
_ SPI6 3 3 1 1 12 The 3-month time steps of SP/ and RDIst indices cate-
Jimma RDIst6 4 ) 2 1 9 gorized into seasons as April-June and July—September.
SPI6 5 0 4 1 10 The sensitivity of RDIst for five meteorological stations
Bedele RDIst6 5 4 2 1 12 explored over Upper Blue Nile region.
Debere- SPI6 6 2 1 2 11 From Table 5, it is observed that for Jimma and
birechan | RDIst6 5 1 2 2 10 Deberberehan locations more dryness is observed during
Debere- SPI6 9 4 0 1 14 the period of April-June, whereas for Debermarkos and
markos | RDIst6 | 10 3 0 1 14 from different experiment tests of different time scales
Fiche SPI6 3 3 0 2 8 show different severity levels majority of occurrence of
RDIst6 4 3 0 2 9 drought events over five locations fall under mild drought

Explanations as in Tab. 2.
Source: own study.

events (Tab. 6). For Jimma and Debermarkos locations the
highest events in comparison to other locations from April

Table 5. Three-months (Apr—Jun) standardized precipitation index (SPI3) and reconniassance drought index (RDIst3)

Value in location

Year Jimma Bedele Deberebirehan Deberemarkos Fiche

SPI3 RDIst3 SPI3 RDIst3 SPI3 RDIst3 SPI3 RDIst3 SPI3 RDIst3

1 2 3 4 5 6 7 8 9 10 11

1980 -2.41 -2.25 0.34 -0.63 -0.24 -0.22 0.83 0.93 —1.64 -1.51
1981 -0.03 0.32 0.27 -0.71 -2.73 -2.71 -0.74 -0.62 -0.98 -0.92
1982 -1.27 -1.03 0.31 -0.67 -0.85 -0.78 -1.10 -0.95 -0.41 -0.14
1983 0.88 0.77 -0.20 1.34 1.10 1.12 -1.35 -1.28 0.17 0.30
1984 —0.62 -0.43 -0.22 -0.15 0.70 0.67 0.30 0.27 0.56 0.59
1985 —0.48 —-0.04 1.38 1.70 0.30 0.38 -0.09 0.17 -0.37 —0.08
1986 —0.85 —0.64 -2.38 —1.98 1.17 1.26 -0.17 -0.07 1.22 1.40
1987 —1.17 —-1.28 -0.20 -0.53 0.21 0.34 1.02 1.12 1.39 1.92
1988 1.50 1.68 —-1.80 0.22 —0.42 -0.41 -0.94 -1.05 —-1.00 —1.05
1989 0.39 0.47 -1.57 -1.50 —-1.05 -0.89 —0.64 -0.21 -0.02 0.09
1990 1.78 1.94 -0.32 -0.17 —-1.65 -1.61 -1.02 -0.89 -2.02 -1.92
1991 -0.27 -0.03 -0.22 -0.09 -0.03 -0.05 -0.31 -0.15 -1.20 -1.15
1992 1.26 1.60 0.98 -0.57 -0.46 -0.46 0.26 0.23 -0.83 -0.87
1993 0.12 0.27 1.20 0.67 0.72 0.82 1.52 1.58 1.54 1.59
1994 -0.19 0.03 0.17 0.07 -0.41 -0.45 0 0.04 -0.33 -0.39
1995 -0.75 -0.74 1.04 0.05 -0.37 -0.38 0.39 0.34 0.53 043
1996 -0.41 -0.43 0.15 -0.21 1.80 1.89 2.86 2.90 2.24 2.28
