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Abstract
Influences of El Niño southern oscillation (ENSO) on weather systems have increased the 
frequency and amplitude of extreme events over the last century. This even continues to 
exacerbate the already warming earth, with 2014–2016 which coincided with the strong-
est El Niño years observed as the warmest period in recent past. This study presents an 
approach of characterizing droughts at various timescales and establishes teleconnections 
between ENSO and drought severity in Botswana. The study uses Standardized Precipi-
tation Evaporation Index (SPEI) at timescales of 1, 3, 6, 12 and 24 month to character-
ize droughts and Pearson’s correlations to study the teleconnections between SPEIs and 
ENSO. Results from the study reveal that extreme droughts are a rare occurrence in Bot-
swana though it is more prone to moderate droughts at 12 month SPEI with a probabil-
ity of 19% in the north. The highest severe drought probability was 7% recorded in the 
east. Linear trends indicate increasing dryness of around 0.8% per decade. These results 
have demonstrated that warm sea surface temperatures combined with negative Southern 
Oscillation Index correspond to persistent negative SPEI values and thus are likely to result 
in dry conditions. Significant correlations were observed in the mid austral summer in 
December and January. Due to this relationship, the drought early warning systems could 
use ENSO as one of the instruments for predicting drought over the study area and hence in 
its management.
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1  Introduction

In the recent decades (1980–2014), the world has witnessed a twofold increase in annual 
rate of weather-related disasters seeking urgent humanitarian aids to both rapid-onset dis-
asters such as floods and slow-onset crises due to droughts, besides others (Conforti et al. 
2018). Beyond this, in particular between 2014 and 2016, the world has even observed the 
warmest period on record with the year 2016 showing highest rise (approximately a rise 
by 1.1 °C). Such an event has been found to have been facilitated by the strongest El Nino 
in the past 100 years (Hansen et al. 2016). Further to this, with the ongoing phenomena of 
climate change, the effects of El Nino which have been attributed to the increased weather-
related disasters are likely to continue and bring in more miseries through recurring floods 
in low lying and droughts in semiarid areas. While combined collateral damage of floods 
and droughts between the twentieth and twenty-first century is estimated at $850  M on 
a global scale (Guha-Sapir et al. 2016), droughts have been singled out to be among the 
world’s most devastating natural hazard with far reaching effects on the economy, environ-
ment and other livelihoods (Wilhite et al. 2007; Yu et al. 2014; Wang et al. 2015).

Since meteorological droughts (periods of below normal rainfall) are believed to prop-
agate gradually covering more spatial and temporal extent as compared to other natural 
hazards (Mishra and Singh 2010; Edossa et  al. 2014), their onset and cessation are dif-
ficult to identify. Even as the meteorological droughts persist, they progress into agricul-
tural drought when soil moisture starts to deplete and hamper agricultural production. With 
12–24 month of continuously below normal rainfall, groundwater and streamflow are also 
affected as droughts progress to hydrological drought (White and Walcott 2009; Sheffield 
et al. 2012; Yaghoobi 2012; Van Loon 2013).

Since droughts are an integral part of the climate cycle, they may not be avoidable but 
their impacts can be mitigated through preparedness and monitoring (Narasimhan and 
Srinivasan 2005; Morid et al. 2007). In an effort to lessen the impact of droughts and make 
the nations weather ready, the World Meteorological Organization (WMO) has recom-
mended use of drought indices for drought monitoring (WMO 2009). However attainment 
of successful drought monitoring is dependent on how drought is characterized and quanti-
fied in both spatial and temporal extents (Iglesias et al. 2009; Nalbantis and Tsakiris 2009; 
Lloyd-Hughes 2012; Mbululo and Nyihirani 2012). Drought indices at times are presented 
as proxies of various environmental systems such as soil moisture storage and stream flow 
(Heim Jr Heim 2002; Dai 2013). As a result, numerous drought indices have emerged over 
time to aid classification of drought in form of severity, duration, interval and intensity 
(Alley 1984; McKee et al. 1993; Trenberth et al. 2007; Vicente-Serrano et al. 2010; Yag-
hoobi 2012; Beguería et al. 2014; Stagge et al. 2014). Of all these indices, those that are 
mainly utilized and recommended by the WMO are the Palmar Drought Severity Index 
(PDSI), Standardized Precipitation Index (SPI) and Standardized Precipitation Evaporation 
Index (SPEI) (Hayes et al. 2011; Sivakumar et al. 2011).

