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Abstract

Drought is identified as one of the environmental phenomena, and is an integral part of climate
change that can happen in any geographic area. Drought can be expressed in different forms,
including meteorological, hydrological, agricultural, and socioeconomic droughts. The main
objective of this study was to identify the potential mechanisms through which meteorological
droughts can lead to hydrological drought. DrinC software has been used to generate the indices
required to examine how hydrologic variables responded to drought and climate change. Rainfall,
minimum and maximum temperature have been the inputs used to calculate the indices.
Evapotranspiration and future projection of stream flow, rainfall and temperature have been
computed using the Hargreaves method and the ARIMA model, respectively. The findings of this
study confirmed that the study area had both hydrological and meteorological droughts in 1987,
2003, and 2015. The results of index-based drought analysis showed a significant (P<0.05)
correlation between hydrologic and meteorological droughts. Particularly, it was determined that
there was a better association between the stream flow drought index and reconnaissance drought
index than is between the standardized precipitation index. This shows how strongly
evapotranspiration affects stream flow, a factor that the reconnaissance drought index takes into
account while calculating its value. According to the projected scenarios for stream flow and
climatic factors, all variables in the watershed will decline in the coming ten years. Investigating
index-based droughts is essential to warn the public and decision-makers about coming toward
droughts and help them put mitigation and adaptation plans for water management into action.
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Introduction

Drought is a complex term thathas various definitions, depending on individuals’ perceptions. E.g.
in a farmer’s language it is “a shortage of rainfall or a long time without any rainfall during the
growing season”, or a period of below-average rainfall or a prolonged period of dryness that can
cause damage to plants. The glossary of meteorology defines drought as a period of abnormally
dry weather sufficiently prolonged for the lack of water to cause a serious hydrological imbalance
in the affected area (Wilhite et al.,, 1987). Drought can occur virtually in all climatic zones, with
its characteristics varying significantly from one region to another. It is an insidious hazard of
nature. Though droughthas attracted less scientific attention than flood or cyclone, several authors
found that the impact of drought can be more defenseless than flood and cyclone (Rahdari, 2016).

Droughthas been identified as one of the environmental phenomena and in fact, is an integral part
of climate change that can happen in any geographical area. This phenomenon has various types
such as meteorological, hydrological, and agricultural as well as groundwater drought (Shahid &
Behrawan, 2008). Meteorological droughts are expressed as the basis of the degree of dryness
(often in comparison to some ‘normal’ or average amount) and are usually measured for long-term
daily or monthly records. While agricultural droughts are specifically concerned about the effects
of water shortages on the growth of crops, grass, and other forage species. Therefore, agricultural
drought is most closely associated with insufficiency of soil moisture that leads to losses in yield.

Agriculture is usually the first sector to experience the devastating effects of drought.

Groundwater drought is a new concept introduced to emphasize the understanding of complicated
hydrogeological processes concerning the change in dynamics of hydro-meteorological variables
with changes in the land (Haile et al., 2020; Kumar et al., 2016). Hydrological droughts are more
concerned with the effects of periods of precipitation shortfalls on surface or subsurface water
supply (i.e., stream flow, reservoir and lake levels, groundwater, etc.) rather than with precipitation
shortfalls. Hydrological droughts are usually out of phase or lag the occurrence of meteorological
and agricultural droughts. Water in storage systems (e.g., reservoirs, rivers) is often used for
multiple and competing purposes, further complicates the sequence and quantification of impacts.
Hydrological drought is determined by the propagation of meteorological drought through the
terrestrial hydrological cycle and is therefore influenced by the properties of the hydrological cycle
(Bhardwaj et al., 2020; Lanen, 2006; Loon, 2015).

Proceedings of the 15 Soil and Water Management Completed Research Activities 422



ARARI 2024

Even though the drought starts with a rainfall deficit, it ultimately translates into a hydrological
drought which indicates the reduced water availability in the rivers and groundwater aquifers. The
scientific analysis of the hydrological drought is one of the many primary necessities for the
development of an effective drought management plan for a region. The investigation of the
hydrological drought is important due to the dependence of most of the activities (including
industrial, water and power plants) to surface water resources (Faiz et al., 2021; Zakhem & Kattaa,
2016). For example, the duration of drought in stream flow is crucial for hydropower production,
particularly the missing volume of water compared to normal conditions (deficit volume) is more
relevant. The results of hydrological drought analysis can be useful for proper water resources

management including better planning for water supply and demand.

