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Abstract The loss of life and property from drought events
has forced society to focus on the development of reliable
early warning systems which may enable farmers and other
stakeholders to correctly and timely adapt to the expected
impacts of climatic hazard. However, a scientific approach
to areliable early warning system for a region requires, among
others, characterisation of drought events in the region in
terms of duration, magnitude, intensity and frequency using
standard drought indices. Therefore, the objective of this study
was to identify and characterise drought events in the Modder
River basin, central region of South Africa, using a self-
calibrated Palmer’s Drought Severity Index (sc-PDSI). At-
tempts were also made to establish a relationship between
meteorological and hydrological drought events in the region.
During the period of analysis, the total number of drought
episodes identified in the study area ranged between eight
and sixteen. It was found that the most severe drought epi-
sodes occurred during the period 1992-1995 followed by the
period 1982—-1987. Results of analysis of seasonal drought
events in one of the quaternary catchments (C52A) revealed
that peak drought events during the three summer months
(November, December and January) occurred in the area in
1993. However, in terms of event magnitude and intensity, the
worst drought events were recorded during the period Decem-
ber 1982—July 1987, followed by the event that ensued during
December 1989—-September 1995. Results of analysis of de-
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cadal variation of drought events showed that the number of
extreme and moderate drought events recorded in the catch-
ment showed statistically significant increasing trends during
the five decades at 5 % significance level. Moreover, spectral
analysis of sc-PDSI time series in the region identified peri-
odicities in the time series ranging from 6 years (C52E) to
16 years (C52K). In terms of the spatial extent of extreme
drought events, the maximum areal coverage (91 %) was re-
corded in November 1998, followed by December 1998 and
December—January 1999 (43 %). Analysis of the relative fre-
quency of droughts of varying categories revealed that ex-
treme drought events were most prevalent in the C52E
(2.72 %) quaternary catchment, followed by C52C (2.21 %).
The study also found an average lag time of 10 months be-
tween the onsets of meteorological and hydrological drought
events in the region.

1 Introduction

Drought is a normal phenomenon of climate in most countries,
especially in sub-Saharan Africa, but it has serious economic,
environmental and social impacts which affect more people
than any other natural hazard — particularly the poor who are
more vulnerable. This is a cause of concern as the world is
entering a period of unprecedented climate change, which is
predicted to result in higher average temperatures, changes in
precipitation patterns and more frequent extreme weather
events over extensive land areas (Richardson et al. 2007, cited
in Vetter 2009; IPCC 2013). Therefore, countries must address
the underlying causes of drought vulnerability and improve
monitoring and early warning systems. Even though the en-
suing damages depend on the exposed populations, econo-
mies and societies and their adaptive capacity, drought events
entail loss of assets in the form of crops, livestock,
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infrastructures and other productive capitals as a result of wa-
ter shortages and related impacts.

In South Africa’s arid and semi-arid rangelands, droughts
are a frequent occurrence (Vogel 1994, cited in Vetter 2009).
Jury and Levey (1993) indicated that drought recurs at inter-
vals of 3.45 and 18.2 years in the Eastern Cape, particularly
when March rains fail to materialise. Moreover, Rouault and
Richard (2005) reported an increase in the spatial extent of
drought in Southern Africa since the 1970s due to stronger
relationship between ENSO and the Southern African rainfall,
although localised basin-level assessments are lacking. While
these droughts may be short-term and followed by recovery
during subsequent years of higher rainfall (Ellis and Swift
1988, cited in Vetter 2009), in some cases droughts can trigger
substantial and irreversible ecological and socio-economic
changes. Model predictions show that reductions in mean an-
nual rainfall, increased inter-annual variation, and more fre-
quent droughts in South Africa, can lead to disproportionately
large impacts on livestock production (Burns et al. 2006, cited
in Vetter 2009).

The loss of life and property from drought events has
caused society to focus on the causes and predictability of
drought events. Backeberg and Viljoen (2003) developed a
theoretical framework for drought management based on re-
view of literatures. They acknowledged the shortage of
research and extension capacity in South Africa to
implement reliable early warning systems which may enable
farmers and other stakeholders to correctly and timely adapt to
the expected changes in the climate and weather. However, a
scientific approach to a reliable early warning system for a
region requires, among others, characterisation of drought
events in the region in terms of duration, magnitude,
intensity and frequency using standard drought indices.
Seymour and Desmet (2009) suggest that long-term drought
research is essential in the country and underlined the impor-
tance of a suite of coordinated long-term field observations,
experiments and models to inform agricultural policy and
conservation planning. Moreover, Durand (2010) underlined
the importance of developing social and physical vulnerability
indicators of drought for South Africa.