This study employs SPEI in characterization of drought by duration, severity and inten-
sity. The choice of SPEI was premised on the fact that like the PDSI, it considers potential 
evapotranspiration (PET) as a predictor of drought severity. At the same time, it considers 
the multiscalar nature of SPI by incorporating the timescales over which moisture deficiency 
emanates (Vicente-Serrano et al. 2010; McEvoy et al. 2012; Beguería et al. 2014; Trambauer 
et al. 2014). The SPEI is a generally accepted drought index that accounts for effects of global 
warming that cannot be ignored in studies of drought severity. Predictions from climate mod-
els in recent times have revealed a possible global temperature rise of up to 2 °C (above the 
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Paris declaration) in the near future (Feidas et al. 2004; Trenberth et al. 2007; Engelbrecht 
et al. 2015; Rahman and Lateh 2017). For this reason, global warming could also be a precur-
sor of drought and hence inclusion in this study. Besides in a recent study by Byakatonda et al. 
(2018b), it was established that SPEI performs better than SPI especially during the winter 
season in Botswana. In addition to this, many researches have established that ocean–atmos-
phere dynamics triggered by activities in the equatorial Pacific basin referred to as El Niño 
southern oscillation (ENSO) are closely linked with global warming and also associated with 
increased drought severity (Nicholson and Kim 1997; Nicholson et al. 2001; Fauchereau et al. 
2003; Nyenzi and Lefale 2006; Trenberth et al. 2007; Vicente-Serrano et al. 2011).

In recent findings, some of which are presented in Vicente-Serrano et al. (2011), they docu-
ment effect of ENSO on drought severity at a global scale using gridded data. However, there 
is high uncertainty in global gridded data due to low spatial extent and thus cannot be solely 
relied upon. There is also inherent spatial variability in rainfall, largely resulting from tower-
ing (cumulus) isolated clouds (Yuan and Hartmann 2008). Wang et al. (2015) found differing 
trends in dryness conditions over China while using ground observed data as compared to 
other results reported by Dai (2013) and Vicente-Serrano et al. (2011) who used gridded data 
over the same area. For this reason, this study utilized local observed data to make a com-
prehensive analysis of the association between drought severity and ENSO. In South Africa 
Edossa et al. (2014) have conducted drought severity studies using SPEI and found that SPEI 
was closely linked to SSTs anomalies. However, in that study, oceanic influence at the South 
African coast cannot be ruled out as compared to the landlocked nature of the study area. 
To aid understanding of this association, Botswana which is located in semiarid region of 
Southern Africa is selected. Effects of global warming in Botswana cannot be ignored due to 
its location. For example, it is generally agreed that under all the IPCC scenarios of climate 
change, most global climate models (GCMs) project an increase in temperature at various 
levels. This is likely to lead to perturbation of various aspects of climate, including extreme 
events, drought inclusive. In the most recent study on temporal variations in meteorological 
variables by Byakatonda et  al. (2018a) in Botswana, it was found out that maximum tem-
perature was highly influenced by activities in the Equatorial Pacific. Currently Botswana 
does not have systematic monitoring of drought episodes even though effects of droughts are 
well documented especially in agricultural production. With lack of reliable data on droughts 
that could inform mitigation strategies, Botswana’s government has historically taken a reac-
tive approach to dealing with drought crises (Morchain et al. 2017). A drought year is usually 
declared following consideration of the drought and household food security assessment and 
analysis report. In most cases, the drought periods coincided with El Niño Southern Oscilla-
tion (ENSO) which can be related to Sea Surface Temperatures (SSTs). It is in this context 
that this study premises itself on investigating the effects of ENSO specifically on drought 
severity across Botswana. Considering that Botswana is a water scarce country with most 
national rivers mainly depending on the local climate, it may be necessary to explore if the 
local climatic factors expressed as drought severity are influenced by external factors such as 
ENSO represented by SST anomalies and SOI.
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2 � Materials and methods

2.1 � Study area

The study has been conducted in Botswana which is located in Southern Africa, and the 
area is classified as semiarid and receives rainfall ranging from 200 to 600 mm annually. 
Evaporation rates range between 1800 and 2100 mm/year way above the rainfall amounts 
(FAO 2001; Batisani 2012; Byakatonda et al. 2016). Rains are normally expected in the 
summer between November and March (Nicholson et al. 2001; Byakatonda et al. 2019). 
The rains are dominant in the north-east at Kasane then decreases to the west at Ghanzi, 
and lowest records are registered in the south-west at Tsabong (Fig.  1). The rainfall is 
highly erratic with coefficient of variation exceeding 25% at all locations as shown in 
Fig. 1. Variability is highest in the driest areas of Tsabong and Ghanzi. Climate systems 
over the study area are governed by south-eastern trade winds and the movement of the 
Inter Tropical Convergence Zone (ITCZ). These climatic systems are heavily linked to 
conditions of the ENSO events in the equatorial Pacific Ocean (Bepura 1999; Nicholson 
et al. 2001; Trenberth et al. 2007). It is envisaged that drought events will be more frequent 

Fig. 1   Meteorological stations and annual rainfall amount (mm) distribution together with their coefficients 
of variation (CV) over the study area
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and higher in magnitude in arid and semiarid areas due to incidences of global warming 
(Feidas et al. 2004; Franks 2005; Rahman and Lateh 2017). This makes Botswana more 
drought prone in future hence the need to boost her early warning systems.

