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Abstract: Drought indices are used to identify and monitor drought events. The standardized precip-
itation evapotranspiration index (SPEI) is a widely used index based on accumulated water balance.
There is, however, no broad consensus on which probability distribution is the most appropriate for
water balances. This issue is investigated for Ethiopia using 125 meteorological stations spread across
the country. Based on long-term series, a selection was made among the generalized extreme value,
Pearson type 3, and generalized logistics (Genlog) distributions. Additionally, the effect of using
actual, instead of potential, evapotranspiration and a limited amount of data (10, 15, 20, and 25 years)
is explored. Genlog is found to be the best distribution for all accumulation periods. Furthermore,
there is a considerable difference amongst the SPEI values estimated from the three distributions
on the identification of extreme wet or extreme dry periods. Next, there are significant differences
between standardized precipitation actual evapotranspiration index (SPAEI) and SPEI, signifying the
importance of drought index selection for proper drought monitoring. Finally, time series of 20 or
25 years of data lead to almost similar SPEI values to those estimated using more than 30 years of
data, so could potentially be used to assess drought in Ethiopia.

Keywords: drought; SPEI; candidate distribution; global datasets; SPAEI; short time series

1. Introduction

Drought can be defined as a temporary decrease in water availability over an extended
period. Since there is a wide range of drought definitions, depending on the impact,
drought studies are a multifaceted or multidisciplinary area of research. Furthermore,
drought prediction is difficult since rainfall is difficult to predict [1]. Moreover, it possesses
a major threat to the livelihoods and multiple economic sectors worldwide, especially those
largely dependent on subsistence agriculture. Drought incidents are mostly followed by
socioeconomic impact (reduced income of farmers, increased heat strokes, etc.). The African
continent is well known to be affected by drought, and specifically, Ethiopia is usually given
as an example of impactful drought in Africa [2-6], despite being called the “water tower
of Africa”. For instance, in 2015, a severe drought struck Northern Ethiopia. According
to the Emergency Events Database (EM-DAT—https://www.emdat.be/, last accessed
on 6 June 2021), in the past 100 years, Ethiopia suffered from 402,367 drought-related
casualties, and around 70 million people are directly or indirectly affected by drought.

Droughts can be categorized as meteorological, agricultural, and/or hydrological
droughts. Meteorological droughts are defined as a below-average precipitation/water
balance (precipitation—evapotranspiration) value. Agricultural droughts occur when there
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is below-normal crop yield due to the decrease of water in the root zone. Finally, hydro-
logical droughts are characterized by reduced water availability in hydrological bodies
(e.g., groundwater, surface water bodies, etc.). Generally, the timescale over which precipi-
tation deficits/water balances accumulate is vital to differentiate these drought types. For
example, agricultural droughts have a much shorter timescale than hydrological droughts
(droughts in groundwater or surface water bodies). In this paper, timescales ranging from
1 to 24 months are assessed, thereby covering most drought types.

The severity of droughts is usually expressed using drought indices. Among the
many, the Standardized Precipitation Index (SPI) [7] and the Standardized Precipitation
Evaporation Index (SPEI) [8] are widely used. Individual drought indices for different
durations could also be combined to obtain an overall drought assessment [9]. Furthermore,
drought indices are useful for identifying the intensity and duration of drought [10]. Each
index has its benefits and limitations. Thus, a comparison is needed to identify indices that
suit a given case or basin.

Both SPI and SPEI are probability-based indices that consider the distribution of
precipitation and water balance, respectively. Based on 11 gauging stations located at
different places in the world, in Ref. [8], the log-logistic distribution was found to be
appropriate for the water balance (and to estimate the SPEI). However, recent studies
have shown that other distributions are also adequate to fit the water balance [11,12].
While literature agrees that SPI fitting is best performed with the gamma distribution, a
universally optimal distribution for SPEI is currently not encountered. In Ref. [11], for
instance, it was found that the generalized extreme value (GEV) distribution fits the water
balance better than the log-logistic distribution or the Pearson type 3 (PE3) distribution for
Europe. On the other hand, Ref. [12] showed that PE3 outperforms the other distribution
types, especially for shorter timescales, while GEV performs well for longer timescales
for most parts of India. The findings of Ref. [13] that are based on 541 stations in China
are in accordance with Ref. [8] but also claim that the PE3 and the GEV distributions
describe the water balance well. It is to be noted that the log-logistic distribution is a
two-parameter family, but to allow for negative values for SPEI, Ref. [8] added a third
location-parameter. As noted in Ref. [11], this extended distribution is mathematically
equivalent to the (three-parameter) generalized logistic distribution (Genlog).