A pivotal step towards reducing the risk of stream flow drought impacts is the monitoring and
analysis of the stream flow droughthazard. Traditionally quintile-based approaches such as stream
flow percentiles on the threshold level method have been used to characterize the droughthazard
of ongoing and past stream flow drought events. More recently the use of Standardized Drought
Index (SDI) has become more popular. However, there are other approaches to computing the SDI
and up to now, no consensus has been reached on which procedure is preferable (Tijdeman et al.,
2018). The study watershed has long-term primary meteorological and other hydrological data
which have been collected since 1982. Using these data, this study aimed to investigate the
relationship between drought in different periods to determine the relationship between
meteorological and hydrological drought using Standardized Precipitation Index (SPI),
Reconnaissance Drought Index (RDI), and Standardized Drought Index (SDI) in the Hulet Wenz
river catchment. This study was expected to help in establishing basin-specific drought monitoring
by advancing the understanding of how much the stream flow is sensitive to drought events. The
main objectives of the study were: (1) to anticipate the Standardized Precipitation Index (SPI),
Reconnaissance Drought Index (RDI), and Standardized Drought Index (SDI) due to the wide
range of possible climate change and (2) to predict the likely proportional change in the annual

stream flow available for the downstream in response to other climatic parameters.
Material and Methods

Description of the Study Area: This study was conducted at Andit Tid watershed, which is one of

the Soil Conservation Research Project (SCRP) research stations (Fig. 1). It is situated on 39°43’E
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longitude and 9°48°N latitude 180 km northeast of the capital city, Addis Ababa. The watershed
covers a total area of 477.6 ha, and the altitude of the catchment ranges from 3040 to 3550 m.a.s.l.
The watershed is located in moist and humid agro-climatic zone. Its mean annual rainfall is
1581mm; minimum and maximum temperatures respectively are 7.5 and 17.6°C; and minimum

and maximum average soil temperatures are 7.9 and 20.5°C respectively.
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Figure 1. Location map of the study area

Methods of Data Collection and Analysis: This study was conducted by analyzing the time series
of hydrologic and meteorological drought indexes. A drought Index is typically a single value used
for indicating the severity of a drought and is far more useful than raw data in understanding the
drought conditions over an area. SPI (standardized precipitation index) and RDI (Reconnaissance
Drought Index) were two drought indices to monitor and quantify Meteorological drought while
the sensitivity of stream flow to drought was identified by doing SDI (stream flow drought index).

Standardized Precipitation Index (SPI): The SPI is a measure of the likelihood of precipitation for
any given period. It may be calculated for several time scales, making it applicable for both long-
term hydrological applications and short-term agricultural uses. These time frames demonstrate

Proceedings of the 15 Soil and Water Management Completed Research Activities 424



ARARI 2024

how drought affects the availability of various water resources. Short-term precipitation anomalies
affect soil moisture conditions; longer-term precipitation anomalies are reflected in groundwater,
subsurface flow, and reservoir storage (Zakhem & Kattaa, 2016). The SPI can provide early
warning of drought and helps for assessment of drought severity. Because of its standardization, it
is particularly suited to compare drought conditions among different periods, and regions with
different climatic conditions (Bonaccorso et al., 2003). Due to its intrinsic probabilistic nature, SPI

is the ideal candidate for carrying out drought risk analysis (Rossi & Cancelliere, 2002).

The SPI is calculated based on the long-term precipitation record for the desired period (1986 to
2020). This long-term record is fitted to a probability distribution such as gamma distribution,
which is then transformed into a normal distribution so that the mean SPI for the location and
desired period is zero (Koudahe et al., 2017; McKee et al., 1993). Positive SPI values indicate the
values that are greater than median precipitation, and negative SPI indicate the values are less than
median precipitation. Since the SPI is normalized, wetter and drier climates can be represented in
the same way, and thus, wet periods can also be monitored using the SPI1. Computation of the SPI
involves fitting of a gamma probability density function to a given frequency distribution of
precipitation. The parameters o and B of the gamma probability density function were estimated
for the precipitation monthly time series (1, 3, 6, and 12) as analyzed by (Karavitis et al., 2011;
Lee et al., 2023). It was developed on the basis that precipitation deficithas different impacts on
groundwater, reservoir storage, soil moisture and stream flow (McKee et al., 1993). The drought
trend of SPl at 1, 3, 6, and 12 month time scales have been analyzed in the study area. The complete
calculation procedure for the SPI can be found in McKee et al., (1993), and some details are

provided in Equation (1):

Where, is a scale parameter, is a shape parameter, g(x) is the gamma probability density
function, e is Euler's number for exponentiation and is the ordinary gamma function of

Detail information about the estimation of and s stated by McKee et al., (1993).

Reconnaissance Drought Index (RDI): The Reconnaissance Drought Index (RDI) has been
introduced by Tigkas et al., (2016) and Tsakiris (2013) as a physically based, universal and

comprehensive index for the assessment of meteorological drought. It utilizes two parameters,
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cumulative precipitation (P) and potential evapotranspiration (PET) for specified reference
periods. Recent studies have shown that temperature methods for estimating PET can be sufficient
for the calculation of RDI in various regions (Tigkas et al., 2013; Tigkas et al., 2016). Therefore,
the data requirements are limited to precipitation and temperature. Over the last decade, the RDI
has been widely used in several applications worldwide (Tsakiris et al., 2013). The RDI can be
expressed in three forms. The initial form of the index (I) within a year for a reference period of k

months is calculated as Equation (2) and Equation (3) (Tigkas et al., 2016; Tsakiris et al., 2007).