1997 —0.88 -1.15 1.33 1.37 0.96 1.03 0.44 0.52 0.46 0.47
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continue Tab. 5
1 2 3 4 5 6 7 8 9 10 11
1998 1.36 1.22 —0.62 -1.23 —0.60 —0.74 —0.12 -0.39 —0.11 -0.31
1999 —2.85 -2.98 1.75 2.47 —1.63 —-1.63 —0.76 —0.77 -1.91 —1.88
2000 0.68 0.61 1.19 1.25 —-0.15 -0.17 —0.18 -0.04 —0.13 —-0.17
2001 0.46 0.36 0.14 1.04 0.08 0.05 0.64 0.67 0.47 0.44
2002 —-0.63 -0.87 -1.32 —1.42 -0.86 -0.89 —-1.16 -1.22 —-1.05 -1.06
2003 -0.34 -0.49 -1.55 -1.56 0.75 0.68 -1.25 —1.40 0.64 0.47
2004 0.26 0.25 0.19 —0.11 1.13 1.08 0.06 -0.02 1.49 1.38
2005 1.14 0.84 -0.36 —0.80 1.11 1.06 —0.86 -0.97 0.50 0.43
2006 1.20 1.23 0.25 0.87 —0.86 —0.86 0.39 0.41 0.15 0.19
2007 0.69 0.47 1.14 0.56 0.61 0.52 1.02 0.95 0.40 0.30
2008 —0.31 —0.33 1.47 1.77 0.48 0.45 1.55 1.45 —0.58 —0.60
2009 0.53 0.46 —0.10 0.09 -1.71 -1.74 —-1.15 -1.35 —1.47 —1.50
2010 —0.40 —0.57 —-1.09 —0.19 0.86 0.77 0.68 0.53 0.83 0.61
2011 0.41 0.25 —0.54 —0.45 1.19 1.11 1.30 1.09 1.18 0.95
2012 —-0.03 —-0.05 -0.50 —0.45 0.99 0.94 -2.17 -2.18 0.36 0.15
2013 -0.20 -0.23 -1.36 —0.64 -0.36 -0.41 -0.39 —0.55 0.38 0.17
2014 0.67 0.49 0.56 0.48 -0.56 -0.59 0.47 0.46 -0.43 -0.49
2015 0.79 0.30 0.49 0.08 0.88 0.92 0.62 0.44 —-0.03 -0.12
Source: own study.
Table 6. April-June drought events to June. Mild to extreme drought events observed in de-
4 Drought creas?ng droughF event orders in these mpnths and this also
Location | Index — = T T extrome | 1o functional for six- and twelve-month time scales in each
‘ SPI3 7 5 1 0 3 selected location of the study area.
Jimma RDISE3 5 6 1 0 12 Bedele regions mild and moderate droughts were ob-
SPI3 3 3 3 1 10 served during this period.
Bedele RDIst3 7 2 3 0 12 But for July—September season (Tab. 7) mild and
Debere- SP3 4 1 3 1 9 moderate droughts were observed for all locations except
birchan | RDIst3 6 0 3 1 10 Bedele, which exposes mild wetness. In the same period
Debere- SPI3 6 6 0 1 13 a high drought episodes is also observed at Fiche in 1983.
markos | RDIst3 | 6 5 0 1 12 Our results clearly indicate that except Bedele all locations
Fiche SPI3 3 4 2 1 10 were affected frequently by droughts.
RDIst3 3 3 4 0 10 During the summer period the Upper Blue Nile region