Recently, the use of actual evapotranspiration instead of potential evapotranspiration
for estimating the drought index has received more attention [14-18]. It has the advantage
of representing the actual drought characteristics while considering land and vegetation
variability. Hence, it is intended to assess the use of AET instead of PET which also has the
potential to indicate the uncertainty in the drought index estimation by different inputs.

The time series length-dependence for drought analysis over Ethiopia was investigated
in Ref. [19], but their focus was on assessing drought categories, and the assessment did
not consider less than 30 years of data. In addition, research on the SPI values estimated
using shorter and longer time series of global datasets were assessed for China [20]. Their
analysis revealed that 17 years of data is sufficient to evaluate drought using either in situ
or global datasets. Such research is vital mainly for developing countries that generally
lack long observed precipitation time series.

The main focus of this paper is to assess which of the three candidate distributions
(Genlog, GEV, PE3) are the most appropriate for the water balance in Ethiopia and to
calculate SPEI accurately, which otherwise may lead to inappropriate drought monitoring.
In addition, the relative difference between the SPEI estimations is compared by visual
inspection and the Nash-Sutcliffe efficiency (NSE) coefficient. Finally, since gauging
stations in Ethiopia are scarce and the available data length is short, comparison is made
between the SPEI values estimated using short time series of precipitation data against
those calculated using the complete series (benchmark data).
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2. Materials and Methods
2.1. Study Area

The study area is located in Ethiopia, an eastern African country with a population
of around 112 million (The World Bank; https://www.worldbank.org/en/home—last
accessed on 4 June 2021). The Ethiopian climate is dry in the southeastern and northeastern
parts of the country and wet in the country’s central, western, and southern regions.
Mountainous areas range from the west and central to the northern part of the country.
The precipitation has two main seasonal variations, where August to September are the
wettest months, while December to April are the driest months. The spatiotemporal rainfall
patterns are highly inhomogeneous due to the complex orography and convective nature
of rainfall [21]. Moreover, the decadal variability of Ethiopian rainfall is known to be
significant [22,23]. On the other hand, long-term series indicate either no trend [24] or a
drying signal [25], while future model projections indicate a drying trend over the Ethiopian
Highlands [26]. The country is well known for catastrophic drought events, as several
incidents have resulted in the loss of human lives. Between 1973 and 1975 especially, more
than 200,000 people have died due to starvation, malnutrition, and related diseases [27].

2.2. Climatic Data

Daily precipitation data from 273 gauging stations were obtained from the National
Meteorology Agency of Ethiopia (NMA), and monthly aggregated precipitation values
are used for the analysis. Out of the 273 gauging stations, the number of missing daily
precipitation data was substantial. Hence, missing values are replaced using the CHIRPS
(Climate Hazards Group InfraRed Precipitation with Station data) observational dataset [28].
Since this dataset started in 1981, it was decided to limit our analysis from 1981 onwards.
The ending dates vary from station to station, but the total length of time series is longer
than 30 years. Additionally only time series with less than ten years of missing data are
considered, and we eventually found 125 stations that met these criteria (Figure 1).
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Figure 1. Elevation map for the study area together with the location of the 125 gauging stations used
in this study.


https://www.worldbank.org/en/home

Atmosphere 2022, 13, 364

40f17

According to Ref. [29], the CHIRPS observational dataset represents the precipitation
in the Upper Blue Nile (UBN) better than other existing datasets, such as the Precipitation
Estimation from Remotely Sensed Information using Artificial Neural Networks (PER-
SIANN), African Rainfall Climatology and Time-series (TARCAT) v2.0, Tropical Rainfall
Measuring Mission (TRMM), and Africa Rainfall Estimate Climatology version 2 (ARC 2.0).
A similar assessment of CHIRPS, ARC2, and TAMSAT by [30] for the Eastern Africa region
showed the superior performance of CHIRPS.

