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Engineering infrastructures such as stormwater drains and bridges are commonly designed
using the concept of Intensity-Duration-Frequency (IDF) curves, which assume that the
occurrence of precipitation patterns and distributions are spatially similar within the drai-
nage area and remain unchanged throughout the lifespan of the infrastructures (station-
ary). Based on the premise that climate change will alter the spatial and temporal
variability of precipitation patterns, inaccuracy in the estimation of IDF curves may occur.
As such, prior to developing IDF curves, it is crucial to analyse trends of annual precipita-
tion maxima. The objective of this study was to estimate the precipitation intensities and
their uncertainties (lower and upper limits) for durations of 0.125, 0.25, 0.5, 1, 2, 4, and 6 h
and return periods of 2, 10, 25, 50 and 100 years in the Ghaap plateau, Northern Cape
Province, South Africa using the Generalized Extreme Value (GEV) distribution. The annual
precipitation maxima were extracted from long-term (1918–2014) precipitation data for
four meteorological stations (Postmasburg, Douglas, Kuruman and Groblershoop) sourced
from the South African Weather Services (SAWS). On average, the estimated extreme pre-
cipitation intensities for the plateau ranged from 4.2 mm/h for 6 h storm duration to
55.8 mm/h for 0.125 h at 2 years return period. At 100 year return period, the intensity ran-
ged from 13.3 mm/h for 6 h duration to 175.5 mm/h for the duration of 0.125 h. The lower
limit of uncertainty ranged from 11.7% at 2 years return period to 26% at 100 year return
period, and from 12.8% to 58.4% for the upper limit for the respective return periods.
This methodology can be integrated into policy formulation for the design of stormwater
and flood management infrastructures in the Ghaap plateau, where mining is the main eco-
nomic activity.
� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY

license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Municipal stormwater management and the design of engineering infrastructures able to withstand floods and extreme
precipitation events are often based on the concept of precipitation Intensity-Duration-Frequency (IDF) curves (Jaleel and
Farawn, 2013; Logah et al., 2013; Vivekanandan, 2013; Bhatt et al., 2014; Cheng and Aghakouchak, 2014; Wayal and
Menon, 2014). IDF curves are commonly developed using historical annual maximum precipitation data fitted to a probabil-
ity distribution to estimate the precipitation intensity for a given storm duration and return period (Overeem et al., 2008;
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Cheng and Aghakouchak, 2014). The IDF curves are based on the assumptions that the occurrence of precipitation patterns
and distributions are spatially similar within the drainage area and remain unchanged (stationary) throughout the lifespan
of the infrastructures (Cheng and Aghakouchak, 2014). However, the occurrence of significant spatial and temporal variabil-
ity in frequency and intensity of extreme precipitation events due to climate change (Prodanovic and Simonovic, 2007;
Simonovic and Peck, 2009; IPCC, 2014) might invalidate these assumptions and compromise the accurate estimation of
IDF curves. This in turn can have serious impacts on the design, operation and maintenance of engineering structures
(Cheng et al., 2014; Yilmaz et al., 2014) making them inadequate and vulnerable to floods.

Due to rapid urbanization in many municipalities, previously pervious areas are replaced by impervious surfaces, which
invariably alter the characteristics of the surface runoff hydrograph (Lee and Bang, 2000; Goonetilleke et al., 2005; Carter and
Jackson, 2007). The process of urbanization involves demographic changes and increased economic activity including traffic
patterns, which results in compromised air quality (Zhang et al., 2014; Fang et al., 2015). This is also accompanied by rapid
increase in the demand for energy; as such a flexible and secure energy policy is required for sustainable growth to avoid
environmental degradation due to energy generation (Grimm et al., 2008; Fang et al., 2015). Urbanization also comes with
replacement of vegetation, which intercepts and stores sizable amounts of precipitation water. Consequently, there is an
increase in runoff peaks and volumes in relatively shorter time frames (Kim et al., 2003; Goonetilleke et al., 2005; Chen
et al., 2016). The frequency and severity of flooding in these areas is exacerbated by the effects of climate change, which
involves occurrence of high intensity precipitation events (Dore, 2005; IPCC, 2014). Yilmaz and Perera (2014) reported a
non-stationarity of extreme precipitation events for Melbourne between 1925 and 2010. In this study, 1966 was identified
as the change point. For the same region, Jones (2012) reported the extreme precipitation events for the period between
1910 and 1967 to stationary and for the period between 1968 and 2010 as non-stationary.