2.2 � Data

2.2.1 � Local climatological data

Records of rainfall, minimum and maximum temperature at monthly timescale were 
obtained from the Department of Meteorological Services of Botswana (DMS) at four-
teen synoptic stations with the longest record being 1960–2016. The stations have a good 
spread over the study area as presented in Fig. 1. Data on monthly Sea Surface Tempera-
ture (SST) anomalies from the El Niño 3.4 region and Southern Oscillation Index (SOI) 
were obtained from the climate prediction center of the National Oceanic and Atmospheric 
Administration (NOAA-NCEP 2016) and the National Climate and Data Center of NOAA 
from NOAA-NCDC (2016), respectively, for a concurrent period of 1960–2016.

The homogeneity of the rainfall and temperature was tested using the standard normal 
homogeneity test proposed by Alexandersson (1986) and the Pettit test by Pettit (1979). 
The rainfall time series were found to be fully homogeneous at all the stations used in this 
study. Some of the stations were found to exhibit inhomogeneity in temperature series for 
at least one of the tests. These stations were classified as doubtful according to procedure 
suggested by Wijngaard et al. (2003) and Costa and Soares (2009) and applied in Byaka-
tonda et al. (2018b).

2.3 � Large‑scale climatic predictors

2.3.1 � Sea surface temperature anomalies

El Niño southern oscillation is closely associated with oceanic-atmospheric dynamics that 
influence variations in ocean currents and SSTs with teleconnections up to the Antarctic 
(Bromwich et al. 2000). The ENSO phenomena consist of two components of El Niño and 
La Niña. The latter is linked with cooler SSTs in the east of the equatorial Pacific and for 
this condition to occur, this event coincides with a strong Walker circulation (Rojas et al. 
2014). The El Niño conditions result from warm SSTs in the western Pacific progressing to 
the east and this phase coinciding with a weak Walker circulation. The main activity of the 
El Niño (La Niña) occurs when the central equatorial Pacific Ocean is warm (cool) cover-
ing the regions between 3 and 4. Strong positive anomalies signify El Niño, whereas strong 
negative is a precursor to La Niña events.

2.3.2 � Southern Oscillation Index (SOI)

Southern Oscillation Index (SOI) also called the Walker circulation defines the east-west 
atmospheric movement. SOI is applied in the quantification of the ENSO magnitude based 
on atmospheric pressure. It is computed from the difference between sea level pressure meas-
urement at Tahiti and Darwin (Troup 1965; Rojas et al. 2014). Negative values of SOI are 
associated with El Niño, while strong positive values are La Nina events. Various studies have 
associated climatic disasters such as droughts, floods, tsunamis, and hurricanes to ENSO/SOI 
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that influence variant atmospheric and oceanic behaviours (Usman and Reason 2004; Morid 
et al. 2007; Trenberth et al. 2007; Vicente-Serrano et al. 2011; Edossa et al. 2014).

2.4 � Drought severity characterization using standardized precipitation 
evapotranspiration index (SPEI)

Drought severity is characterized according to classes presented in Table 1 of standardized 
indices representing drought severity. The determination of SPEI is summarized in the follow-
ing steps (Beguería et al. 2014; Edossa et al. 2014; Stagge et al. 2015; Byakatonda et al. 2016).

1.	 Determination of potential evapotranspiration (PET) and generation of the climatic water 
balance (Wi) which is the difference between monthly rainfall amounts (R) and potential 
evapotranspiration (PET).

2.	 Aggregation of the climatic water balance (Wi) from step (1) over a period of n month, 
where n is a scale over which drought duration can be measured.

3.	 The aggregated climatic water balance time series obtained in step (2) are then standard-
ized through a Gaussian transformation.

2.4.1 � Computation of potential evapotranspiration

UN-FAO recommends the use Penman–Monteith method for determination of potential 
evapotranspiration (PET) (Allen et al. 1998; Cai et al. 2007). However, the limitation of this 
method is large amounts of data required in the computation process, for this study long term 
records on humidity, sunshine duration and wind velocity required for use in Penman–Mon-
teith equation were not available over the study area. This called for use of an alternative 
approach of Hargreaves to determine PET. This method has been used in determination of 
SPEI and found comparable with the Penman Monteith method (Beguería et al. 2014; Edossa 
et al. 2014; Stagge et al. 2015; Byakatonda et al. 2016). The following equation was used to 
compute PET:

where Tmean is the mean air temperature (°C), Tmax is the maximum air temperature (°C), 
Tmin is the minimum air temperature (°C) at monthly timescale, and ra is extraterrestrial 
radiation (MJ m−2 d−1)