Before using these values, multiplicative bias correction is applied on the CHIRPS
dataset using the available gauging station data. Temperature data is obtained from
ERAS [31] at the nearest grid point of each gauging stations that are analyzed. ERA5
was recently compared with gridded observations and ERA-Interim over Africa [32]. It
was shown that, despite persistent biases over the Ethiopian Highlands, ERA5 clearly
reduced climatological biases with respect to ERA-Interim. Persistent biases may also arise
due to the mismatch in spatial scales between ERAS5 and stations observations that gives
rise to large observational representativity errors in the orographically complex region.
For further analysis, Table S1 in Supplementary Material lists the historical droughts
since 1981 that are taken as a reference for selecting historical drought periods (EM-DAT
https:/ /www.emdat.be/, last accessed on 6 June 2021).

2.3. Standardized Precipitation Evapotranspiration Index (SPEI)

There are several methods to estimate potential evapotranspiration (PET), and they
give different estimations. Since the Penman—-Monteith method [33] requires several meteo-
rological input variables that are difficult to obtain (e.g., solar radiation, wind speed, relative
humidity, etc.), it is usually customary to use approximations such as the Thornthwaite
equation [34], which only requires monthly mean temperature. However, this method has
its own limitations, such as the overestimation of PET in tropical areas [35], and different
SPEI values compared to those estimated using other PET estimation methods [36]. The
difference between precipitation and PET (estimated using the method of Thornthwaite) is
assumed to be the water balance at those stations.

After estimating the water balance, these values are aggregated into different timescales
(1-, 3-, 6-, 9-, 12-, and 24-month accumulation periods are considered). The candidate dis-
tribution function is fitted to these aggregated values and transforms them to standard
normally distributed values. The different drought index categories (see Table S2 in
Supplementary Material) correspond to the degree of deviation from mean conditions
(i.e., SPEL = 0). For our analysis, SPEI values are limited to vary between —3 and 3, as
extreme values may be inaccurately determined [11,37]. Values less than —3 and above 3
are assigned —3 and 3, respectively. The SCI package is used to estimate the SPEI values
using the three distribution functions [38].

2.4. Standardized Precipitation Actual Evapotranspiration Index (SPAEI)

The use of actual evapotranspiration can be better representative than PET to char-
acterize some drought aspects (such as assessing the impact of evapotranspiration and
land use and/or vegetation impact on drought). The Global Land Evaporation Amster-
dam Model—GLEAM v3.5a [39,40]—database is used to estimate PET using the Priestley
and Taylor equation. AET is calculated by multiplying PET with a stress factor, obtained
from microwave observations of the vegetation optical depth (VOD), which is used as
an approximation of the vegetation water content. The VOD is based on observations
from different microwave satellite sensors [40]. The GLEAM dataset has been successfully
validated worldwide [40] and over Africa specifically in Ref. [41] where it is recommended
to be used for drought studies.

2.5. Probability Distribution Functions

The three considered candidate probability distribution functions, each featuring three
parameters, are as follows:
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e  Pearson type III (PE3)

PE3 is commonly used in the field of hydrology and specifically for flood frequency
analysis. It is a three-parameter distribution similar to a two-parameter gamma distribu-
tion (I'), except that it has a location parameter (c) in addition to scale (3) and shape («)
parameters. The location parameter is useful for SPEI estimation as the water balance is not
bounded by 0, as the deficit can lead to a water balance below zero. The PE3 distribution is
represented by the following probability density function [42].

1 x—c\* ! _(x=c
f(x) = —— | — ex (B),whereoc>0, >0and 0 < ¢c < x 1
e  Generalized extreme value (GEV) distribution

The GEV distribution constitutes a family of continuous probability distributions
proposed in extreme value theory [43,44]. It has been commonly applied for extreme events
such as drought and flooding. This is given by
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where 1, 0, and & are the location, scale, and shape parameters, respectively.
e  Generalized logistic (Genlog) distribution

Genlog is usually used to model precipitation and streamflow and is of the form [45]
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where &g, ag, and k are the location, scale, and shape parameters, respectively.