Various drought indices have been developed to character-
ise drought spatially and temporally based on its magnitude,
duration and intensity (e.g. Heim 2000, 2002; Keyantash and
Dracup 2002; Vicente-Serrano et al. 2010; Dai 2011). Among
them, the Palmer’s Drought Severity Index (PDSI) is the most
prominent index of meteorological drought used in the USA
for drought monitoring and research (Heim 2002). PDSI has
been extensively used to study drought climatology and var-
iability in different parts of the world (e.g. Dai 2011;
Vasiliades et al. 2011; Vasiliades and Loukas 2009; Burke
and Brown 2008; Ceglar et al. 2008; Van der Schrier et al.
2006a, b, 2007; Burke et al. 2006; Mika et al. 2005; Dai et al.
1998, 2004; Lloyd-Hughes and Saunders 2002). However, the
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standardisation used by Palmer (1965) was based on limited
data from the central USA, and the PDSI values are not
comparable between diverse climatological regions. To
improve the spatial comparability problems associated with
PDSI, Wells et al. (2004) proposed what is known as a self-
calibrating Palmer’s Drought Severity Index (sc-PDSI) by cal-
ibrating the PDSI using local conditions, instead of using the
empirical constants (coefficients) that were used by Palmer
based on data from the central USA. The sc-PDSI automati-
cally calibrates the behaviour of the index at any location by
replacing empirical constants in the index computation with
dynamically calculated values. The revised model performed
better than the original PDSI during the twentieth century over
Europe and North America (Van der Schrier et al. 2006a, b,
2007).

Du Pisani et al. (1998) reported a review of various drought
assessment techniques that have been developed in South Af-
rica prior to 1998. Rouault and Richard (2003) used
Standardised Precipitation Index (SPI) to make a retrospective
analysis of the spatial extent and intensity of droughts in South
Africa since 1921. Despite its wide applications, the original
and modified versions of the PDSI (i.e. PDSI and sc-PDSI)
have not been well examined in Africa in general or in South
Africa in particular. The objective of this study was, therefore,
to characterise droughts in the central region of South Africa
both spatially and temporally using sc-PDSI, to establish a
relationship between meteorological and hydrological drought
events in the region and identify lag time between the two
drought events.

2 Materials and methods
2.1 Location of the study area

The study was conducted in the Modder River basin, C52
tertiary catchment. The basin has a total area of 17,380 km?
and is divided into three sub-basins, namely the Upper Mod-
der, the Middle Modder and the Lower Modder. It is located
within the Upper Orange Water Management Area to the east
of the city of Bloemfontein and consists of 11 quaternary
catchments (Fig. 1). The Upper Modder, which consists of
the quaternary catchment C52A, comprises approximately
5 % of the total runoff contributing area. The Middle Modder
consists of the second largest portion of the basin area. It
covers about 45 % of the total area and includes quaternary
catchments C52B, C52C, C52D, C52E, C52F, C52G and
C52H. The remaining 50 % of the total area belongs to the
Lower Modder basin and is divided into three quaternary
catchments, namely C52J, C52K and C52L (Woyessa et al.
2011).

The dominant soil types of the catchment are sandy clay
loam and sandy clay. The irrigated agriculture in the basin
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Fig. 1 Location of the study area

mainly uses water supplied by pumping from rivers and weirs.
However, many of the rural farmers rely on rain-fed agricul-
ture for crop production. The basin is experiencing intermit-
tent droughts causing shortages of water supply for agricul-
ture, livestock and domestic purposes.

2.2 Preparation of input data
Daily precipitation and temperature data of the quaternary

catchments within C52 tertiary catchment were obtained from
QCD_DAT.EXE, a self-extracting compressed data file
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containing 50 years of daily hydroclimatic data pertaining to
each of the 1946 quaternary catchments of South Africa com-
piled by Lynch (2004). In this analysis, the quaternary
catchments’ databases have been used for spatial and
temporal analyses of droughts in the tertiary catchment.
Soil types of the study area were obtained from the
South African Atlas of Climatology and Agrohydrology
(Schulze et al. 2008) for the determination of available
water-holding capacity (AWC). The programme to cal-
culate monthly sc-PDSI values requires four specifically
named input files, namely ‘monthly temperature
(monthly T)’, ‘monthly precipitation (monthly P)’, ‘nor-
mal temperature (T normal)’ and ‘parameter’.