(1)PET = 9.384 × 10−4ra
�
Tmean + 17.8

�√
(Tmax − Tmin)

Table 1   Drought severity 
classifications (Yu et al. 2014)

Drought severity Drought severity classes

< − 2 Extreme drought
− 1.99 to − 1.50 Severe drought
− 1.49 to 1.00 Moderate drought
− 1.00 to 1.00 Near normal
1.00 to 1.49 Moderately wet
1.50 to 1.99 Severely wet
> 2.00 Extreme wet
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2.4.2 � Aggregation of climate water balance (Wi) series

The Wi series are accumulated at different timescales of n =1, 3, 6, 12 and 24  month. 
Twelve independent series are generated for each month in order to maintain the homo-
geneity of the accumulated Wi series (Vicente-Serrano et al. 2010; Yaghoobi 2012; Stagge 
et al. 2015), the accumulated Wi (Wn

j,i
) in a given month i and year j is dependent upon a 

selected timescale n. For illustration purposes, the accumulated series for 1 month in a par-
ticular year j with n = 12 is determined from;

2.4.3 � Standardization of the water balance series

In determining SPEI values, three-parameter distribution was utilized since Wi values can 
have both negative values in periods of low rainfall and positive values in periods of above 
normal rainfall (Potop et al. 2010; Vicente-Serrano et al. 2010). L-Moments as linear com-
binations of ordered Wn

j,i
 series were used for fitting an appropriate probability distribution 

function on to the original series. L-moments were selected because they are believed to 
give least bias estimates and performs well even with data sets containing outliers (Hosk-
ing and Wallis 2005; Beguería et al. 2014; Byakatonda et al. 2016).

The L-moments allow comparison of various candidate frequency distributions that can 
fit the Wn

j,i
 series. To identify the candidate distributions, L-moments ratios of L-Skewness 

(τ3) and L-Kurtosis (τ4) were used since they are a summary of probability distributions in 
terms of the shape, location and scale parameters (Hosking and Wallis 2005). L-Skewness 
τ3 and L-Kurtosis τ4 are presented in Eqs. 4 and 5;

λ1, λ2, λ3 and λ4 are first to fourth-order linear moments obtained from Wn
j,i

 arranged in 
ascending order. They are computed from Eqs. 6–9 (Hosking and Wallis 2005; Parida and 
Moalafhi 2008);

(2)Wn
j,i
=

12∑
l=13−n+i

Wj−1,l +

j∑
l=1

Wj,l if j < n and

(3)Wn
j,i
=

j∑
l=j−n+1

Wj,l if j ≥ n

(4)�3 =
�3

�2

(5)�4 =
�4

�2

(6)�1 = E
[
Wn

j,i(1∶1)

]

(7)�2 =
1

2
E
[
Wn

j,i(2∶2)
−Wn

j,i(1∶2)

]

(8)�3 =
1

3
E
[
Wn

j,i(3∶3)
−2Wn

j,i(2∶3)
+Wn

j,i(1∶3)

]
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The notations Wn
j,i(q∶r)

 denotes the qth smallest value from a data set of r elements.
From the L-moment ratio diagram, the three-parameter generalized logistic distribution 

function was identified to fit the Wn
j,i

 series at all the five timescales. The GLO is given in 
Eq. (10) (Hosking and Wallis 2005);

The cumulative density distribution function from which probabilities of non-exceedance 
are derived is given by;

where k-shape, α-scale and ξ denotes location parameters which are obtained as functions 
of L-moments as follows;

The probabilities of non-exceedance are then standardized through a Gaussian transforma-
tion into a normal variable through the following approximation by Abramowitz and Stegun 
(1964)

where

where P is the probability of exceedance of a given Wn
j,i

 value. The P value is obtained from 
P = 1 − F(Wn

j,i
).

(9)�4 =
1

4
E
[
Wn

j,i(4∶4)
−3Wn

j,i(3∶4)
+3Wn

j,i(2∶4)
−Wn

j,i(1∶4)

]

(10)f
(
Wn

j,i

)
=

�−1 exp [−(1 − k)Y][
1 + exp (−Y)

]2

(11)Y =

⎧
⎪⎪⎨⎪⎪⎩

−k−1 log

�
1 −

k
�
Wn

j,i
−�

�

�

�
, k ≠ 0

�
Wn

j,i
−�

�

�
, k = 0

(12)F
(
Wn

j,i

)
=

1[
1 + exp (−Y)

]

(13)k = −�3

(14)� =
�2 sin k�

k�

(15)� = �1 − �

(
1

k
−

�

sin k�

)

(16)SPEI = Z −
2.516 + 0.803Z + 0.0103Z2

1 + 1.433Z + 0.189Z2 + 0.0013Z2

(17)Z =

[
ln
(
1

P2

)] 1

2
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SPEI series are standardized with mean of zero and standard deviation of one for easier 
comparison on temporal and spatial scales. At each timescale, SPEI events which are continu-
ously negative signify drought conditions defined for its duration, magnitude and intensity.