Where, P is precipitation in mm; PET is potential evapotranspiration; is the arithmetic mean of

the initial expression of RDI for k' month (Thomas et al., 2015)

There are three basic ways of generating Eto namely, penman Monteith, Priestly Taylor, and
Hargreaves method. Due to the ease of required input data in this experiment estimation of
potential evapotranspiration used in the calculation of RDI was obtained through DrinC by using
the Hargreaves method as Equation (4) (Wu, 1997);

Where, Tmax(°C) is the maximum average air temperature; Tmin(°C) is the minimum average air
temperature; Ra (MJ m2 d?) is the extra-terrestrial solar radiation; the parameters (mm d*) and b
are calibrated coefficients, determined on a monthly or yearly basis by regression analysis or visual

fitting; an unadjusted version of Hargreaves equation (given by default) is given with a=0 and b=1.

However, the total precipitation cannot usually represent sufficiently the amount of precipitation
that enters a reservoir, the percentage of the precipitation that contributes to groundwater recharge,
the amount of water that can be used by the root system of the plants, etc. For this reason, the use
of effective precipitation instead of total precipitation is proposed for RDI modification. In its
processing wizard, the DrIinC program offers the option to select whether to use the effective or
total rainfall.
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Stream Flow Drought Index (SDI): Stream flow Drought Index calculation was started according
to Equation (5) (Emiru et al., 2021; Wu et al., 2016; Rahdari, 2016; Zeng et al., 2015). If a time

series of monthly stream flow volumes is available, in which i denotes the hydrological year and
J represents the month within that hydrological year (j = 1 for October and j = 12 for September).

Where,1=1,2,...N,j=1,2...,12 and k= 1,2,3,4. V is the cumulative stream flow volume for the
i hydrological year and the k™ reference period, k = 1 for October-December, k = 2 for
October—March, k = 3 for October-June and k = 4 for October-September. Based on the cumulative
stream flow volumes, the Stream flow Drought Index (SDI) is defined for each reference period k

of the i hydrological year Equation (6)

Where, i = 1, 2... N and k = 1,2,3,4, and are the mean and the standard deviation,
respectively, of the cumulative stream flow volumes of the reference period k, as these are
estimated over a long time. In this definition, the truncation level issetto  , although other values

based on rational criteria will also be used.

Stream flow may follow a skewed probability distribution, which can be approximated well by the
family of gamma distribution functions (Blum et al., 2017 & Hamasha et al., 2023). The
distribution is then transformed to normal. Using the two-parameter log-normal distribution (for
which the normalization is simply reclaiming the natural logarithms of stream flow), the SDI which
is defined in Equations (7) and (8) are the natural logarithms of cumulative stream flow with mean

and SD , as these statistics are estimated over a long period by (Tigkas et al., 2016).

i=1,2...Nandk=1,2, 3,4
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The annual SDI was computed for more than 34 years between 1986 and 2020. Quantities and
descriptive situations of the SDI and SPI indices, which are provided in Tsakiris, (2013), have
been considered in this paper to provide a better representation of drought in spatial distribution
mapping. In this study, the calculations were performed using DrinC and R software (Tsakiris,
2013). DrinC has been recently used in several studies for drought assessment and monitoring.
The precipitation and runoff data were fitted to the log-normal distribution function in the
computation process. DrinC aims at providing a user-friendly interface for the calculation of
several drought indices, with emphasis on two recently developed ones: the Reconnaissance
Drought Index (RDI) and the Stream flow Drought Index (SDI). Also, the widely used
Standardized Precipitation Index (SPI) was calculated. The common characteristic of the selected
indices was that they require a relatively small amount of data for their calculation and the results
can be easily interpreted and used in water resource management strategic planning and
operational applications. The classification of drought was done following the (McKee, 1993) as

presented in table below.

Table 1. Classification of drought conditions based on the standardized precipitation Index

(SPI), reconnaissance drought index (RDI) and Stream flow Drought Index (SDI)

Class Drought category SPI, RDI and SDI values
1 Extremely wet >2.00
2 Very wet 1.5 <(SPI, RDI and SDI) < 1.99
3 Moderately wet 1< (SPIL, RDI and SDI) < 1.49
4 Near Normal -0.99 < (SPI, RDI and SDI) < 0.99
5 Moderately dry -1.49 < (SPI, RDI and SDI) <-1.00
6 Severely dry -1.99 < (SPI, RDI and SDI) <-1.50
7 Extremely dry (SPI, RDI, and SDI) < -2.00

Frequency of Droughts (F) : The cumulative frequency (F) of drought gives an idea of the
occurrence of dry sequences over a while (Caloiero et al., 2016). It is obtained by reporting the
cumulative number of dry sequences considering the total number of rainfall and flow data (Koffi
et al., 2020). The frequency of drought was computed following the Equation.
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Where, : Cumulative dry sequence size; N: total size of data.