Explanations as in Tab. 2.
Source: own study.

is accumulated abundant amount water because of high-
land areas of Upper Blue Nile. From SP/ and RDIst analy-

Table 7. Three-months (Jul-Sept) standardized precipitation index (SP/) and reconnaissance drought index (RDIst)

Value in location

Year Jimma Bedele Deberebirehan Deberemarkos Fiche

SPI3 RDIst3 SPI3 RDIst3 SPI3 RDIst3 SPI3 RDIst3 SPI3 RDIst3

1 2 3 4 5 6 7 8 9 10 11

1980 —2.41 -2.25 -0.59 -0.50 1.00 0.70 0.53 0.49 -2.49 -2.42
1981 -0.03 0.32 -0.03 -0.28 0.11 0 0.83 0.61 0.46 0.60
1982 -1.27 -1.03 -0.31 -0.39 -1.36 -1.52 0.01 0.19 -1.09 —-1.00
1983 0.88 0.77 2.68 2.19 -0.16 -0.41 -0.06 -0.10 -3.27 -3.33
1984 -0.62 -0.43 0.10 0.65 -2.03 -2.02 -1.30 -0.99 -1.25 -1.28
1985 -0.48 -0.04 -0.44 -0.04 1.10 1.09 1.64 1.88 -0.76 -0.91
1986 -0.85 -0.64 -1.36 -1.23 0.15 0.37 -1.24 —-1.00 -0.27 -0.63
1987 -1.17 -1.28 0.84 0.84 -2.60 -2.71 -1.91 -2.11 —-1.86 -1.63
1988 1.50 1.68 0.18 0.49 0.71 0.77 0.83 1.01 0.70 0.81
1989 0.39 0.47 -0.09 -0.05 -1.83 -1.92 0.84 0.88 0.13 0.10
1990 1.78 1.94 0.55 0.54 0.53 0.32 1.37 1.47 0.93 0.88
1991 -0.27 -0.03 0.45 0.53 0.38 0.49 -0.91 -0.87 0.20 0.24
1992 1.26 1.60 -0.65 —-1.04 0.20 0.52 -1.52 -1.22 -0.20 0.02
1993 0.12 0.27 -0.07 0.03 —-1.36 -1.41 1.29 1.24 0.30 0.30
1994 -0.19 0.03 -0.23 -0.02 -0.34 -0.04 0.04 0.14 0.17 0.38
1995 -0.75 -0.74 0.83 0.77 -1.04 -1.01 -0.51 -0.33 0.32 0.38
1996 -0.41 -0.43 -1.40 —-1.58 -0.35 -0.35 -0.29 -0.45 1.20 1.14
1997 -0.88 -1.15 -1.16 -1.41 -1.29 -1.14 0.32 0.07 -0.26 -0.23
1998 1.36 1.22 0.17 0.02 0.44 0.51 -0.66 -0.64 0.51 0.66
1999 -2.85 -2.98 -0.22 -0.11 1.10 1.05 -0.37 -0.18 1.15 1.22
2000 0.68 0.61 -1.25 -1.39 1.07 0.98 -0.35 -0.33 0.89 0.98
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continue Tab. 7

1 2 3 4 5 6 7 8 9 10 11
2001 0.46 0.36 0.65 0.59 0.46 0.46 0.55 0.26 —0.28 —0.24
2002 —0.63 —0.87 -1.20 —1.18 —0.23 —0.28 0.45 0.45 —0.21 —0.27
2003 —-0.34 -0.49 —1.34 —-1.31 0.45 0.36 0.16 0.29 0.34 0.34
2004 0.26 0.25 —0.53 —0.54 0.59 0.49 0.12 0.23 —-0.05 —-0.08
2005 1.14 0.84 2.45 2.20 0.01 —0.08 -0.24 —0.36 —0.58 —0.62
2006 1.20 1.23 1.09 1.13 0.61 0.53 1.31 1.13 0.99 1.00
2007 0.69 0.47 0.78 0.90 1.65 1.59 0.45 0.34 0.44 0.37
2008 -0.31 —0.33 0.19 0.33 0.54 0.43 —0.73 —0.76 0.39 0.27
2009 0.53 0.46 —-1.65 —-1.87 0.70 0.76 0.29 0.16 1.17 1.09
2010 —0.40 —0.57 1.32 1.34 —0.32 —0.15 1.14 1.02 0.69 0.64
2011 0.41 0.25 —1.42 —-1.34 0.86 0.85 0.06 —0.21 0.58 0.48
2012 —0.03 —0.05 0.77 1.02 1.54 1.55 1.62 1.66 1.06 0.94
2013 —0.20 —0.23 —0.03 0.46 —0.02 0.27 —0.69 —0.52 0.43 0.52
2014 0.67 0.49 —0.04 0.07 —0.10 0.08 —0.08 —0.28 0.52 0.42
2015 0.79 0.30 0.52 0.17 -1.18 —-1.08 —2.96 -3.16 -0.93 —-1.04

Source: own study.

sis Table 8 indicates the occurrence of moderate, severe
and extreme droughts in the years of 1984, 1986, 1987,
1991, 1992 and 2015 at Deberemarkos.

Table 8 shows much amounts of rain fall captured dur-
ing summer seasons over the Upper Blue Nile region in-
cluding Ethiopia. The events show drought occurrence
probability frequency of moderate drought slightly higher
than mild drought. But total events of drought compared to
6 and 12 months show relatively low values. The extreme
drought for Jimma, Deberebirehan and Fiche locations ob-
served same events for SP/ and RDIst.

Table 8. July—September drought events

To evaluate the seasonal propagation of drought, sea-
sonal precipitation (June, July, and August) precipitation
and soil moisture indices are correlated with monthly run-
off indices over Upper Blue Nile region.