To address the challenge of extreme precipitation events on engineering structures, an approach that allows for non-
stationarity in IDF curves by incorporating a time parameter, has been proposed (Gregersen et al., 2013; Jacob, 2013; Al
Saji et al., 2015; Yilmaz et al., 2014). In a non-stationarity climate, methods for assessing changes in precipitation intensity
and duration, and their uncertainty are limited (Cheng and Aghakouchak, 2014). Even though Yilmaz et al. (2014, 2017)
found that non-stationary models were not superior to stationary models in Melbourne and Victoria (Australia), it is still
important to test non-stationary models in other locations. Owing to its flexibility and robustness in modelling maxima
and uncertainty limits, the Generalized Extreme Value (GEV) distribution is used in models that allow for non-
stationarity in time series (Overeem et al., 2008; Cheng and Aghakouchak, 2014; Gilleland and Katz, 2014). Furthermore,
IDF curves provide a good basis for the design of stormwater and flood management infrastructures by estimating uncertain-
ties damage risk of these structures by flooding is minimized.

In South Africa, Mason et al. (1999) analyzed 60 year (1931–1990) annual precipitation data maxima. They reported
increases in intensity of extreme precipitation events between 1961 and 1990 compared to the period between 1931 and
1960. Their study covered a large part (70%) of the country, except for the north-east, north-west and the winter precipita-
tion areas. IDF curves and their uncertainties have not been developed for most parts of the country including the study area.
The increase in high intensity precipitation events is expected to continue due to climate change (IPCC, 2014) and demands
that our infrastructure is able to withstand the negative impacts of these changes (Cheng and Aghakouchak, 2014). In this
study, the objective was to estimate the precipitation intensities and their uncertainties (lower and upper limits) for dura-
tions of 0.125, 0.25, 0.5, 1, 2, 4 and 6 h and return periods of 2, 10, 25, 50 and 100 years in the Ghaap plateau, Northern Cape
Province, South Africa using the Generalized Extreme Value (GEV) distribution.
2. Materials and methods

2.1. Site description

The Ghaap Plateau is situated between Kimberley and Upington, north of the Orange River to the Kuruman Hills, Northern
Cape Province, South Africa. Its altitude varies between 900 and 1,600 m above sea level. The topography comprises undu-
lating hills, with moderate slopes and flat plains. The mean annual precipitation ranges between 250 and 400 mm, with the
majority falling between November and April. July is the driest month, often with absolutely no precipitation, while March
receives the highest amount of precipitation. The average maximum temperatures are 17 �C in June and 31 �C in January,
with average cold temperatures of 0 �C in June and July.

Themain economic activity on the plateau is open castmining,which depends primarily on groundwater resources. Second
tomining, the economydepends onprecipitation driven activities, including agriculture andnature conservation. The predom-
inant soils in the plateau are of the Hutton formwith red Aeolian sand the Kalahari group overlying the volcanic rock and sed-
iments of the GriqualandWest Supergroup, which outcrops in some places (Mucina and Rutherford, 2006). The predominant
vegetation type is the Savanna Biome, which is composed of the Kuruman Mountain Bushveld and Postmasburg Thornveld.
2.2. Selection of meteorological stations and source of precipitation data

Four meteorological stations (Postmasburg, Douglas, Kuruman and Groblershoop) were selected. There are only few
meteorological stations in the Northern Cape Province (Fig. 1), mainly due to the sparse population and aridity of the region



Fig. 1. Location of selected weather stations used for the development of precipitation Intensity-Duration-Frequency (IDF) curves for the Ghaap plateau in
the Northern Cape Province, South Africa.
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(Kruger, 2006). The stations were selected based on their proximity to the Kolomela mine, which was the main experimental
site. Table 1 shows the geographical position, elevation and record length of precipitation data and average annual precip-
itation for the selected meteorological stations. Daily precipitation data for all four meteorological stations were obtained
from the South African Weather Services (SAWS).