Analysis of Correlation (r): To analyze the relationship between meteorological and hydrological
droughts in the Hulet Wenz river catchment, the Pearson correlation coefficient between the SPI,
RDI and SDI indices was calculated. The Pearson correlation coefficient is a very effective method
for the analysis of potential relationships between two independent variables (Lopez-Moreno et

al., 2013; Zeng et al., 2015). This coefficient was calculated using R software.

Data Collection and Analysis: The 34 years of rainfall, atmospheric temperature and runoff data
were collected from the study catchment station. All the indices were analyzed by using DrinC
software version 1.5.73. DrinC was developed by the National Technical University of Athens
Lab. of Reclamation Works & Water Resources Management in, 2007 to facilitate the procedure
of the calculation of drought indices. DrinC software has been developed aiming to provide the
means for the consistent calculation of various drought indices for drought analysis in research
and operational applications (Tsakiris, 2013). A special routine has been added to DrinC software
that can be used for the calculation of the modified RDI. The precipitation and runoff data were
fitted to the log-normal distribution function in the computation process. The calculation process
is performed through a graphical user interface and several options can be used for the
characterization of drought. The future forecast for stream flow due to climate change was
computed by using R-software by applying the Autoregressive integrated moving average

(ARIMA) function. The correlations among indexes were done by using R-software.

Seasonal Forecast with ARIMA: We have restricted our attention to non-seasonal data and non-
seasonal ARIMA models. However, ARIMA models are also capable of modeling a wide range
of seasonal data. A seasonal ARIMA model is formed by including additional seasonal terms in
the ARIMA models we have seen so far (Hyndman & George, 2014). It is written as follows:

ARIMA (p,d,q) (P,D,Q)m;

Where, m= number of observations per year. We use uppercase notation for the seasonal parts of

the model, and lowercase notation for the non-seasonal parts of the model.
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The results of ARIMA are measured in terms of forecast accuracy. Observed data is divided into
two sets; a training set to be used in estimating the parameters and a test set to be used in measuring
the accuracy of the forecast. Forecast error is the difference between the observed value (yt) and
its forecast (yt) (Alabdulrazzaq et al., 2021; Athanasopoulos, 2018). The most commonly used
scale-dependent measures of forecast accuracy are Mean Absolute Error (MAE) and Root Mean
Squared Error (RMSE) defined in Equation (10) and Equation (11), respectively. As for scale-
independent measures, the most commonly used one is Mean Absolute Percentage Error (MAPE),
defined in Equation (12) (Rebelob, 2015).

Where, n is the number of sample months; = is the actual observation of t" month; = is the

forecasted data value of t" month; and m= number of observations per year (12).

If the data contain zeros, the MAPE can be infinite as it will involve division by zero. If the data
contain very small numbers, the MAPE can be huge (Hyndman & George, 2014). The MAPE
assumes that percentages make sense; that is, the zero on the scale of the data is meaningful. The
mean absolute percentage error (MAPE) is one of the most widely used measures of forecast
accuracy, due to its advantages of scale-independency and interpretability. However, MAPE has
the significant disadvantage that it produces infinite or undefined values for zero or close-to-zero

actual values.

Results and Discussion

Estimation of Drought Indices with Different Time Scales
Standardized Precipitation Index (SPI)

Three-Month Standardized Precipitation Index (SPI-3): The three-month standardized
precipitation index (SPI-3) is presented in (Figure 2). From the analysis, it was found that October
to December experienced seasonal droughts in 1990, 2003, 2012, 2015, and 2018. There were
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droughts from January to March in 2000, 2003, 2008, 2012, 2015, and 2018. Drought from April
to June struck in 1988, 1990, and 2003. There were droughts from July to September in 1987,
1989, 2003, and 2015. Generally, 2003 and 2015 experienced drought in every season, out of all
the documented seasonal droughts that occurred in the watershed. The 2015 drought in Ethiopia

was also reported by another scholars (Philip et al., 2018; Sjoukje et al., 2017)
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Figure 2. Three-month standardized drought index (SPI1-3) of the watershed

Six-Month Standardized Precipitation Index (SPI-6): The Six-month standardized precipitation
index (SPI-6) is presented in (Figure 3). Based on a 6-month time step SPI analysis, an extreme
drought occurred from April to September in 1987 and 2003. The year 1987 was classified as a
dry year of Ethiopia (Richman et al., 2016). Drought also happened from October to March of
2003, 2012, 2015 and 2018 (Figure 3). The year 2016 (October-march) and 2009 (April-
September) were affected by a moderate drought.