2.6. Distribution Fitting Using Shorter Time Series Data

The total time series data are reduced into a series of consecutive 10, 15, 20, and
25 years of data in order to assess the suitability of the three distributions to fit shorter
length time series. Those years are selected by a one-month moving window where one
full time series data will contain multiple m years-long data, where m is the short time
series length (10, 15, 20, and 25). For example, 10/15/20 or 25 continuous years are selected
starting from January and until the next m years. The next dataset will be generated
starting from February until the next m years, and this continues until the full time series
is used. This is performed for each station and each moving window separately. After
selecting those time series, a comparison is made between SPEI estimated from shorter
time series to those estimated using the benchmark data. Note that the benchmark data
is subject to uncertainty, but, generally, it is the recommended data length for drought
analysis. Furthermore, as an example, the most drought-hit period is selected (i.e., with the
highest number of historical droughts) for inspecting the difference among the SPEI values
estimated using 10, 15, 20, and 25 years of data.
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2.7. Evaluating Distribution Functions and the SPEI Values
2.7.1. The Goodness-of-Fit Test (GOF)

The Kolmogorov-Smirnov (KS) and the Anderson—Darling test (AD) assess the goodness-
of-fit (GOF) [46]. AD attributes more weight to the tails of the distribution while KS assesses
the general fit [47]. If the test statistics value (AZor A) is higher than a critical value, then
the null hypothesis that the data comes from a specific distribution is rejected. Critical
values are not always available in a closed analytical form, but they can be approximated
using Monte Carlo simulation for a given distribution and sample size [48-50]. The AD
statistic is given by

n

1
A= —n-— ; (2i —1)[logF; +log {1 — Fny1-4}] @)

where F is the cumulative distribution function (while f in Section 2.5 is the corresponding
density function) with data samples (x1,xy, . .. , Xn) with sample size n.
The KS statistic is given by

A = max|F;) — Feyl )

where F(; ;) and F ¢ ;) are theoretical and empirical cumulative distribution function values
at time step i of a specific distribution, respectively.

The rejection frequency for each statistical test is calculated at a 5% significance level
for 12 months per gauging station divided by the total number of distribution fittings. The
total number of distribution fittings corresponds to 125 gauging stations multiplied by
12 distribution fittings per gauging station. The R-package fitdistrplus is used to perform
the GOF tests [51].

Whenever the distribution fitting with maximum likelihood (MLE) method fails
(which may happen with short datasets or data points that fall outside the distribution
domain), SPEI is calculated using initial parameter estimations from L-moments using the
Imomco package in R [52]. Thus, it is crucial to assess the estimated SPEI values, hence, the
Shapiro-Wilk test (SW) is used, which is equivalent to the classical GOF tests [11]. That is,
in the estimation of SPEI, the transformation of the cumulative distribution functions to the
standardized normal distribution is to ensure normality. Hence, testing the SPEI values
using the SW test [53] can indirectly assess the goodness-of-fit.

2.7.2. Nash-Sutcliffe Efficiency
The SPEI values calculated from the distribution functions are compared using the

Nash-Sutcliffe efficiency (NSE) [54], where the SPEI estimated using one of the distributions

is compared against the chosen distribution (selected after the GOF tests).

n i i 2

NSE — 1 — i=1 <SPEIcand B SPEIref)

n i TPET 2 (6)
', (SPEIL — SPEL)

ref —

whe1je SPEIiref is the SPEI based on the true or reference distribution at the time i, and
SPEI,,4 and SPElnq are the SPEI and the average SPEI values (for a given gauging
station) estimated using the candidate distribution.

NSE equal to one means that the candidate and the reference distribution are equal,
while NSE values lower than 0.5 are commonly considered to indicate poor similarity. Note

that NSE has been used before in the context of comparing drought indices [20,55].
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3. Results and Discussion
3.1. Difficulty in Fitting Water Balance

If maximum likelihood estimation of a specific distribution is unsuccessful, then
initially estimated parameters will be used. This, however, has shortcomings as these are
not optimized model parameter values using MLE; hence, it is necessary to assess whether
the initially estimated parameters can be valid while estimating the SPEI values. The result
suggested that while using PE3, in 43% of the gauging stations at a 1-month time scale,
MLE could not find the optimum model parameters (refer to Figure S2 in supplementary
material). This is also apparent in the result of [11]; hence, the Shapiro-Wilk (SW) test is
performed on the SPEI values estimated from all the three distributions for all accumulation
periods separately.