2.3 Monthly temperature

This file holds the temperature data for a quaternary
catchment. Each line starts with the year and is follow-
ed by 12 temperature entries. The temperature is the
average monthly temperature for each of the 12 months
of that year.

2.4 Monthly precipitation

This file holds the precipitation data for a quaternary catch-
ment. It is the same format as the temperature files; each line
starts with the year and is followed by 12 precipitation values.
The precipitation values are the total monthly precipitation for
each of the 12 months of that year.

2.5 Normal temperature

This file has the normal temperature data for a quater-
nary catchment. It has only 12 entries, all in one line.
The values in the file are the normal or average tem-
perature over all the years on record for each of the
12 months. This file is named T normal to comply with
the sc-PDSI programme requirement. The programme
will open the file named T normal if it exists and if
it contains the correct number of entries.

2.6 Parameter

The parameter file contains two numbers. The first number
should always be the AWC. The second number should be the
latitude of the station (in this case the centroids of the quater-
nary catchments). The latitude should be given in decimal
degrees.

2.7 Palmer’s Drought Severity Index

The PDSI is a moisture balance model in the soil based on
supply and demand of the soil moisture at a location. The
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supply is the amount of moisture in the soil plus the amount
that is absorbed into the soil from rainfall. The demand de-
pends on factors affecting the amount of water lose from the
soil, such as temperature and the amount of moisture in the
soil.

The basis of the soil moisture balance modelling is
the calculation of potential evapotranspiration (PET),
which is based on Thornthwaite’s method. Dai (2011)
reported that the choice of the method for calculation of
PET only has small effects on sc-PDSI for the twentieth
century climate. The model also requires calculation of
potential recharge (PR), potential runoff (PRO) and po-
tential loss (PL). The sc-PDSI uses a two-level approach
for the computation of soil moisture status. The upper
level, the topsoil, can lose all of its moisture. Only once
the topsoil has lost all of its moisture does the under-
lying soil start losing moisture, and then only a fraction
is taken out at a time. The detailed procedure for the
calculation of original PDSI and its subsequent deriva-
tives can be found in Palmer (1965), Alley (1984) and
Kim et al. (2002). In this study, the sc-PDSI programme
developed by the Spanish National Research Council
(CSIC) was used to generate time series of drought
indices for each quaternary catchment in the basin.
The sc-PDSI values were categorised based on the clas-
sification scale shown in Table 1, which was originally
proposed for PDSIL

2.8 Temporal analysis of droughts

A drought event occurs any time the sc-PDSI values are con-
tinuously negative and ends when the values become positive.
In this study, the number of drought events ensued at each
quaternary catchment during the period of analysis was first
identified. Each drought event was then characterised based
on its duration, magnitude and intensity. Drought duration is

Table 1 Classification

of moisture anomaly PDSI Classification
according to PDSI
>4.00 Extremely wet
3.00 to 3.99 Very wet
2.00 to 2.99 Moderately wet
1.00 to 1.99 Slightly wet
0.50 to 0.99 Incipient wet spell
0.49 to —0.49 Near normal
—0.50 to —0.99 Incipient drought
—1.00 to —1.99 Mild drought
—2.00 to —2.99 Moderate drought
—3.00 to —3.99 Severe drought
<4.00 Extreme drought

Source: Thompson (1999)
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defined by the beginning and end of the event. The
positive sum of the index values for all the months
within a drought event is termed as drought magnitude.
Therefore, intensity of a drought event is defined as the
ratio of event magnitude to its duration. Decadal varia-
tion of drought in the basin during the period of anal-
ysis is examined by plotting the number of events iden-
tified in each decade versus time. Moreover, power
spectral analyses were applied to each sc-PDSI time
series data corresponding to each quaternary catchment
to examine the periodicity of drought events in the
region.

2.9 Spatial analysis of droughts

The prime objective of spatial analysis of drought is to
identify quaternary catchments in the basin frequently
hit by droughts and to depict the areal extent of
droughts of different severity levels. The primary soft-
ware package used to implement the spatial analysis of
drought is ArcGIS, which provides ready-to-use func-
tions to display, browse and query geo-referenced data.
Attribute tables containing drought frequencies pertaining to
the 11 quaternary catchments were geo-referenced/linked to
coordinate points of their respective centroids (Table 2). Thus,
each polygon representing the quaternary catchment repre-
sents the spatial database, while the drought frequencies com-
puted at the respective catchment represent their correspond-
ing attribute databases.