2.5 � The influence of ENSO on drought severity

The influence of ENSO on drought severity represented by SPEI across the study area is 
investigated through the degree of association between the two variables at each of the 
respective timescale of 1, 3, 6, 12 and 24 month. The Pearson’s correlations are obtained 
between SPEI and SSTs anomalies on one hand and SOI on the other hand at 95% confi-
dence level. Correlations are performed with time series at a monthly scale to reveal any 
possible seasonality in the relationships. The results from this analysis have been presented 
in box and whisker plots.

3 � Results

3.1 � Drought temporal evolutions

SPEI time series are generated and used to characterize drought based on duration and 
magnitude. An event is classified as a drought when the SPEI values are persistently nega-
tive and terminates when the values become positive. With this, the onset and cessation 
of drought can be marked. Drought duration is taken as the time period during which the 
SPEI values are continuously negative while its magnitude is the total SPEI sum during the 
period of moisture deficit. The temporal characteristics have been determined at each of the 
14 synoptic stations at timescales of 1, 3, 6, 12 and 24 month. For purposes of this paper, 
four representative stations evenly spread across the study area are presented here. These 
stations include: Francistown in the east, Ghanzi in the west, Shakawe in the north and 
Tsabong in the south. The drought temporal characteristics are presented in Figs. 2 and 3. 
In these plots, the evolutions at SPEI-1 are not presented due to their similarity with SPEI-
3. Besides the SPEI-1 are only representing monthly variations that may not give a clear 
picture on drought effect when it persists within a given a given subsystem.

From Figs. 2 and 3, drought and humid periods were recorded regardless of the time-
scale. From these temporal evolutions, the historical droughts of 1962 to 1965 in the east 
that extended over the year in the south and in the western locations are well represented. 
The next drought event also reported on the plots is that of 1968 to 1970. This drought 
was recorded in all the regions though not well pronounced in the eastern region. The 
drought evolutions ably captured another historical drought of 1980 to 1985 that persisted 
for another 2 years in the west, north and southern locations. This drought event was inter-
rupted in 1984–1985 with occasional humid periods. The eastern region recorded another 
dry spell between 1989 and 1995. This particular drought extended for another 2 years to 
1997 in the west. In the north this drought event was delayed until 1993 but extended into 
1999. The southern locations recorded this drought for 7 years from 1991 to 1997. The 
period between 2001 and 2007 was characterized by intermittent droughts in Botswana 
with most of these droughts lasting just under 12 month. The only period that recorded a 
longer duration was that dry spell of 2001 to 2004. Also from these plots, the most recent 
severe drought that ravaged Southern Africa of 2014–2016 is well represented. From these 
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evolutions, it is evident there is more severe and frequent droughts after 1980 to the present 
period.

The evolutions equally report humid conditions at the same time. From these plots it can 
be observed that the period between 1966 and 1968 was occasioned with wet spells across 
the study area. The longest wet spell on record was that between 1973 and 1978. This wet 
period even started earlier in 1971 for the eastern locations. This entire wet period was well 
captured by evolutions at all the locations shown in Figs. 2 and 3. Another wet spell that 
was recorded is between 1987 and 1989. This wet spell extended up to 2001 in the east 

SPEI = -0.0007T + 0.2357 
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Fig. 2   Temporal evolution of SPEI of 3, 6, 12 and 24 month at a Francistown and b Ghanzi. Blue dotted 
line shows trends
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with the western location recording the highest peak in 1999/2000 during the historical 
period. This event was well captured in other locations but not the most extreme. The most 
recent wet spell across Botswana was between 2009 and 2012 which was more pronounced 
in most regions apart from the east and the north that show intermittent humid periods.

Also included on the plots is a linear trend analysis for selected locations. These linear 
trends do indicate a negative gradient at all the locations for the period of analysis. A nega-
tive gradient depicts increasing drought severity towards the recent period. The east and 

SPEI = -0.0003T + 0.1078 
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Fig. 3   Temporal evolution of SPEI of 3, 6, 12 and 24 month at c Shakawe and d Tsabong. Blue dotted line 
shows trends
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west show increasing drought trends at a drying rate of approximately 0.8% per decade. 
The southern region presents with a lower rate of 0.3% per decade of increasing drying 
trends. The northern locations show a higher increasing trend (1.8% per decade) than the 
rest of the locations but this may not be the case since the start period of trend analysis is 
later than for the rest of the locations.