Proceedings of the 15 Soil and Water Management Completed Research Activities 431



ARARI 2024

SPI (Oct-Mar) = SPI (Apr-Sept)

SN  YERATER A RN
I | | I | | |

i
-1

SPI-6

19861988199019921994199619982000200220042006200820102012201420162018
Year

Figure 3. Six-month standardized drought index (SP1-6) of the watershed

Annual Standardized Precipitation Index (SP1-12): The historical trend of the annual standardized
precipitation index is presented in (Figure 4). According to the findings, the watershed had an
extreme drought with SPI<-3.74 in 2003. Furthermore, with SPI values of (-1.83) and (-1.67),
respectively, it was determined that 1987 and 1990 were exceptionally dry years in the watershed's
history. This result was supported by another study reported the same finding (Mattsson & Rapp,
1991). Thirdly, the SP1 value for 2015 indicated that it was a moderately dry year for the watershed
(-1.07). The year 1999, 2014, and 2019 were identified to be moderately wet years of the
watershed. The watershed had climates that are generally close to normal for approximately 28

years, with SPI values that vary from (-1 to 1).

SPI

Figure 4. Annual standardized precipitation index (SPI-12) of the study watershed.

Reconnaissance Drought Index (RDI)
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Three-Month Reconnaissance Drought Index (RDI-3): The three-month drought analysis with this
index indicated July to September was the wettest season of the watershed. This season was the
main rainy season. The remaining three seasons were moderately normal and normal. This index
is generally not sensitive to seasonal drought identification for the study watershed, which is

humid.
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Figure 5. Three-month reconnaissance drought index (RDI-3) of the watershed

Six-Month Reconnaissance Drought Index (RDI-6): Based on RDI-6 analysis, 2003 was affected
by extreme and 1987 was affected by a moderate drought. While the most severe dryness was
observed in October-March of 2003, 2012 and 2018 (Figure 6). It was also observed that 2016
(October-march) and 2009 (April-September) were affected by severe drought. Generally, October
to March is much drier than April to September in the study watershed. Similar study on the
temporal drought analysis by Burka et al., (2023) reported the occurrence of major drought events
in the years: 1984/85, 1999/2000, 2002/3, and 2009.
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Figure 6. Six-month reconnaissance drought index (RDI-6) of the watershed
Annual-Reconnaissance Drought Index (RDI-12): The annual Reconnaissance drought index
(RDI-12) is presented in (Figure 7). This index indicated that 2003 was found to be an extremely
dry year of the watershed since 1986 with an RDI of (-3.65). Similarly, 1987 was found to be a
severely dry year with an RDI value of (-1.68). similarly, the study on Drought sensitivity
characteristics and relationships between drought indices over Upper Blue Nile basin by Kebede
et al., (2019) reported severe drought at Deberberehan in 1987 and 1989. The year 1990, 20009,
and 2015 were found to be moderately dry years with RDI values of, (-1.09), (-1.45), and (-1.38)
respectively. These years were classified as a drought affected years of Ethiopia (Karavitis et al.,
2011; Lee et al., 2023; Richman et al., 2016; Sjoukje et al.,, 2017). The remaining years were
found to be free of drought and excess moisture. For example, the year 1991, 1993, 1994, 1999,
and 2014 were found to be moderately wet years. These drought indices were found to be in a
similar pattern to the standardized precipitation index.
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RDI

Figure 7. Annual-reconnaissance drought index (RDI-12) of the study watershed.

Standardized and Reconnaissance Drought Indices as Meteorological Drought Indices

Droughthas occurred at different times in the watershed assured by analyzing the long-term
historic metrological and hydrological data. Metrological droughts were characterized by SPI and
RDI indices using 1, 3, 6 and 12 month time steps. The analysis of the 1-month time scale revealed
that the extreme drought occurred in the years 1987 and 2015 in July. Similarly, severe
droughthappened in 1987(June), 1990 (May, June, and August), 1995 (September), 2003 (October,
March, April, May, June, August, and September), 2008 (March), 2009 (September), 2015 (April)
and 2018 (October). Moderate drought was also pronounced in 1988 (March and May), 1989 (May
and august), 1993 (June and august), 1999 (April), 2000 (March), 2002 (May), 2004 (May), 2005,
and 2006 (April), 2007 (May), 2009 (May), 2011 (October), 2012 (October and March), and 2019
(August).

Based on the 3, 6 and, 12-month time step SPI and RDI indices analysis, a higher pick of the
drought was observed in the watershed in 1987 and 2003. Concerning the 3-month time scale, it
was better to see the drought effects on the main rainy seasons (kiremit) and the short rainy season
(Belg) of the watershed. The only extreme drought occurred in 1987 (July- September). Similarly,
the most severe dryness has experienced in 2003 and 2015 and moderate dryness was also
pronounced in 1995 in kiremit months (July- September). In agreement with this, Segele & Lamb
(2005) and Viste et al.,(2013) reported that the kiremt season of 1987 was severely dry over
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Ethiopia, particularly in the northeastern half of the country, which was primarily caused by the
missing of rain in July and August. So, those incidents would have a higher risk in the study area.
According to Mekonen et al., (2020) the drought risk intensity was more weighted during the
months of kiremt. Segele & Lamb (2005) also revealed that the greatest damaging droughts in
Ethiopia are connected with the failure of kiremt rains. In the short rainy seasons also the most

severe drought occurred in 2003 and 2012 (January-march).