3.2. The Goodness-of-Fit Test

The Genlog distribution captures the water balance better than the other two for all
accumulation periods, although comparable results are obtained with the GEV for 1-month
accumulation periods. In general, the rejection frequency for Genlog (based on the AD test)
is around 5% for most accumulation periods (Figure 2). A similar pattern is seen based on
the Kolmogorov—-Smirnov (KS) test, but the rejection frequency is lower than for the AD
test, which indicates a better fitting in bulk than in the tails of the distribution.

Anderson-Darling
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Figure 2. Rejection frequency (relative to 125 stations and 12 months per station) for the Anderson—
Darling (top), Kolmogorov—-Smirnov (middle), and Shapiro-Wilk (bottom) goodness-of-fit test at
5% significance level. The result is for the three SPEI candidate distribution functions for different
accumulation timescales.
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The results for the SW test show a similar pattern to the AD and KS test, except that
the rejection frequency is smaller. The ability of the SW test to assess the goodness of fit
is essential as it is not required to perform Monte Carlo simulations to find critical values
(they are already well known), which is the case for the AD and KS tests [56-58].

Similar to our results, higher rejection frequencies at shorter timescales are also seen in
Ref. [11] and for the most part of Europe and India [11,12]. The noticeable higher rejection
frequency at the 1-month accumulation for the Genlog distribution is further investigated
using the quantile—quantile (Q-Q) plot (refer to Figure S3 in Supplementary Material).
According to the Q-Q plot, the quantiles deviate from the bisector line for the shorter
aggregation level while they approximately lie on the bisector line for a higher timescale.

Furthermore, the acceptance frequency for the GOF test for each month and each
accumulation period is provided in Figure 54 in the Supplementary Material. The result
indicates that lower acceptance is seen during the 1-month accumulation period. The
smallest acceptance percentage is observed in December, January, and February, where
the weather is dry in most parts of Ethiopia. However, accumulation periods longer than
3 months show more than 85% acceptance frequency for Genlog. Furthermore, the results
are similar to Ref. [13], where the appropriateness of Genlog and the acceptance of the three
distributions for SPEI estimation is seen for most parts of China.

3.3. Comparison of SPEI Values Estimated from PE3, GEV, and Genlog
3.3.1. Visual Comparison of SPEI Values

The gauging station (Melkasa) has the lowest number of missing data and is, therefore,
used to visually compare the SPEI estimations (Figure S1 of the Supplementary Material).
There is a very good overall agreement between all distributions, with an NSE-value around
0.99 (Figure 3). Nevertheless, differences appear for extreme SPEI values, consistent with
the aforementioned conclusion that the candidate distributions are a better fit in the bulk of
distribution than in the tails. Genlog estimates high severity values of both extreme dry
periods (low negative SPEI values) and extremely wet periods (high positive SPEI values)
with respect to both the GEV and the PE3 distributions.

3-month

L L Dl
- IR \!\v.lﬂl)
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Figure 3. Comparison between the SPEI time series estimated based on the PE3, GEV, and Genlog
distributions for 3 and 24 accumulation periods at Melkasa (IAR) gauging station. Zoomed-in plot is
given on the side for both 3- and 24-month aggregation levels.
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3.3.2. Similarity Analysis Using NSE

Figure 4 shows the NSE values (see Equation (6)) where the Genlog distribution is
taken as a reference because it was found in Section 3.2 that it is the most appropriate
distribution. The median NSE values consistently exceed 0.97. This implies that the PE3,
GEV, and Genlog distributions show a very strong similarity in the bulk of the distribution.
The NSE is not very different over the timescales, except the similarity is considerable
between the Genlog and the GEV distributions than between the Genlog and the PE3
distributions. The similarity and differences over the distribution functions are also seen
spatially in Figure S5 of the Supplementary Material. Moreover, the three probability
distribution functions show significant differences mainly at shorter rather than longer
time scales. This is also in line with our finding in Figure 2, where differences appear to be
higher at the 1-month aggregation level and mostly decrease for the longer accumulation
periods. This can be attributed to the difficulty of fitting smaller water balance values,
especially for the PE3 distribution, as explored in Section 3.1.