In this study, the spatial databases of monthly precipitation
and temperature that were compiled and developed for South-
ern Africa (Lynch 2004; Schulze 2003) were used as input

Table 2 Geo-locations of the mean centres of the quaternary
catchments in C52

Quaternary Geo-location
catchment

Latitude (dd) Longitude (dd) Altitude (metres)
C52A —29.47 26.65 1529
C52B —29.29 26.78 1447
C52C —29.09 26.73 1463
C52D —29.22 26.49 1383
C52E —28.92 26.56 1372
C52F —29.18 26.32 1363
C52G —28.80 26.28 1306
C52H -28.75 25.99 1290
C52] —29.20 25.94 1312
C52K —28.93 25.44 1199
C52L —29.00 24.97 1159
dd decimal degrees

data for the computation of sc-PDSI values for the 11 quater-
nary catchments. Therefore, the sc-PDSI outputs and drought
frequencies derived from these outputs represent attribute ta-
bles for each quaternary catchment. As a result, no interpola-
tion was needed to convert a point meteorological database to
spatial database while generating maps in ArcGIS
environment.

A multivariate technique, principal component analysis
(PCA), was applied to the sc-PDSI time series data of the
quaternary catchments to examine the spatial variability of
droughts in the study area. The PCA is a technique for forming
new uncorrelated variables that are linear combinations of the
original ones (Sharma 1996). The principal components are
computed and arranged in a decreasing order of importance
based on their loadings (eigenvalues), meaning that the first
component explains the maximum possible variance of total
data and the last component is the one that least con-
tributes to explain the variance of the original data. The
number of principal components (PC) to be retained for
spatial analysis is decided based on spree plot of the
loadings. Precipitation and drought spatial variability
have been studied by many authors through the appli-
cation of PCA (Bonaccorso et al. 2003; Cannarozzo
et al. 2006; Raziei et al. 2008, 2009).

2.10 Standardised Precipitation-Evapotranspiration
Index

The calculation of Standardised Preicipitation-
Evapotranspiration Index (SPEI) is also based on the original
SPI calculation procedure (McKee et al. 1993). However, the
SPEI uses the monthly difference between precipitation
and PET. This represents a simple climatic water bal-
ance which is calculated at different time scales to ob-
tain the SPEI. The monthly PET is calculated based on
Thornthwaite (1948).

2.11 Relationship between sc-PDSI and SPEI

Both sc-PDSI and SPEI are meteorological drought indices
with different input data requirements—sc-PDSI is data inten-
sive as compared with SPEIL. A simple correlation analysis
was conducted between the outputs of the two indices in an
attempt to explore the application of SPEI under data-scarce
conditions.

2.12 Relationship between meteorological
and hydrological drought events

Drought forecasting is one of the crucial steps in the develop-
ment of drought early warning systems for an area. It is evi-
dent that there is an inherent time lag between meteorological
and hydrological drought events. Identification of this lag can
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Fig. 2 Temporal variation of
drought in the C52A quaternary
catchment in the summer months
(November—January) based on
sc-PDSI
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be used in forecasting hydrological droughts in an area. In this ~ Streamflow data of the Modder River, measured at the
study, the average lag time between the two drought events  Bultfontein gauging station (outlet of C52G quaternary catch-
was determined for the C52G quaternary catchment.  ment), were used to identify hydrological drought events,
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whereas meteorological drought events in the quaternary were
identified from the outputs of sc-PDSI.

3 Results and discussions

In this section, results of temporal and spatial analyses of
droughts are presented and discussed. Moreover, relationships
between different meteorological drought indices (sc-PDSI
and SPEI), and between meteorological and hydrological
droughts, are explored.

3.1 Temporal analysis of droughts
3.1.1 Identification of drought events

In this study, more emphasis was given to the charac-
terisation of drought events during the three summer
months of the year. Figure 2 shows the time series of
sc-PDSI values during the three summer months (No-
vember, December and January) in the C52A quaternary
catchment. Results of this analysis revealed that the
number of drought events recorded in the catchment
during the period of analysis in the months of Novem-
ber, December and January were 8, 7 and 6, respective-
ly. It is interesting to note that one extreme drought
event (in December 1993) was detected during the pe-
riod of analysis, whereas no extreme drought event was
detected in November or January. However, the result
revealed that the summer peak drought events were re-
corded in the year 1993 in all 3 months, indicating that
this year was the one of severest drought in the area in
terms of both duration and magnitude.