3.2 � Drought characteristics and vulnerability

As mentioned earlier, droughts have been categorized according to classifications in 
Table 1 as extreme, severe and moderate. Based on these classifications, drought occur-
rence probabilities have been determined. These probabilities are also an indication of a 
degree of drought vulnerability towards a specific drought category. In Table 2, the results 
of these drought probabilities are presented. These results show that severe and moder-
ate categories of droughts are the most common in Botswana. Extreme droughts present 
with very little chance of occurrence with probabilities less than 1.0% recorded at most 
of the stations. It is only at Lethlakane that probabilities of 1.1% and 1.5% were realized 
at timescales of 1 and 3 month for the extreme drought category. Shakawe recorded the 
highest probability of 18.6% at 12 month timescale under the moderate drought category. 
High tendencies of vulnerability are also experienced at Mahalapye with probabilities of 
approximately 15.0% at 6 month timescale. The highest severe drought probability of 7.3% 
is recorded at 12 month timescale at Francistown. Equally Kasane shows higher tendencies 
towards this drought category of more than 5% at 3 and 12 month timescale.

Figures 4 and 5 present the spatial patterns of probabilities of various drought catego-
ries. Since it has been indicated earlier that only moderate and severe droughts are the 
most common in Botswana, only results for these two categories are presented here. For 
the 1 month timescale as shown in Fig. 4a, the north-western and eastern locations show 
a high degree of vulnerability towards severe droughts compared to other locations across 
the country. At the same timescale, moderate drought vulnerability presented in Fig.  4b 
indicate that the south-west, south and north-west show high tendencies of susceptibility 
towards this drought category.

For the 3 month timescale presented in Fig. 4c under the severe drought category it is 
mainly the north-eastern, eastern and southern locations that are more vulnerable. South-
east towards the west show low vulnerability. Figure 4d for the moderate drought category 
contrasts the severe drought with the western locations starting north-west at Shakawe, 
Ghanzi in the west and Tsabong in the south-west all located in the Kalahari desert show-
ing high vulnerability towards this drought category. Selibe-Phikwe and Mahalapye 
located in the south-east are equally vulnerable to this drought category. The spatial pat-
terns also indicate that the eastern and southern locations of Jwaneng are not at threat from 
this drought category at 3-month timescale.

For the 6-month timescale, severe drought in contrast with the 3-month timescale, 
the eastern and southern locations are more vulnerable than the rest of other locations. 
However, the north-western and south-eastern locations that were seen vulnerable at the 
lower timescales are less susceptible. For the moderate drought category at 6-month time-
scale (Fig. 4f), the locations in the Kalahari desert still show high vulnerability towards 
this drought category. Locations in the north-east and central at Pandamatenga and Leth-
lakane, respectively, also show susceptibility towards this drought category. In the same 
vain, south-east at Selibe-Phikwe also show a high degree of vulnerability towards moder-
ate droughts at this timescale.
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For the 12-month timescale, Fig. 5a presents the spatial distribution of severe drought 
probabilities indicating that a large part of the study area is not vulnerable to this drought 
category. Selected locations like Kasane, Tshane and Francistown show elements of sus-
ceptibility. Moderate droughts at the same timescale in Fig. 5b show a larger spatial extent 
of vulnerability towards this drought category compared severe droughts.

For the 24-month timescale in Fig. 5c (for severe droughts) the north-west to south-east 
shows higher tendencies of drought vulnerability towards this drought category. For the 

(a) (b) 

(c) (d) 

(e) (f) 

Fig. 4   Spatial representation of vulnerability towards a SPEI-1 severe drought, b SPEI-1 moderate drought, 
c SPEI-3 severe drought d SPEI-3 moderate drought, e SPEI-6 severe drought f SPEI-6 moderate drought
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moderate droughts presented in Fig. 5d, the north-west and south-east are the most suscep-
tible areas towards this drought category.

3.3 � Association of ENSO and drought severity

The ENSO influence represented by SST anomalies and SOI on the local climate has been 
investigated with Pearson’s correlations. Results from this analysis are presented in box 
and whisker plots in Figs.  6 and 7. Figure  6 shows correlation between SPEI and SST 
anomalies at timescales of 1, 3, 6, 12 and 24 month. This relationship mostly returned neg-
ative correlations between SPEI and SST. In January, statistically significant correlations 
were strongest. Correlations during this month range from − 0.8 to − 0.3 at 1 and 24 month 
timescale, respectively. These correlations lower (− 0.6 to − 0.3) in the subsequent months 
of February and March. At the end of the rain season in April, correlations cease to be sta-
tistically significant moving through winter months of May, June, July and August. During 
this period, correlations are weak and at times positive indicating a nonexistent relationship 
between SSTs and SPEI. Drought in Southern Africa is mainly attributed to a combination 
of negative SPEI and positive SST anomalies (Vicente-Serrano et al. 2011). October which 
marks the onset of rains in Botswana, non-significant negative correlations start to emerge 
becoming significant in December. The peak correlations in December range from − 0.7 to 
− 0.5 at 1 and 24 months, respectively.