2.3. Developing precipitation IDF curves

Annual maxima extracted from daily precipitation records were modelled using the GEV distribution for the selected
meteorological stations. Firstly, significant trends in the annual maxima were determined. Secondly, point and interval esti-
mates of precipitation intensities were calculated at storm durations of 0.125, 0.25, 0.5, 1, 2, 4, and 6 h and for return periods
of 2, 10, 25, 50 and 100 years. The cumulative distribution function of the GEVðl;r; nÞ distribution, for n – 0, is given by:
FðxÞ ¼ exp � 1þ n
x� l
r

� �� ��1
n

� �
ð1Þ
where l, r and n are the location, scale and shape parameter, respectively (Beirlant et al., 2004; Cheng and AghaKouchak,
2014). Here FðxÞ is defined for 1þ n x�l

r

� �
> 0: elsewhere FðxÞ is either 0 or 1. For n = 0, n > 0 and n < 0, the GEV leads to the

Gumbel, Frechet and Max-Weibull distributions, respectively. To allow for non-stationarity and to determine if there are



Table 1
Geographical positions, elevation, data recording years and average annual rainfall for Postmasburg, Douglas, Groblershoop and Kuruman in the Ghaap plateau.

Weather station Latitude Longitude Elevation (m.a.s.l) Period record length Years Average rainfall (mm)

Postmasburg �28.35 23.08 1323 1918–2014 97 317
Douglas �29.13 23.71 1013 1960–2014 55 312
Groblershoop �28.90 22.00 871 1939–2014 76 201
Kuruman �27.47 23.43 1317 1960–2014 35 458
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significant trends in extreme precipitation events, the location parameter of the GEV distribution was allowed to be time
dependent following Cheng and AghaKouchak (2014):
Table 2
Estimat
annual

Stati

Post
Dou
Grob
Kuru
lðtÞ ¼ l1t þ l0 ð2Þ

where t is time, and l1 and l0 are the respective intercept and slope parameters of the linear model for the GEV location
parameter as a function of time. Using SAS procedure MCMC (SAS, 2013), the annual maximum 24 h precipitation data were
fitted to the GEV distribution through a Bayesian method. Specification of the data likelihood and of a prior distribution for
the parameters is required (Beirlant et al., 2004) as follows:
xijl;r; n � GEVðl;r; nÞ; i ¼ 1; . . . ;n ð3Þ

where xi is the maximum precipitation for year i, and n is the number of years of data. With the parameter vector being
h ¼ ðl;r; nÞ, the prior distribution chosen for the model parameters is the Maximal Data Information (MDI) prior, namely:
pðl0;l1;r; nÞ ¼ exp E½log f ðXjhÞ� / 1
r
e�wð1Þð1þnÞ ð4Þ
where f ðXjhÞ denotes the probability density function of the distribution, and wð1Þ is Euler’s constant (Beirlant et al., 2004).
The fit of the Bayesian model yields a joint posterior distribution of the model parameters. Based on this joint posterior dis-
tribution, point and interval estimates (the latter are Bayesian Credibility Intervals – BCI) for the model parameters and for
suitable functions of model parameters, were calculated. The SAS code for carrying out the analysis is included as Supple-
mentary Material.