Figure 3 shows plot of time series of monthly sc-PDSI
values computed for the C52A quaternary catchment. Results
of the characterisation of each drought events that were de-
tected by the model in the quaternary catchment are presented
in Table 3 for illustrative purpose. Considering both magni-
tude and intensity of drought events as indicators of drought
severity, the most severe drought event was recorded during

Fig. 3 Time series of sc-PDSI
values recorded at C52A

Table 3  Characterisation of drought events detected in C52A

Onset End Duration (months) ~ Magnitude  Intensity
Dec 1952 Dec 1954 25 —-16.17 —0.65
Jan 1962 Dec 1962 12 -11.71 —0.98
Dec 1963  Nov 1966 36 —68.86 -1.91
Oct 1968  Dec 1973 63 —122.07 -1.94
Nov1977  Dec 1980 38 —60.33 -1.59
Dec 1982 Jul 1987 56 —163.75 —2.92
Dec 1989 Sep 1995 70 —159.48 —2.28
Feb 1999  Dec 1999 11 —20.51 —-1.86

the period December 1982—July 1987, followed by the event
that ensued during the period December 1989—September
1995. However, in terms of event duration the drought event
that was recorded during October 1968—December 1973 was
found to be the longest. Widespread and sustained droughts
that have periodically afflicted Southern Africa over the past
three decades are those in 1964, 1968, 1970, 1982, 1983 and
1984, are often associated with El Nifio (Preston-Whyte and
Tyson 1988, cited in Dube and Jury 2002).

Figure 4 shows decadal variation of drought events in the
C52A quaternary catchment over 50 years. It can be noted
from the plot that the number of extreme and moderate
drought events recorded in the catchment during these five
decades show an increasing trend. However, the numbers of
both mild and severe drought events appear to show increas-
ing trends during the first three decades and a declining trend
(moderate drought) and cyclical trend (mild drought) after-
wards. The Spearman’s rank correlation method (with #-
critical = 3-18 and df = 3) was used to test whether the trends
shown in the plots are statistically significant at 5 % signifi-
cance level. The observed/calculated values of t for each
drought category are shown on the plots (0bs. t). Results of
the analysis showed that the increasing trends exhibited by
both extreme and moderate drought categories are statistical-
ly significant at 5 % significance level. However, both mild
and severe drought categories showed no significant trend at
5 % significance level.
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Fig. 4 Decadal variation of 30
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3.1.2 Power spectral analysis

Power spectral analyses were applied to each sc-PDSI time
series data corresponding to each quaternary catchment to
examine the periodicity of drought events in the region. Anal-
ysis of Lomb periodogram of sc-PDSI for C52A quaternary
catchment shows that the frequency of the strongest peak in
the periodogram is 0.01129 cycles/month. This corresponds to
a period of 1/(0.01129 cycles/month) = 7 years/cycle. How-
ever, it is interesting to note that multiple peaks (varying be-
tween 3 and 5) were observed in all quaternary catchments
based on both 5 and 1 % significance levels, which might be
attributed to the existence of several periodic components in
the time series with different periods. Dominant frequencies
corresponding to the remaining quaternary catchments in the
study area were calculated in similar fashion and these results
are presented in Table 4. The dominant periodicities of the sc-
PDSI time series in the study area generally vary between
6 years (C52E) and 16 years (C52K).

3.2 Spatial analysis of droughts
3.2.1 Spatial extent/coverage of drought events

Figure 5a—d presents plots of the areal extent (in percentage of
the total area of the catchment) of various drought severity
classes computed using the index during the years 1950—
1999. The results herewith presented for illustrative purposes
are for the three summer months. Similar summary results can
be produced for the other seasons of the year.

Decade-2

Decade-3

Decade-4 Decade-5

Considering extreme drought events, the maximum areal
coverage was recorded in November 1998, followed by De-
cember 1998 and January to December 1999. In November
1998, about 91 % of the total area of the basin experienced an
extreme drought event. However, during the entire summer
months of 1999 about 43 % of the total area of the basin was
struck by extreme drought events.