(a) (b) 

(c) (d) 

Fig. 5   Spatial representation of vulnerability towards a SPEI-12 severe drought, b SPEI-12 moderate 
drought, c SPEI-24 severe drought d SPEI-24 moderate drought
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Fig. 6   Box and whisker plots of the Pearson’s correlation coefficients between SPEI and SSTs
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Fig. 7   Box and whisker plots of the Pearson’s correlation coefficients between SPEI and SOI
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Results of the relationship between SPEI and SOI on the other hand are presented in 
Fig.  7. These results show mainly positive correlations between the climatic variables. 
Positively significant correlations were mainly recorded during summer months. The sig-
nificant and highest correlations were recorded in January ranging from 0.7 to 0.3 at 1 
and 24 month, respectively. During the subsequent months of February and March, cor-
relations range from 0.6 to 0.2 following similar trends as those between SPEI and SST. 
During winter, non-significant correlations are recorded and in some instances negative 
values resulted. Correlations start to increase in November becoming significant in Decem-
ber ranging between 0.5 and 0.3 across timescales.

SST anomaly and SOI are also plotted together with SPEI-12 at Tsabong synoptic sta-
tion in Fig. 8 so as to illustrate temporal evolution patterns. These results demonstrate that a 
warm SST combined with negative SOI corresponds to persistent negative SPEI values and 
hence drought. From the graphs, droughts attributed to El Niño years on record in South-
ern Africa of 1963/64, 1965/66, 1968/69, 1969/70, 1979/80, 1982/83, 1986/87, 1991/92, 
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1997/88, 1988/89, 2004/05, 2006/07, 2014/15 and 2015/16 are well pronounced. Wet and 
dry events have been marked 1–8 in Fig. 8. Events marked 1 corresponds to El Niño years 
of 1963/64 and 1965/66, events marked 2 coincided with El Niño years of 1968/69 and 
1969/70 while events marked 4 corresponds to El Niño years of 1979/80 and 1982/83. Also 
event marked 8 corresponds to the recent El Niño years of 2014/15 and 2015/16. Strong 
positive SST anomalies corresponding to strong negative SOI which also are observed to 
align with severe drought conditions (negative SPEIs). This is a clear manifestation that 
drought episodes closely follow El Niño events. Events marked 1, 2, 4 and 8 in Fig. 8a cor-
responds to dry spells at Tsabong, compared to the same period marked red in Fig. 8c, the 
periods are marked with negative SOIs and Fig. 8b is marked with warm anomalies for the 
same period. Events marked 3, 5, 6 and 7 in Fig. 8a corresponds to wet periods (positive 
SPEIs) aligns with positive SOI and negative SSTs in Fig. 8c and b, respectively, depicting 
wet spells.

4 � Discussions

4.1 � Drought temporal evolutions

Results have indicated that temporal evolutions of droughts take different forms across 
timescales at the same location. Drought evolutions at lower timescales of 1 and 3 month 
exhibited higher frequency compared to those at higher timescales of 6, 12, and 24 month. 
This result agrees with those from similar studies such as those of Yu et al. (2014), Vicente-
Serrano et al. (2015) and most recently by Byakatonda et al. (2018b). These studies were 
conducted in China, Bolivia and Botswana, respectively. Both humid and drought periods 
are reported to occur in Botswana during the historical period. These events occurred uni-
formly across the study area. This uniformity could be attributed to Botswana’s flat topog-
raphy that facilitates uniform atmospheric circulation. Also studying drought character-
istic at various timescales aids understanding of the creeping nature of droughts and its 
propagation mechanism. Drought propagates from meteorological to agricultural droughts 
at lower timescales of 1 and 3 month. At higher timescales of 12 and 24 month, drought 
effects on the hydrological and environmental systems can be felt (Nalbantis and Tsakiris 
2009; Lorenzo-Lacruz et al. 2010; Van Loon 2013; Trambauer et al. 2014). This then dem-
onstrates that temporal evolutions could be useful in drought monitoring. In turn, this miti-
gates their impacts on various components of the hydrological cycle.

The foregoing results also indicate that there have been more frequent droughts after 
1980/81 compared to the previous period. This could be in relation to the findings of 
Parida and Moalafhi (2008) and Byakatonda et al. (2018b) who reported an intervention 
in rainfall, minimum and maximum temperature time series across Botswana during the 
same time period. Humid and dry spells on the plots sometimes coincided with El Niño 
for dry periods or La Niña for humid spells. To mention a few, the La Niña years of 
1976/68, 1973/74, 1999/00 and 2010/11 corresponded with humid periods shown on the 
plots. Similarly, some of the El Niño years occurred during drought years such as 1963/64, 
1982/83, 1994/95, 2002/03, 2004/05, 2006/07 and the most recent of 2015/16. Some of 
these historical droughts have also been widely reported on the African continent in Masih 
et al. (2014). The most recent drought/El Niño has also been identified by Hansen et al. 
(2016) as the year with the strongest El Niño in 100 years. This could be evidence that 
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large climatic predictors have a direct influence on drought characteristics of mainland 
Botswana. Besides, Nicholson et  al. (2001) and Usman and Reason (2004) had already 
reported a possible influence of ENSO on South Africa’s climate. Since these findings cor-
roborate each other, Botswana is highly likely to be affected directly by climatic variability 
as a result of ENSO activities in the equatorial Pacific.