This result mostly agreed with the ground facts of the historic drought events during the years
1970-2010 in Ethiopia presented by the EM-DAT International Disaster Database center (Yared
et al., 2018). According to the center, a drought occurred from June 1987 (Shewa, Wollo, Tigray,
etc), from October 1989-1994, 2003-2004, and May 2008-October 2009 (Tigray, Amhara,
Oromiya, etc put on as region). This depicts the performance of the drought indices' abilities in
indicating historic drought events. In 2008/2009 all regions of Ethiopia and in 2015/2016 in the
north, east, and southwest Ethiopia, a drought occurred and millions of people were affected
(Mohammed et al., 2018).

Generally, based on the above result, both indices did not show a large difference (Figure.2-7)
which was similarly reported by Alemu et al., (2021). Nevertheless, the RDI is more advantageous
than SPI since the RDI incorporates both temperature (evapotranspiration) and precipitation data
in a single index whereas the SPI includes only precipitation (rainfall) data. Similar to this study,
for drought monitoring in given stations, Jamshidi et al., (2011) showed that the RDI is more
sensitive than the SPI to climatic conditions and therefore, the RDI was more recommended for
meteorological drought monitoring. Alemu et al., (2021), also reported the role of
evapotranspiration is very important in drought assessment and should not be ignored. However,
many scholars from different countries such as Algeria, India, the USA, Nepal, Tunisia, Kuwait,
etc., also recommend the importance and suitability of SPI and RDI indices for drought
monitoring, assessing and comparing meteorological and hydrological droughts (Thilakarathne &
Sridhar, 2017).

Streamflow Drought Index (SDI): Based on the 35 years’ time series stream flow data, the SDI has
been analyzed for the reference periods, SDI-3, SDI-6, and SDI-12 described in the following

subheadings.
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Three-Month Stream Flow Drought Index (SDI-3): Based on the SDI-3 value the station
experienced droughts during the reference period October-December in the years 1996, 1998,
2008, 2015 and 2017 (mild drought), 2003 and 2007 (moderate drought), 2001, 2012 and 2016
(severe drought), 2002 and 2005 (extreme drought). From the January-march reference period in
the years 2015, 2012, 2003, 2000, and 1999 (moderate and severe droughts) have appeared. In the
reference period from April-June mild and moderate droughthas been observed. However, 2013
and 2006 experienced severe and extreme drought with SDI-3 values of -1.77 and -2.16
respectively. From July to September in comparison to other periods, most of the droughts were
mild. Two years, 1987 and 2015 were affected by extreme drought with SDI-3 values of -2.09 and
-2.87 respectively. This may be a result of extreme and severe droughts in a similar reference
period indicated above in SPI drought analysis to assure metrological drought impacts on
hydrological droughts (Wale et al., 2018).
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mSDI(Apr-Jun) = SDI(Jul-Sept)
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2018
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Figure 8. Three-month streamflow drought index (SDI-3) of the watershed

Six-Month Stream Flow Drought Index (SDI-6): The six-month streamflow drought index is
presented in (Figure 9). For the last 35 years, drought incidents have occurred from October-March
in 14 years (41.2%). From there, the years 2003, 2012, and 2016 were affected by extreme droughts
with SDI-6 values of -2.55, -20.7, and -2.01 respectively, and 2005 was affected by severe droughts
with SDI-6 values of -1.91. Similarly, from April-September, more droughts (50%) have occurred.

However, only one extreme drought in the year 2015 with an SDI-6 value of -2.95 was experienced
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and the others were only moderate and mild. The SDI-6 series showed a more remarkable decrease
in stream flow during the October-March period as compared with the April-September period.
According to Basin & Ozkaya, (2019), a decrease in stream flow and water losses resulted in
reduced use of irrigation water, because the requirement for crop irrigation was the highest at the

time.
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Figure 9. Six-month streamflow drought index (SDI-6) of the watershed

Annual Streamflow Drought Index (SDI-12): The annual drought index for streamflow is shown
in (Figure 10). From 34 years data the annual drought (SDI-12) analysis result depicted 16 years
(47%) droughthas appeared in the watershed. From these 16 years, one year (2015) got extreme
drought with an SDI-12 value of -2.61 and four years (2002-2005) experienced severe drought
with SDI-12 values of -1.43, -1.10, -1.05, and -1.2 respectively and the rest were mild droughts.
This indicates that there was decreasing or blow average stream flow recorded in all SDI analyzing
time steps. The years 1986, 1991, 1995, and 1996 were determined to be very wet years, whereas
1990, 1994, and 1997 were found to be moderately wet years, as is shown in the chart below.
These wet years of streamflow had dry weather, as determined by the standard precipitation index

and reconnaissance drought index.