3. Results

3.1. Point and interval estimates of the GEV parameters

A summary of the point and interval estimates (BCIs) for the location (m), scale (r) and shape (n) parameters of the GEV
distribution fitted to the annual maximum precipitation data for the four meteorological stations is presented in Table 2. The
estimated m for the four meteorological stations ranged between 30.9 mm for Douglas to 40.5 mm for Groblershoop. The
lower limits for m ranged between 27.6 and 34.7 and upper limits ranged between 34.4 and 46.5, also from Douglas and
Groblershoop. The scale parameterr ranged between 12.1 for Kuruman and 17.2 for Postmasburg, with lower limits ranging
from 10 to 13.3 and upper limits from 14.5 to 22.1 also from the respective meteorological stations. The n ranged from 0 for
Groblershoop to 0.2 for Kuruman. Also from the same meteorological stations, the lower limits of the shape parameter ran-
ged from �0.2 to 0 and the upper limits ranged from 0.2 for Groblershoop to 0.4 for both Kuruman and Postmasburg. Thus,
the parameters of the fitted GEV distributions for the four stations were quite similar.

3.2. Precipitation intensities and uncertainty

The precipitation intensities for Postmasburg shown in Fig. 2 (solid lines) for short duration (0.125 h) ranged from
51.9 mm/h at return period of 2 years to 161 mm/h at longer return period of 100 years. For the longer duration of 6 h
the intensity was 3.9 mm/h at 2 year return period and 12.2 mm/h at 100 years return period. At Douglas (Fig. 3) the inten-
es and Bayesian Credibility Intervals (BCI); (lower and upper limits) for the location (m), scale (r) and shape (n) parameters of the GEV distribution for
maximal rainfall data from Postmasburg (97 years), Douglas (55 years), Groblershoop (75 years) and Kuruman (35 years) in the Ghaap plateau.

on Location parameter (m) Scale parameter (r) Shape parameter (n)

Estimate BCI Estimate BCI Estimate BCI

Lower limit Upper limit Lower limit Upper
limit

Lower limit Upper limit

masburg 34.6 29.5 40.2 17.2 13.3 22.1 0.1 �0.1 0.4
glas 30.9 27.6 34.4 13.5 11.0 16.5 0.2 0.0 0.4
lershoop 40.5 34.7 46.5 16.1 12.3 21.3 0.0 �0.2 0.2
man 32.9 30.2 35.7 12.1 10.0 14.5 0.2 0.0 0.3
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sity for short duration (0.125 h) ranged from 56.9 mm/h to 202.3 mm/h at the 2 and 100 year return periods respectively. Six
hour duration intensity was 4.3 mm/h at 2 year return period and 15.3 mm/h at the 100 year return period. At Groblershoop
(Fig. 4), the intensity for 0.125 h duration was 49.9 mm/h at 2 year return period and 178.5 mm/h at the return period of
100 years. Kuruman (Fig. 5) had a precipitation intensity of 64.3 mm/h and 160.2 mm/h at the 2 and 100 year return periods
respectively for short duration (0.125 h) storms. For the duration of 6 h the intensities were 3.9 mm/h at 2 years return per-
iod and 12.2 mm/h at 100 year return period. As expected, in all the meteorological stations, the intermediate storm dura-
tions (0.25, 0.5, 1, 2, and 4 h) and return periods (10, 25, and 50 years) had intensities that fall within the presented extremes
at durations 0.125 and 6 h, as well as return periods of 2 and 100 years.

In Figs. 2–5, broken lines indicate the BCIs for the estimated IDF curves (solid lines), thus providing an indication of the
uncertainty associated with the reported estimates. The narrowest range of uncertainty at Postmasburg (Fig. 2) was from
3.6 mm/h to 4.3 mm/h at 2 year return period and 6 h duration. The corresponding lower and upper limits of the estimated
intensity (3.9 mm/h) deviated by 8.3% and 9.1%, respectively. Higher uncertainty levels at Postmasburg ranged from
123.3 mm/h to 234 mm/h at 100 year return period and 0.125 h duration. The corresponding lower and upper limits devi-
ated by 23.4% and 45%, respectively.