GEV vs Genlog PE3 vs Genlog

1.00

LN o [ gEEE®

0.98 0.98 I
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) I}
Z0.96 Z0.96"
0.95 0.95
0.94- 0.94
0933 3 6 9 12 2 058 1 3 6 9 12 24
Accumulation period [month] Accumulation period [month]

Figure 4. Boxplots of the NSE values (see Equation (6)) of 125 gauging station SPEI values at different
accumulation periods when the GEV and the PE3 distribution are compared relative to the Genlog
distribution (left and right, respectively).

The lowest NSE values are obtained for shorter accumulation periods when comparing
the PE3 distribution with the Genlog distribution. Upon comparison of the GEV with the
Genlog, median NSE values (from the 125 gauging stations) are relatively independent
of the accumulation period. They exceed 0.98, indicating their high degree of similarity,
contrary to findings in Ref. [59].

3.3.3. Comparison Based on Drought Events

Assessment is made on how well the different distributions managed to capture
drought events since the above analysis with NSE only indicates the performance of
the overall distribution. A drought event occurs when SPEI drops below minus one.
Hence, SPEI values estimated from PE3, Genlog, or GEV are compared against the selected
distribution in a scatter plot (Figure 5). The Genlog is considered to yield the most correct
SPEI values; thus, a relative comparison is made by taking SPEI estimated using the Genlog
as a reference. The Genlog-based and the GEV-based estimations seem to agree on average
for all drought values (Figure 5).

On the contrary, SPEI values from the PE3 are less than and greater than the corre-
sponding SPEI values by the Genlog near —1 (moderate droughts) and near —2 (extreme
droughts), respectively. This prevails in most accumulation periods, especially at shorter
timescales. The overestimations can be misleading as too frequent drought events can be
identified, and their severity can be overestimated.

From all the analyses presented in the previous paragraphs, the differences are con-
siderable, highlighting the importance of proper distribution selection for SPEI-based
drought monitoring.
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Scatter plot of the SPEI values estimated using all 125 gauging stations for all the accu-

mulation periods whose values are less than —1 where both the PE3 and the GEV distribution are

compared relative to the Genlog distribution.

3.4. Standardized Precipitation Actual Evapotranspiration Index (SPAEI)

A GOF test is performed using the AD test, and the rejection frequency is calculated
(Figure 6). In addition, a comparison of the SPEI and SPAEI values is made using NSE
(Equation (6)) to investigate their difference. SPAEI is calculated following the same

procedure as SPEI, except that PET is replaced with AET.

N
n
Fa

—#- Genlog: PET
Genlog: AET

-@®- GEV: PET
—8- GEV: AET

PE3:
—— PE3:

N
(=]

Rejection frequency [%]
[ [
°© w0

wn

PET
AET

Accumulation period [month]

Figure 6. The AD goodness-of-fit test results for SPAEI (labeled orange, red, and brown lines)

compared to SPEI (labeled blue, green, and purple).
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3.4.1. GOF Test

The goodness-of-fit for SPAEI shows that the rejection frequency has increased for all
cases with respect to SPEI (Figure 6), particularly for the GEV distribution. As was the case
for SPEI, Genlog features the lowest rejection frequency and can therefore be considered
the appropriate method to fit SPAEL

3.4.2. Comparison of the SPEI and SPAEI Values

SPEI and SPAEI values are compared in Figure 7 using the NSE score (see Equation (6)),
calculated by taking the Genlog-based SPEI values as a reference. The result indicates that
there are instances with significant differences (negative NSE values). On the contrary, a
maximum NSE value of 1 is also seen, implying that the SPEI values using either AET or
PET will not significantly differ in some gauging stations. Only a quarter of the 125 stations
shows NSE below 0.5 in all accumulation periods.

SPEI vs SPAEI
1.0
0.8
T 0.6
w
0
=
0.4
0.2
1 3 6 9 12 24

Accumulation period [month]

Figure 7. Comparison between SPEI and SPAEI with the NSE score (see Equation (6)). The rows
indicate the mean, minimum, quartiles, and maximum NSE values of the different stations for each
accumulation period (columns).

The increase of NSE values as a function of the accumulation period indicates a
reduced sensitivity to changes in evapotranspiration (ET) for longer accumulation periods.
However, additional AET datasets ought to be used to reach a more complete conclusion.
Nevertheless, more extended AET datasets were not readily available by the time this
research was conducted. In addition, such differences imply that utmost care needs to be
given for uncertainty analysis on drought index estimation [30,59-62].