Considering the areal coverage of severe drought events,
and the persistence throughout the summer months, the period
1991-1994 was found to be the one of most critical drought
years. The maximum areal coverage of severe drought events
in the basin was recorded in January 1994 (72 %), followed by
December 1991 (61 %). This study revealed that, in general,
50 % or more of the total area of the basin was hit by severe
drought events in six summer months during the period of
analysis, namely November 1965 (50 %), December 1991
(61 %), November 1993 (58 %), December 1993 (50 %),
November 1994 (51 %) and January 1994 (72 %). It can be
noted that the number of drought years and months increases
with the decreasing severity level, i.e. the number of mild
drought years during the time of analysis is highest compared
with all other drought categories.

3.2.2 Drought prevalence in the basin

Drought prevalence in the basin was computed based on
the relative frequency of drought events in a given cat-
egory with respect to the total number of events record-
ed during the period of analysis (Fig. 6). The purpose
of this analysis was to identify areas prone to droughts

Table 4  Periodicities of the sc-PDSI time series in the quaternary catchments

Q/catchment C52A C52B Cs2C C52D

C52E

C52F C52G C52H Cs2] C52K C52L

Frequency (years) 7 10 10 7

6

7 15 15 7 16 7
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Fig. 5 a—d Areal coverage of droughts of various severity levels during the three summer months.
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Fig. 6 Relative frequency of 25.00
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of various severity levels during the period of analysis.
Results of this analysis revealed that extreme drought
events occurred most frequently in the C52E (2.72 %)
quaternary catchment, followed by C52C (2.21 %).
However, the relative frequency of severe drought events is
highest in the C52C (14.80 %) quaternary catchment, follow-
ed by C52A (11.73 %).

Figure 7 shows the spatial extent of drought frequen-
cies corresponding to the four drought categories based
on sc-PDSI. It can be noted that mild drought events
are highly frequent in the western section of the catch-
ment and decreases towards the east, whereas frequency
of moderate drought events decreases from north to
south. However, the frequency of severe and extreme
drought events have a similar general distribution—both
frequencies decrease from east to west across the catch-
ment area.

3.2.3 Principal component analysis

Following inspection of the scree plot of the eigenvalues of the
principal components, two components (PC1 and PC2) were
retained for spatial mapping. The cumulative total explained var-
iance by the two retained PCs is 78.54 %—the first PC explained
much of the total variance (68.87 %), and the second PC ex-
plained 9.67 %. Figure 8 shows the spatial patterns of the load-
ings over the study catchment. In the case of PC1, the maximum
loading (drought variability) is centred in the eastern (C52A),
middle (C52F) and northern (C52G and C52H) quaternary
catchments and decrease west. Based on PC2 loadings, the max-
imum loadings are centred in the northern (C52G and C52H) and
western (C52L) quaternary catchments and slowly decreases
east. It can be noted that drought variability in the northern and
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middle sections of the catchment follow similar patterns under
both PC1 and PC2 loadings.

3.3 Relationship between sc-PDSI and SPEI

Figure 9a—d illustrates the relationships between the outputs of
SPEI based on 3-, 6-, 12- and 24-month time scales and sc-PDSI
in the C52A quaternary catchment. Results of these analyses
(through visualisation of the plots and their correlation coeffi-
cients) revealed that the shape of the scatter plots (cloud of
points) varies with SPEI time scale. It can be noted that the
clustering of points around the best-fit line is loosest in Fig. 9a
and tightest in Fig. 9d. In general, the points become more tightly
clustered around the best-fit line as the SPEI time-scale increases
indicating that the correlation between the indices becomes stron-
ger as the time-scale increases. This confirms the effectiveness of
sc-PDSI in monitoring long-term impacts of meteorological
droughts such as hydrological droughts (manifested by reduction
in streamflow, reservoir level, groundwater table etc). Vicente-
Serrano (2014) also reported that the SPEI has shown to correlate
well with the sc-PDSI on longer time scales (>18 months).