By considering SPI, SMI and SRI of drought indices
for different time steps we proposed the relation between
we found meteorological, agricultural and hydrological
droughts respectively.

The correlation coefficients among summer season
drought indices (SPI, SMI and SRI) are evaluated and
shown on Table 9. The highest maximum correlations
among SPI and SMI is 0.82, SPI and SRI 0.63and SMI and
SRI 0.56 with time steps of 24 and 0.06, —0.13 and 0.17
lowest correlation is achieved at one months of time steps
for each correlation of drought indices. These time steps
are significant, as the time scales increase the correlation
between the indices increase.

Table 9. Correlation between standard precipitation index (SPJ),
soil moisture index (SMI) and surface runoff index (SRI) for
summer (JJAS) season

Location | Index - Drought Total
mild | Moderate severe | extreme

Jimma SPI3 4 2 0 2 8
RDIst3 5 2 0 2 9
SPI3 3 7 1 0 11
Bedele I —rms | 2 7 2 0 11
Debere- SPI3 0 4 2 2 8
birehan RDIst3 0 4 2 2 8
Debere- SPI3 5 2 2 1 10
markos RDIst3 5 2 0 2 9
Fiche SPI3 3 2 1 2 8
RDIst3 3 3 1 2 9

Explanations as in Tab. 2.
Source: own study.

METEOROLOGICAL, AGRICULTURAL
AND HYDROLOGICAL DROUGHT RELATIONSHIPS

The meteorological drought frequency is high and low
duration compared to others drought variables which are
considered in this study. However, as the time scale in-
creases the longer duration of meteorological drought re-
lated to severity.

Climate variables such as precipitation, soil moisture
and runoff alone cannot clearly evaluate drought character-
istics, however the cross correlation between indices with
different time scales have a capability to drive the charac-
teristics and propagation meteorological drought proceeds
to hydrological drought.

Value in time ste
Index ] 3 6 Pl 2 2 P-value
SPI and SMI 0.064 | 0.099 0.56 0.78 0.82 0.00
SPI and SRI -0.13 0.14 0.22 0.45 0.63 0.007
SMI and SRI 0.17 0.31 041 0.51 0.56 0.00

Source: own study.

By plotting the time series of comparison of three indices
of different time scales shown in Figure 2 the one month of
time shows high fluctuation frequency and short period of
duration when compared to three, six and twelve month of
time steps (Fig. 2a).

SRI indicates more extended duration of drought than
fluctuation of frequency when compared with SPI across
each time steps. In 1981, 1993 and 2015 severe hydrologi-
cal droughts were identified with higher duration than oth-
er hydrological droughts periods in a time series over each
time steps.

High runoff is observed in 1986, however, from 2007—
2016 there is a gradual decreasing of runoff was observed
over the Upper Blue Nile region.
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Fig. 2. Standard precipitation index (SPI) and surface runoff index (SR/) for different time steps: a) one month,
b) three months, c) six months, d) twelve months; source: own study

The 3-month SPI and SR/ (see Fig. 2b) analysis exhib-
its more fluctuations of positive and negative runoff anom-
alies. It also shows occurrence of meteorological drought
before the start of hydrological droughts. The severity of
runoff index (SRJ) is higher than SP/ for some years due to
the time lag between hydrological and meteorological
drought.

From 1990-1996 occurrence of hydrological drought
with higher duration and severity than meteorological
drought and 1982-1986 higher runoff due to surplus
amount of soil moisture (Fig. 2c) in the Upper Blue Nile
region.

The six-month of time steps (see Fig. 2¢) less fluctua-
tion and extended duration compared one with three month
time steps of meteorological drought. From 1990-1995
hydrological droughts frequently observed with maximum
severity comparison to meteorological drought.

Based on twelve-month time steps indices (Fig. 2d) we
found that the drought which is not controlled by SP/12
can be controlled by SR/12 although these two types of
drought indices plays a prominent role by evaluating
drought strengths and duration. SP/12 and SR/12 have
a capability to control drought at some lag time. The six-
and twelve-month time steps clearly explain the drought
years with their severity and duration.

For six month of time steps (Fig. 3) the meteorological
drought leads the agricultural drought by the difference of
some months of the year. From 1980-1999 the soil mois-

ture indicates almost all except some month observed max-
imum amount of soil moisture which is very important to
regulate the runoff over Upper Blue Nile.