It is important to note that the PET estimation using the method of Thornthwaite
has its limitations, such as overestimation of PET around tropical areas; hence, there is
uncertainty in the PET values. The finding of Ref. [63] on the comparison made between
the SPEI and SPAEI showed that there is a significant difference between them, which is
also seen in our results, which ultimately implies that for Ethiopia, they cannot be assumed
equivalent and the drought index should be chosen with care depending on the impact.

3.5. Shorter Time Series Data Analysis
3.5.1. GOF Test

The AD test results so far suggested that Genlog is the best distribution to fit both the
water balance indices SPEI and SPAEI. Table 1 shows the rejection frequency for Genlog-
based SPEI for time series lengths of 15, 20, and 25 years. In general, the rejection frequency
decreases as the time series length decreases. However, the 10-year data deviate from this
trend which can be due to the few data points (only 10) which are used by the distribution
function to fit the data.
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NSE [-]

Pearson correlation [-]

0.8

0.6

0.4

0.9

0.8

0.7

Table 1. The AD test rejection frequency (%) for the Genlog distribution for water balance (P-PET)
time series data with lengths of 10, 15, 20, and 25 years for all accumulation periods.

Accumulation Period (Months)

Time Series Length 1 3 6 9 12 24
10 4.04 4.79 5.74 7.27 8.13 12.83
15 3.67 2.48 2.09 2.17 2.16 3.00
20 5.87 4.03 4.05 3.78 4.31 3.61
25 7.13 5.19 4.57 4.43 5.38 5.48

3.5.2. SPEI Value Comparison between Shorter Length and Benchmark Data

Here evaluation is made to understand the extent to which the lower rejection fre-
quency for shorter time series affects the SPEI values during droughts. In addition, Pearson
correlation coefficient and root mean square error (RMSE) are used to compare the SPEI
values estimated using 10-, 15-, 20-, and 25-year data against the full time series (above
30 years). Therefore, NSE, RMSE, and Pearson correlation coefficients are calculated, as-
suming the whole time series data as a reference. The results are shown in Figure 8 and
indicate significant differences between 10-year estimations and the benchmark data.
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Figure 8. Comparison made between SPEI estimated using shorter and above 30 years of water
balance data. Shown are the first quartile (1st Qu.), median, mean, third quartile (3rd Qu.), and
maximum (Max.) of the NSE, Pearson correlation (Pearson cor.), and root mean square error (RMSE)
for 1- and 12-month timescales for 10-, 15-, 20- and 25-year-long time series data.

The NSE and Pearson correlation coefficient increase as the time series length increases
while the RMSE decreases. For some gauging stations, at shorter/longer accumulation
periods, the 10-, 15-, 20-, and 25-year data produce SPEI values significantly different
from those estimated using the benchmark data. Following the definition set in Ref. [55],
where NSE above 0.4 is satisfactory, our result suggests that only a quarter of the NSE
has values less than 0.4 for 15 and above years of time series. Moreover, the statistics
indicate that using 20 and 25 years of data will result in almost similar (quartiles of the
NSE is almost identical) SPEI values (Figure 8). This indicates the applicability of using
shorter-length in situ data to estimate SPEI, compared to the 30 years recommended by the
World Meteorological Agency (WMO). Similar results were obtained for SPI estimations
using 17 years of data in China [20].

In order to visualize the difference in the SPEI values estimated from the different
lengths of time series, Figure 9 shows the NSE calculated based on the SPEI in drought-
hit periods (i.e., more historical droughts are recorded) against those estimated using
benchmark data (but the comparison is made in the same time window). As expected,
the SPEI estimated using 10-year data features the lowest NSE during droughts. NSE
values based on 20 and 25 years of data are all higher than 0.9 (1-month accumulation) and
0.7 (12-month accumulation).

1-month

£
atc

——— NSE: 10 year —— NSE: 20 year
NSE: 15 year —— NSE: 25 year

0 20

40 60 80 100 120 10

15 20 25
Gauging station index Time series length [Year]

Figure 9. Cont.
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Figure 9. The variation of the NSE among 10-, 15-, 20-, and 25-year water balance data for 1-month
and 12-month accumulation periods. In addition, boxplots on the side are presented to summarize
the NSE from the 125 gauging stations. This is based on 10, 15, 20, and 25 years of data selected by

looking at the most drought-hit period.