3.4 Relationship between meteorological and hydrological
drought events

Figure 10 shows a plot of the Modder River flow at
Bultfontein stream gauging station (1971-1999) at the outlet
of C52G quaternary catchment. This analysis was undertaken
in order to determine if there is a link between meteorological
drought events identified by sc-PDSI and low flows in the
Modder River. It is expected that low flows (an indication of
hydrological droughts) at Bultfontein gauging station are pre-
ceded by meteorological drought events in the upper catch-
ment (C52G). Edossa et al. (2010) reported that hydrological
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Fig. 7 Spatial variation of drought frequency in the basin based on sc-PDSI

drought events lag behind meteorological drought events by
an average of 7 months. Figure 11 shows a plot of sc-PDSI

outputs for the same period (1971-1999) for the purpose of
comparison.
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Fig. 8 Spatial patterns of drought in the study catchment based on PC1 (a) and PC2 (b) loadings

It can be noted that most of the drought events iden-
tified by sc-PDSI (see events marked as 1-5 on the
Figs. 10 and 11) in the quaternary catchment have been
followed by low-flow events at Bultfontein stream gaug-
ing station. Results of the analysis of the lag time be-
tween the onsets of drought events identified by sc-PDSI and

| SPEI-3 vs Sc-PDSI
y =1.171x + 0.0098

-3.00
SPEI-3
Sc-PDSI
C SPEI-12 vs Sc-PDSI
y =1.9175x - 0.005
R*=0.6702 4
-4.00 4.00
+ SPEI-12
-8
Sc-PDSI

low flows revealed that the lag time between the hydrological
and meteorological drought events is in the range of 8
to 14 months (with an average lag time of 10 months).
It is interesting to note that the finding of this study
agrees fairly with results previously reported by Edossa
et al. (2010).

b SPEI-6 vs Sc-PDSI
6

y = 1.5546x + 0.0131

R? = 0.4329
* ¢ 4
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Fig. 9 a—d Relationship between sc-PDSI and SPEI at various time scales in C52A.
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Fig. 10 Plot of Modder River flow at Bultfontein gauging station

4 Conclusion

Long-term historical records (1950-1999) of meteoro-
logical data were used in this study to characterise
droughts in the central region of South African (Modder
River basin) both spatially and temporally using sc-
PDSI. Attempts were also made to establish relation-
ships between both sc-PDSI drought indices and mete-
orological and hydrological droughts. The number of
drought events of varying severity levels identified by
sc-PDSI in the study area varies from eight (C52A) to
sixteen (C52D). Analysis of the seasonal variation of
drought events in the C52A quaternary catchment shows
that, in all three the summer months, maximum drought
events (minimum sc-PDSI values) were detected in
1993. Further analysis of decadal variation of drought
events shows that the number of extreme and moderate
drought events showed statistically significant increasing
trends with time (at 5 % significant level) in the C52A
quaternary catchment. Results of a spectral analysis of
sc-PDSI time series revealed the existence of periodic-
ities—the dominant periodicities generally vary between
6 years (C52E) and 16 years (C52K). It was also found
that the relationship between the two popular meteoro-
logical indices (SPEI and sc-PDSI) showed improve-
ments as the SPEI time-scale increases.

The sc-PDSI was also used to analyse the prevalence
of drought events of varying categories in the Modder
River basin. The study found that the maximum areal
coverage of an extreme drought event was detected in
November 1998 (97 %), followed by December 1998

Sc-PDSI

Fig. 11 Plot of sc-PDSI in C52G quaternary catchment

and all summer months of 1999 (43 %). In terms of
areal coverage and persistence through summer months
of severe droughts, the period 1991-1994 was found to
be the most critical one. The maximum areal coverage
of severe drought events in the basin was recorded in
January 1994 (72 %), followed by December 1991
(61 %). It can be noted that the number of drought
years and months increases with the decreasing severity
level, i.e. the number of mild drought years during the
time of analysis is highest compared with all other
drought categories.

Results of the spatial analysis of droughts for various cat-
egories revealed that mild and moderate droughts occurred
most frequently in the Lower (C52L) and Middle (C52G
and C52H) Modder, respectively. However, the most frequent
severe and extreme drought events were both recorded in the
Middle Modder (C52C and C52E, respectively), whereas ex-
treme drought events occurred least frequently in Upper Mod-
der (C52A).

It is quite common that hydrological droughts typi-
cally lag behind the occurrence of meteorological and
agricultural droughts. More time elapses before precipi-
tation deficiencies show up in the components of the
hydrological systems. Results of analysis of the lag time
between the onsets of drought events identified by sc-
PDSI and low flows revealed that the lag time between
the hydrological and meteorological drought events is in
the range of 8 to 14 months (with an average lag time
of 10 months). It is believed that this lag time can be
utilised by policy makers as a planning period for the
management of impacts of hydrological droughts.
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