The extended duration with severity is evaluated since
1999-2016; however, the meteorological drought with its
severity and longer duration (upset near normal and down
set deficit of precipitation) which expose the moist soil into
dryness is visualized across the 6- and 12-month time
steps. Since 1982-1998 meteorological drought is severe
than agricultural drought. In the years 2000-2006 we ob-
served gradual decreasing trend of soil moisture for long
period of months. Such situation is also occurred for other
time steps from the usual previous periods. For 6-month
time steps the meteorological drought leads the agricultural
drought by the difference of some months of the year. The
maximum soil moisture index occurred in the period of
1980-1999 except some months show the importance in
regulating the runoff over Blue Nile. The extended dura-
tion with severity is evaluated since 1999-2016.

The 1-, 3-, 6- and 12-month time series of SPI and SR/
indices visualizes the soil moisture leads to the dryness and
can be converted of long duration and sever meteorological
drought. Further the analysis shows that the meteorological
drought is more severe than agricultural drought during the
period of 1982—1988 and during the period of 2000-2006,
there is a gradual decreasing trend of soil moisture for long
period of months.
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Fig. 3. Six- and twelve-month time steps soil moisture (SM16 and SMI12) and standardized precipitation index (SP/6 and SPI12)

respectively; source: own study

From 12-month time steps of SMI indices show the
surplus amount of soil moisture since 1985-1988 period,
which may integrate with hydrological drought. From our
analysis we found that months of the year increase the hy-
drological drought link with meteorological and agricultur-
al droughts. Sever meteorological drought with high fluc-
tuations were frequently occurred than agricultural drought
including 12-month time steps. Further we observed that
the meteorological drought frequency decreases and
drought duration increases as the time steps increases but
the agricultural drought initially with higher duration and
slowly extended its severity.

DROUGHT SEVERITY, DURATION AND INTENSITY

By using standardized reconnaissance drought index
(RDIst) annual, April-September and July—September fre-
quency of drought were determined and evaluated for dif-
ferent locations over part of Upper Blue Nile. Summer sea-
son reconnaissance drought index (RDIst) clearly indicates
severity with correspondence to frequency for the selected
locations on parts of Upper Blue Nile. Figure 4 depicts the
severity, duration and intensity of SP/ and SR/ of meteoro-
logical and hydrological drought indices for 1-, 3-, 6-, 12-
month time steps.

In this analysis drought severity is calculated over the
length of climatic year from 1980-2016 at various time

250

steps. In addition to severity of drought, intensity of mete-
orological and hydrological droughts are also evaluated.
The meteorological drought frequency values for SPI1,
SPI3, SPI6 and SPI12 are 159.98, 169.9, 167.5 and 161.2
and also for hydrological drought values are 170, 169.5,
170.95, and 169.25 respectively.

We found that the maximum drought severity is ob-
served at 6-month time steps of SP/ (SP6). The maximum
drought duration is observed at 3-month time steps of SP/
(SPI3) and intensity for 6-month time steps of SPI (SPI6).

From Figure 4a we observe that drought intensity is
increases for SPI values as time steps are decreasing from
higher order to lower order. However, in meteorological
drought, severity of fluctuation observed.

From Figure 4b the severity of standard runoff index
indicates almost closest values in the given duration. The
intensity 1- and 12-month time steps indicate different val-
ues than 3- and 6-months of time steps of SR/.

CONCLUSIONS

The standard precipitation index (SPJ) is evaluated by
using precipitation, evapotranspiration variables.

We found that RDIst and SPI indices behaves similar
manner at different time steps over five selected meteoro-
logical stations over Upper Blue Nile basin.

a) I SPit

Values

Severity Duration

Intensity

Severity Duration

Intensity

Fig. 4. Severity, duration and intensity of meteorological and hydrological drought over Upper Blue Nile:
a) acc. to standardized precipitation index (SP/), b) acc. to standardized runoff index (SRI); source: own study
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We examined meteorological, hydrological and agri-
cultural droughts through short and long period time scales
by using SPI, SMI and SRI indices. However, reconnais-
sance drought index (RDIst) incorporates both precipita-
tion and potential evaporation. The 1-month time steps of
drought indices shows high drought frequency and short
period of duration with higher severity for meteorological
drought. Runoff index indicates more extended severity of
drought than frequency of drought it relies on extended
duration with slow changes. The onset drought starts by
meteorological drought with rapid change; however, the
hydrological drought is slowly changed comparable to me-
teorological drought.