4. Conclusions

Different probability distribution functions are tested for estimating SPEI. The Pearson
type 3 (PE3), the generalized extreme value (GEV), and the generalized logistic (Genlog)
distributions are assessed to statistically model the water balance (precipitation—potential
evapotranspiration). The case study is based in Ethiopia, where meteorological data from
125 gauging stations are used. Missing data in the precipitation time series were filled with
values from the CHIRPS global dataset. Furthermore, the use of actual evapotranspiration
(AET) from the GLEAM dataset instead of potential evapotranspiration (PET) estimated
using the method of Thornthwaite was investigated to further assess distribution selection.
Finally, the impact of limited data lengths (10, 15, 20, and 25 years) on SPEI estimation
was assessed.

First, the Anderson-Darling (AD), Kolmogorov—Smirnov (KS), and Shapiro-Wilk (SW)
tests were made to assess the goodness-of-fit of the distribution for the whole dataset
(longer than 30 years). It is observed that the rejection frequency for the Genlog is lower
than the GEV and the PE3 at a 5% significance level for accumulation periods 1-24 months.
Furthermore, for the Genlog, it is seen that the 1-month aggregation level has the highest
rejection frequency, and the rejection prevails in the dry months (December, January, and
February). Further research is necessary to find an appropriate probability distribution
function for 1-month timescales.

The distribution selection has indicated that the Genlog distribution is the most appro-
priate one, but the difference among the SPEI values estimated from the three distributions
can be low (median NSE is above 0.98). Although there is an overall similarity among the
SPEI time series, there is a considerable difference in the extreme dry/wet periods for the
three distributions.

The use of AET instead of PET to characterize drought can be beneficial to address
specific drought impacts, and finding an appropriate distribution function is vital. The use
of AET has not changed the distribution selection. However, a significant difference is seen
between SPEI and SPAEI, which signifies the necessity to choose appropriate water balance
values (based on AET or PET) for drought analysis in Ethiopia.

Finally, the use of shorter time series for SPEI estimation was analyzed, and it was
found that the estimation of SPEI is still possible with 15, 20, and 25 years of data. However,
there are instances where the SPEI values calculated using shorter length data can be quite
different (NSE < 0) from those estimated using the benchmark data (above 30 years data).
However, data in most gauging stations with 20 and 25 years of length resulted in similar
SPEI values to those estimated from the benchmark data (with NSE up to 1). Hence, 20
and 25 years of data can be used with nearly as equal accuracy as the benchmark data,
especially for longer accumulation periods.
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Supplementary Materials: The data that support the findings of this study are available from the
corresponding author upon request (Estifanos.addisu.yimer@vub.be, last accessed on 17 May 2021).
In addition, the codes that are written to accomplish this research can be freely found in (https:
//github.com/VUB-HYDR, last accessed on 17 May 2021).The following supporting information
can be downloaded at: https:/ /www.mdpi.com/article/10.3390/atmos13030364/s1, Figure S1: The
number of months with missing precipitation data for all 125 gauging stations that are analyzed. The
maximum number of months with missing precipitation data is limited to 10 years; otherwise, a
given gauging station is not considered in the analysis, Figure S2: The number of successful fittings
(out of 125) using maximum likelihood estimation (MLE) for each distribution for each accumulation
period. This is estimated for above 30 years of data, Figure S3: QQ plot for two gauging stations
(Alemteferi and Melkasa (IAR)) water balance values fitted with Genlog, GEV, and PE3 for 1 and
12-month accumulation periods, Figure S4: The acceptance frequency per month for each aggregation
level and distribution function, Figure S5: The comparison between the SPEI estimated based on
the PE3 and GEV relative to those calculated using Genlog distribution for 3 and 24 accumulation
periods. The red shed stands for drought periods, and the light blue sheds stand for wet events. This
is based on data from Melkassa (IAR); Table S1: The historical droughts and drought-hit regions in
Ethiopia. It is obtained from the Emergency Events Database (EM-DAT) accessed last time in 6 June
2021 (https:/ /www.emdat.be/), Table S2: SPEI values and the corresponding severity groups.
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