4.2 � Drought characteristics and vulnerability

According to the results, Botswana is vulnerable to two drought categories viz: severe and 
moderate droughts. Earlier studies of drought assessment using SPI by Batisani (2011) had 
reported that Botswana was indeed more vulnerable to moderate droughts. The fact the SPI 
only uses rainfall in quantification of droughts it could imply that droughts in Botswana 
are attributed to low or lack of rainfall than the ongoing phenomena of global warming. 
The north including Pandamatenga and Sowa Pan are identified to be highly vulnerable to 
drought. These locations have also been identified by Byakatonda et al. (2019) as poten-
tial areas for rainfed agriculture. This revelation could hamper efforts towards improving 
the food security situation in Botswana. The results also reveal that vulnerability increased 
up to 12 month timescale which could also mean that the over the year timescales may 
not be necessary in drought monitoring across the study area. The western locations on 
the fringes of the Kalahari desert such as Shakawe, Ghanzi and Tsabong are presenting 
with the highest degree of vulnerability compared to other locations. But also it is further 
reported that locations of Ghanzi and Tsabong receive the lowest amounts of rainfall in 
Botswana. Investigations by Pachauri and Reisinger (2007) and Stocker et al. (2013) indi-
cate that with the current global warming, there is a likely shift in atmospheric circulation 
with dry locations getting even drier. This creates more uncertainties in these locations 
which may degenerate into hyper arid climates and hence threatening livelihood. Given the 
susceptibility of region to climate extremes, institutions such as the South African Devel-
opment Community Drought Monitoring Centre (SADC-DMC), under the guidance from 
WMO, was established in order to contribute to the mitigation of the negative impacts of 
drought or floods over the region. The SADC-DMC generates and disseminates important 
outputs such as 10 day forecast bulletins and seasonal rainfall outlooks, as a contribution to 
mitigation of negative impacts of extreme climatic anomalies. SADC-DMC has the respon-
sibility of monitoring and prediction of the global and regional climate system. The current 
research augments efforts of the SADC-DMC and therefore helps the government of Bot-
swana to better monitor droughts.

4.3 � Association of ENSO with drought severity

A negative relationship between SPEI and SSTs demonstrates that negative anomalies of 
SSTs associated with El Niño correspond with negative SPEI attributed to drought condi-
tions. Equally positive SPEI responsible for humid conditions corresponds with positive 
SOI which is responsible for La Niña conditions. These relationships corroborate findings 
from studies over Southern Africa conducted by Nicholson et al. (2001), Trenberth et al. 
(2007), Vicente-Serrano et al. (2011) and Byakatonda et al. (2018b) that reported influence 
of ENSO on regional climate. Significant correlations were mainly during summer which 
also coincides with the rain season in Botswana. This could mean that the rainfall totals 
received during a particular summer could be directly related to the Ocean Niño Index 
(ONI) of region 3.4 of the equatorial Pacific. In contrast, correlations during the winter 
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season showed no relationship between SPEI and ENSO, which implies that climate vari-
ability during this season may not be explained by ENSO but rather with other global cir-
culation mechanisms.

5 � Conclusions

This study has characterized droughts in Botswana together with their spatial distri-
bution using SPEI. Probabilities of occurrence have been used to assess the degree of 
drought vulnerability with its spatial extent also presented to facilitate drought monitor-
ing and planning. The study has shown a close relationship between Botswana’s summer 
climate and ENSO. From the foregoing results and discussions, the following summary 
has been deduced.

1.	 The variations between drought and humid events were distinct across the timescales 
of 1, 3, 6, 12, and 24 month that were used in the analysis. Lower timescales of 1 and 
3 month have higher temporal variations compared to 12 and 24 month. It was also 
observed that drought events increased in both frequency and severity after 1980/81 in 
most cases coinciding with El Niño years.

2.	 The northern locations and the fringes of the Kalahari desert were more susceptible 
to moderate droughts in Botswana. Vulnerabilities increased with timescale up to 
12 month.

3.	 Botswana’s climate is mainly associated with ENSO during the summer months with 
the highest association occurring in December and January the peak of the rain season.

From the summary above, this study is critical to drought preparedness and plan-
ning. Because of the significant relationship between drought severity and ENSO, the 
drought early warning systems could use ENSO for predicting drought and hence used 
in drought management in Botswana.
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