The six months drought time steps analysis indicates
meteorological drought leads the agricultural drought over
some months of the year.

But during the period of 1980-1999 the soil moisture
shows maximum amount which indicates soil moisture is
very important to regulate the runoff over Upper Blue Nile.
The agricultural drought is extended with severity from
1999-2006; however, the meteorological drought exists
during this moment with its severity and longer duration
(upset near normal and down set due deficit of precipita-
tion) which expose the moist soil into dryness and it is
clearly visualized the 1-, 3-, 6- and 12-months of time
steps. This phenomenon leads the soil moisture gradually
decreasing trend, which exposed to the severity of agricul-
tural drought over Upper Blue Nile basin.

The drought duration and intensity of meteorological
and hydrological droughts are evaluated in addition to se-
verity of drought. We found that meteorological drought
frequency values for SPI1, SPI3, SPI6 and SPI12 are
159.98, 169.9, 167.5 and 161.2 and for hydrological
drought values are SRI1, SRI3, SRI6 and SRI12 170, 169.5,
170.95, and 169.25 respectively.

ACKNOWLEDGEMENTS

The authors are grateful to Dr. Tadesse Tsegaye for his technical
assistance, and Dr. Yared Ashenafi for his valuable comments on
our earlier versions of the manuscript.

REFERENCES

ABERA W., FORMETTA G., BROCCA L., RIGON R. 2016. Modeling
the water budget of the Upper Blue Nile basin using the
JGrass-NewAge model system and satellite. Hydrology and
Earth System Sciences. Vol. 21 p. 3145-3165.

AHMED A.A., IsMAIL U.H.A.E. 2008. Sediment in the Nile River
system [online]. UNESCO-IHP-International Sediment Initia-
tive. Available at: http://isi.irtces.org/isi/rootfiles/2017/07/07/
1487239390353757-1498713528334367.pdf

AMS Council 1997. Policy statement: Meteorological drought.
Bulletin of American Meteorological Society. No. 78 p. 847—
849.

AWULACHEW S.B., MCCARTNEY M., STEENHUIS T.S., AHMED
A.A. 2009. A review of hydrology, sediment and water re-
source use in the Blue Nile Basin. IWMI Working Paper. No.
131. Colombo, Sri Lanka. IWMI pp. 81.

BAyissa Y.A. 2018. Developing an impact-based combined
drought index for monitoring crop yield anomalies in the Up-
per Blue Nile Basin, Ethiopia. CRC Press. ISBN 978-0-367-
02451-2 pp. 146.

BAYISSA Y.A., MOGES S.A., XUAN Y., VAN ANDEL S.J., MASKEY
S., SOLOMATINE D.P., GRIENSVEN A.V., TADESSE T. 2015.
Spatio-temporal assessment of meteorological drought under
the influence of varying record length: The case of Upper
Blue Nile Basin, Ethiopia. Hydrological Sciences Journal.
Vol. 60. Iss. 11 p. 1927-1942.

BAYISSA Y., TADESSE T., DEMISSE G. And SHIFERAW A. 2017.
Evaluation of satellite-based rainfall estimates and application
to monitor meteorological drought for the Upper Blue Nile
Basin, Ethiopia. Remote Sensing. Vol. 9. Iss. 7 p. 1-17.

BAK B., KuBiak-WoiciCKA K. 2017. Impact of meteorological
drought on Hydrological Drought in Torun (central Poland)
in the period of 1971— 2015. Journal of Water and Land De-
velopment. No. 32 p. 3—-12. DOI 10.1515/jwld-2017-0001.

BERGMAN K.H., SABOL P., Miskus D. 1988, Experimental indi-
ces for monitoring global drought conditions. In: Proc. 13th
Annual Climate Diagnostics Workshop. Cambridge, MA. US
Dept. of Commerce p. 190-197.