For instance, the standardized precipitation index classified 1990 as a moderately dry year, but

there was a water deficit in the stream. Such events might occur since there are insufficent
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structures to facilitate water infiltration into the ground. As a result, rainwater directly transforms
into runoff and flow. But beginning in 1998, the watershed's hydrologic conditions almost always
showed signs of being fairly dry. The absence of excessive rainfall is the primary cause, but it is
also anticipated that the rainfall is not instantly converting in to runoff. Since there have been
several attempts to conserve soil and water in the watershed since 1995, these intervention

activities may have an impact on the streamflow (Dile et al., 2018; Sultan et al., 2018).
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Figure 10. Annual-streamflow drought index (SDI-12) in the study watershed

Sensitivity of Streamflow to Drought: For sensitivity analysis, it was better to investigate the
relationship of stream flow with drought and climatic parameters (Basijokaite & Kelleher, 2021;
Malede et al., 2022). The impacts of drought on stream flow were analyzed with establishing a

correlation between annual stream flow data and annual SDI values.

Relationship between Meteorological and Hydrological Droughts: To analyze the relationship
between climatic and hydrological droughts in a basin, the correlation coefficients between the
SPI, RDI, and SDI were calculated for different time scales. Similar findings by Boudad et al.,
(2018); Lohpaisankrit & Techamahasaranont, (2021) reported positive relationship between
meteorological and hydrological droughts. The correlation coefficient between the RDI and SPI
was found to be the highest ranging from 87% to 99% in all time scales. The occurrence of climatic

droughts is one or two months earlier than the hydrological droughts in the watershed. Hence, the
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occurrence of a meteorological drought two months earlier could be an early warning signal of a
hydrological drought, and the occurrence of a meteorological drought one month earlier usually

could cause the occurrence of hydrological drought.

The correlation between the 3-month drought indices, SPI, RDI and SDI were found to be
significantly correlated (Figure 11). January to March seasonal analysis confirmed that the
watershed was equally affected with both meteorological and hydrological droughts. July to
September, the streamflow was not affected by meteorology as illustrated in Figure 11. Since these
were the watershed's primary rainy months, there may be more factors besides climatic ones that
affect streamflow. The biophysical characteristics of the watershed may have an impact on the
proportional change in streamflow caused by meteorological factors (Lv et al., 2021).
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Figure 11. The correlation chart of three-month drought indices

The six-month drought analysis indicates that all drought indices were found to be significantly
correlated, even though, the SPI and SDI were found to be highly correlated than Standardized
Precipitation Index (SPI) and Stream flow Drought Index (SDI) and Reconnaissance Drought
Index (RDI) (Figure 12). However, there was no noticeable relationship between SDI and SPI from

April to September. Compared to reconnaissance drought index, streamflow drought index shows
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weaker correlation with standardized precipitation index. Reconnaissance drought index, which

takes evapotranspiration into account while calculating streamflow, is said to be more cautious

than standard precipitation index.
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Figure 12. The correlation chart of six-months drought indices

Correlation coefficients for 12 months between SPI and SDI were not significant but there has

been a significant correlation between SDI and RDI (Figure 13). The correlation coefficient for 12

months between SP1 and SDI was around 10%, which is the smallest among the four different time

scales. The higher values indicate that climate has a significant impact on the hydrological process

on the annual time scale. However, human activities would clearly have an impact on hydrology

and water supplies at shorter time spans. Similarly, streamflow is more heavily influenced by the

reconnaissance drought index than the standardized drought index in the annual drought analysis.

While there was a weak correlation between the streamflow drought index and the standardized

drought index, the correlation between the streamflow drought index and the reconnaissance

drought index was rather significant (Figure 13).
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Figure 13. The correlation chart of annual drought indices

In all time correlation analyses (Figure 11-13); 1, 3, 6, and 12 months, RDI and SDI have better
correlation and all correlations are significant (P<0.05). This is the result of the inclusion of many
climatic parameters like Eto during the calculation of RDI. RDI by utilizing the Eto can be very
sensitive to climatic variability, utilization of the RDI would seem to serve a better purpose (Khalili
et al., 2011; Memon & Shah, 2019). From the result of the correlation between SDI and RDI, we
can confirm that the stream flow is highly affected by evapotranspiration.

Compared to correlations between other pairs of meteorological indices, correlations involving
SDI were generally low. According to Yared et al., (2018), it is based on river flow, which is a
combination of surface flow, interflow, and base flow (or groundwater flow), and is expected to
have a certain lag time with meteorological droughts. This might be one of the possible reasons of

the absence of correlation with other drought indices.