CONWAY D. 2000. The climate and hydrology of the Upper Blue
Nile River. Geographical Journal. Vol. 166. Iss. 1 p. 49-62.
DurbU O.F. 2010. Application of linear stochastic models for
drought forecasting in the Bilyllk Menderes River basin,
western Turkey. Stochastic Environmental Research and Risk

Assessment. Vol. 24. Iss. 8 p. 1145-1162.

EAGLESON P.S. 1978. Climate, soil, and vegetation: 6. Dynamics
of the annual water balance. Water Resources Research. Vol.
14. No. 5 p.749-764.

FAN Y., VAN DEN DooL H. 2004. Climate Prediction Center glob-
al monthly soil moisture data set at 0.5 resolution for 1948 to
present. Journal of Geophysical Research: Atmospheres. Vol.
109. D10.

FEkADU K. 2015. Ethiopian seasonal rainfall variability and pre-
diction using canonical correlation analysis (CCA). Earth
Sciences. Vol. 4. Iss. 3 p. 112-119.

FLEIG A.K., TALLAKSEN L.M., HisDAL H., DEMUTH S. 2006.
A global evaluation of streamflow drought characteristics.
Hydrology and Earth System Sciences Discussions. Vol. 10.
Iss. 4 p. 535-552.

GEBREHIWOT T., VAN DER VEEN A., MAATHUIS B. 2011. Spatial
and temporal assessment of drought in the Northern high-
lands of Ethiopia. International Journal of Applied Earth Ob-
servation and Geoinformation. Vol. 13. Iss. 3 p. 309-321.

HASLINGER K., KOFFLER D., SCHONER W., LAAHA G. 2014. Ex-
ploring the link between meteorological drought and stream-
flow: Effects of climate—catchment interaction. Water Re-
sources Research. Vol. 50. Iss. 3 p. 2468-2487.

HEM R. Jr 2002. A review of twentieth-century drought indices
used in the United States. Bulletin of the American Meteoro-
logical Society. Vol. 83. No. 8 p. 1149-1166.

HUANG J., VAN DEN DooL H.M., GEORGARAKOS K.P. 1996. Anal-
ysis of model-calculated soil moisture over the United States
(1931-1993) and applications to long-range temperature fore-
casts. Journal of Climate. Vol. 9. Iss. 6 p. 1350-1362.

JAIN V.K., PANDEY R.P., JAIN M.K., BYUN H.R. 2015. Compari-
son of drought indices for appraisal of drought characteristics
in the Ken River Basin. Weather and Climate Extremes. Vol.
8p. 1-11.

JEMAI S., ELLOUZE M., AGOUBI B., ABIDA H. 2016. Drought in-
tensity and spatial variability in Gabes Watershed south-east-
ern Tunisia. Journal of Water and Land Development. No. 31
p. 63-72. DOI 10.1515/jwld-2016-0037.

KHEZAZNA A., AMARCHI H., DERDOUS O., BOUSAKHRIA F. 2017.
Drought monitoring in the Seybouse basin (Algeria) over the
last decades. Journal of Water and Land Development. No. 33
p. 79-88. DOI 10.1515/jwld-2017-0022.

MCKEE T.B., DOESKEN N.J., KLEIST J. 1993. The relationship of
drought frequency and duration to time scales. In: Proceed-




www.czasopisma.pan.pl P N www.journals.pan.pl

N

Drought sensitivity characteristics and relationships between d%ught indices over Upper Blue Nile basin 75

ings of the 8th Conference on Applied Climatology. Vol. 17.
Iss. 22 p. 179-183.

MISHRA A.K., SINGH V.P. 2010. A review of drought concepts.
Journal of Hydrology. Vol. 391. Iss. 1- 2 p. 202-216.

NGakA M.J. 2012. Drought preparedness, impact and response:
A case of the Eastern Cape and Free State provinces of South
Africa. Jamba: Journal of Disaster Risk Studies. Vol. 4. Iss. 1.
Art. #47 p. 1-10. DOI 10.4102/jamba.v4i1.47

SHANKO D., CAMBERLIN P. 1998. The effects of the Southwest
Indian Ocean tropical cyclones on Ethiopian drought. Interna-
tional Journal of Climatology. Vol. 18. Iss. 12 p. 1373-1388.

TIGKAS D. 2008. Drought characterisation and monitoring in re-
gions of Greece. European Water. Vol. 23. Iss. 24 p. 29-39.