The change in climatic parameters also plays a crucial role in the station stream flow change.
According to Turoglu, (2016), the changes in annual and seasonal mean values of temperature and
precipitation have a direct impact on surface runoff and therefore flow characteristics of rivers are
likely to be very sensitive to climate changes. Regression analyses were carried out to understand
the relationship between climatic parameters (precipitation, temperature and calculated

evapotranspiration) and the resulting stream flow. Based on the analysis, annual stream flow was
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negatively correlated with temperature (-0.19) and potential evapotranspiration (-0.63) and
positively correlated with precipitation. The watershed stream flow was more sensitive to

evapotranspiration than rainfall and temperature.

Prediction of Future Stream Flow and Climatic Variables: The annual rainfall, temperature and
stream flow trends have been forecasted using Autoregressive Integrated Moving Average
(ARIMA) model (Figure 14 to 16). Hydrological drought prediction has a representative role in
water resource management. Alawsi et al., (2022) reported that drought forecasting is a critical
component of drought hydrology which plays a vital role in risk management, drought
preparedness and mitigation. Based on Autoregressive Integrated Moving Average (ARIMA)
model, hydrological drought could project for the coming near future periods. As shown in (Figure
14) the stream flow of the study watershed will be decreasing in the coming ten years. The blue
color in the graph represents the future projected streamflow using the black colored observed

historical streamflow.

Forecasts from ARIMA(1,0,2)(2,1,1)[12]
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Figure 14. The historical (black line) and the future projected (blue line) streamflow of the study
watershed
The rainfall of the watershed also indicated decreasing trend for the coming ten years, as illustrated
in (Figure 15).
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Figure 15. The historical (black line) and the future projected (blue line) rainfall of the study

watershed
Additionally, it was determined that the maximum and minimum temperatures would be
decreasing over the coming ten years. However, the rate of decrease is not remarkable.

Forecasts from ARIMA(2,0,2)(1,1,0)[12] with drift
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Forecasts from ARIMA(2,0,3)(0,1,1)[12] with drift

TMIN(oC)
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Figure 16. The historical (black line) and future projected (Blue line) minimum and maximum
temperature of the study watershed

As indicated below the future predicted stream flow showed a decreasing trend proportionally to

the observed data trends that help for the proper use and management of the resource. Datta et al.,

(2021), reported that accurate prediction helps water managers with proper planning, utilization of

limited water resources and distribution of available water to different sectors and avoid

catastrophic consequences.

Prediction Accuracy Assessment: MAPE value of 4.4% and 10.1% in forecasting maximum and
minimum temperature means that the average difference between the forecasted value and the
actual value is 4.4% and 10.1% respectively (Table 2). With this metrics, the prediction model can
be considered as a very accurate model. Similarly, the RMSE and MAE values of these two
climatic parameters are very small; this is an indicator for the accuracy of the prediction model.
Whereas the infinity and maximum value of MAPE is the result of ‘0’ or near’0’ values in our
actual observed rainfall and runoff data respectively. As indicated in the equation, ithas a division
for the actual value, at this time if there is ‘0’ value in the actual data, therefore there will be

undefined (infinity) value for MAPE.
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Table 2. Statistics measuring the forecasting accuracy of ARIMA model

Forecasted parameters Forecasted years RMSE MAE MAPE
Rainfall (mm) 10 72.91 49.21 o0
Streamflow (mm) 10 37.08 21.65 1884.83
Minimum Temperature (0C) 10 0.87 0.61 10.10
Maximum Temperature (0C) 10 1.02 0.75 4.40

Conclusion and Recommendation

The sensitivity of streamflow to meteorological droughts was investigated using 35 years of
rainfall, temperature and stream flow data in Andit Tid watershed. Standardized precipitation
index (SPI1) and Reconnaissance drought index (RDI) were used to analyze metrological drought
and Stream flow drought index (SDI) which was used for hydrological drought analysis. Data were
analyzed using DrinC, R software and Microsoft Excel. Based on the analysis both metrological
and hydrological droughts were experienced in the study watershed at different periods (1, 3, 6,
and 12 months). From different periods of drought analysis 1986, 2003, and 2015 were identified
to be extremely dry years in the watershed. The results of a correlation analysis between drought
indices showed that metrological drought indices had higher correlations between one another.
There is also a strong correlation between the hydrological and meteorological droughts indices at
(P 0.05). The correlation between the streamflow drought index (SDI) and reconnaissance drought
index (RDI) was higher than that between the standardized precipitation index (SPI). This
streamflow behavior demonstrated its high reaction to evapotranspiration than the actual
temperature. Generally, the drought indices in the watershed were better correlated during dry
seasons than during wet seasons. It was determined through analysis of the watershed's future
hydrologic and meteorological conditions that all streamflow, rainfall, and temperature will
decrease during the next ten years. Given the aforementioned results, it is preferable to take action

to reduce climate change through water harvesting and management strategies.
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