TSAKIRIS G., PANGALOU D., VANGELIS H. 2007. Regional drought
assessment based on the reconnaissance drought index (RDI).
Water Resources Management. Vol. 21. Iss. 5 p. 821-833.

TSAKIRIS G., VANGELIS H. 2005. Establishing a drought index
incorporating evapotranspiration. European Water. Vol. 9.
Iss. 10 p. 3—11.

VANGELIS H., TIGKAS D., TSAKIRIS G. 2013. The effect of PET
method on reconnaissance drought index (RDI) calculation.
Journal of Arid Environments. Vol. 88 p. 130-140.

VISTE E., KORECHA D., SORTEBERG A. 2013. Recent drought and
precipitation tendencies in Ethiopia. Theoretical and Applied
Climatology. Vol. 112. Iss. 3—4 p. 535-551.

WARA M.W., RAVELO A.C., DELANEY M.L. 2005. Permanent El
Niflo-like conditions during the Pliocene warm period. Sci-
ence. Vol. 309. Iss. 5735 p. 758-761.

Yasa I W., BISRI M., SHOLICHIN M., ANDAWAYANTI U. 2018.
Hydrological drought index based on reservoir capacity —
Case study of Batujai dam in Lombok Island, West Nusa
Tenggara, Indonesia. Journal of Water and Land Develop-
ment. No. 38 p. 155-162. DOI 10.2478/jwld-2018-0052.

YIRDAW E., TIGABU M., MONGE MONGE A.A. 2017. Rehabilita-
tion of degraded dryland py ecosystems — review. Silva Fen-
nica. Vol. 51. No. 1b.1673. DOI 10.14214/sf.1673.

ZAROUG M.A., ELTAHIR E.A., GIOrGI F. 2014. Droughts and
floods over the upper catchment of the Blue Nile and their
connections to the timing of El Nifio and La Nifia events. Hy-
drology and Earth System Sciences. Vol. 18. Iss. 3 p. 1239—
1249.

Abebe KEBEDE, Jaya Prakash RAJU, Diriba KORECHA, Samuel TAKELE, Melessew NIGUSSIE

Charakterystyka wrazliwosci na susze i zaleznosci miedzy jej wskaznikami dla regionu gérnego Nilu Blekitnego

STRESZCZENIE

Susza jest ekstremalnym zjawiskiem, ktdre powoduje ogromne straty ekonomiczne i szkody srodowiskowe. Celem ba-
dan bylto okreslenie wrazliwo$ci na suszg, charakterystyk i propagacji suszy w regionie gornego Nilu Blekitnego. Dwa
wskazniki suszy — wskaznik standaryzowanego opadu (SPI) i niedawno opracowany wskaznik RDIst (ang. standardized
reconnaissance drought index) zastosowano do danych z pigciu stacji meteorologicznych z lat 1980 do 2015, aby ocenié
przydatnos¢ tego drugiego do oceny sytuacji w regionie. Z analiz przeprowadzonych przez autoréw niniejszej publikacji
wynika, ze oba wskazniki wykazywatly podobny trend zmian w przedziatach czasowych 3-, 6- i 12-miesiecznych, ale
w pewnych okresach wskaznik RDIst cechowata mniejsza amplituda zmian niz wskaznik SP/. W odniesieniu do pigciu sta-
¢ji meteorologicznych i catego obszaru gornego biegu Nilu Bigkitnego najbardziej surowe i dlugotrwate susze stwierdzono
w latach 1984, 2002, 2009 i 2015 w poréwnaniu z innymi latami badan. Wykonano takze analiz¢ korelacji migdzy wskaz-
nikami suszy meteorologicznej SPI, suszy glebowej SMI i suszy hydrologicznej SRI. Najsilniejszg korelacje miedzy tymi
wskaznikami stwierdzono dla 24-miesiecznych przedziatdéw czasowych, a odpowiednie wspotczynniki korelacji wynosity
0,82, 0,6310,56.

Stowa kluczowe: standardized reconnaissance drought index (RDIst), standaryzowany wskaznik odplywu (SRI), susza,
wskaznik standaryzowanego opadu (SPI), wskaznik uwilgotnienia gleby (SMI), zaleznos¢ miedzy wskaznikami suszy