At Douglas (Fig. 3), a narrow uncertainty ranged from 3.7 mm/h to 5.0 mm/h at a return period of 2 years and 6 h dura-
tion. These corresponded to respective lower and upper limit deviations of 14.4% and 15.8% from the estimated intensity of
4.3 mm/h. The widest range of uncertainty from 87.6 mm/h to 231.6 mm/h at 100 year return period and 2 h duration had a
corresponding lower and upper limit deviation of 31.3% and 81.7%, respectively.

A narrow uncertainty range from 3.4 mm/h to 4.2 mm/h at Groblershoop (Fig. 4) was observed at 2 year return period and
6 h duration. These corresponded to respective lower and upper limit deviations of 10.6% and 11.7%. The highest uncertainty
range from 130.4 mm/h to 273.7 mm/h was observed at 100 year return period and 2 h duration corresponding to lower and
upper limit deviations of 26.9% and 53.4%, respectively.

At Kuruman a narrow range 4.2 mm/h to 5.6 mm/h was observed at return period of 2 years and duration of 6 h, corre-
sponding to deviations of 13.4% and 14.6 for the lower and upper limits, respectively. The highest range of uncertainty for
this station was from 124.3 mm/h to 245.3 mm/h at 100 year return period and 6 h duration, corresponding to deviations of
22.4% and 53.1% for the lower and upper limit, respectively.
4. Discussion

4.1. Estimated GEV parameters for meteorological stations

For all the meteorological stations used in this study, the initial fit of the GEV distribution with time-dependent location
parameter (lðtÞ ¼ l0 þ l1t) showed that there was no significant time trend (that is, stationarity can reasonably be
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Fig. 2. Precipitation Intensity-Duration-Frequency (IDF) curves (intensity) and uncertainties (lower and upper limits) for Postmasburg, on the Ghaap
plateau, given by Generalized Extreme Value (GEV) distribution for storm durations of 0.125–6 h at 2–100 year return periods.
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Fig. 3. Precipitation Intensity-Duration-Frequency (IDF) curves (intensity) and uncertainties (lower and upper limits) for Douglas, on the Ghaap plateau,
given by Generalized Extreme Value (GEV) distribution for storm duration of 0.125–6 h at 2–100 year return periods.
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Fig. 4. Precipitation Intensity-Duration-Frequency (IDF) curves (intensity) and uncertainties (lower and upper limits) for Groblershoop, on the Ghaap
plateau, given by Generalized Extreme Value (GEV) distribution for storm duration of 0.125–6 h at 2–100 year return periods.
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assumed) since the estimate of the slope parameter l1 (0.1) was close to zero, and its BCI included the value zero. This
implies that there is no evidence that the precipitation extremes on the Ghaap plateau have changed significantly over time
within the data recording period. According to IPCC (2014), the impacts of climate change are not going to be similar in dif-
ferent regions, with some locations showing large effects, whereas in some no significant changes will be observed, as was
the case in the present study area.
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Fig. 5. Precipitation Intensity-Duration-Frequency (IDF) curves (intensity) and uncertainties (lower and upper limits) for Kuruman, on the Ghaap plateau,
given by Generalized Extreme Value (GEV) distribution for storm duration of 0.125–6 h at 2–100 year return periods.
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4.2. On precipitation intensities and uncertainties

On average, the estimated precipitation intensity at 2 year return period ranged from 4.2 mm/h for long duration (6 h)
storms to 55.8 mm/h for short duration storms (0.125 h). For the 100 year return period, the precipitation intensity ranged
from 13.3 mm/h for 6 h duration to 175.5 mm/h for the duration of 0.125 h. The range of precipitation intensity values is
similar to ranges reported elsewhere under similar conditions. For instance, Jaleel and Farawn (2013) used the Gumbel
Distribution (GD) to develop IDF curves for Basrah City in Iraq, which has a mean annual precipitation of 161 mm. Using data
from 1980 to 2010 they estimated intensities of up to 55 mm/h at return periods of 2 years, and up to 170 mm/h at 100 year
return period. In contrast, higher precipitation intensities were recorded from 1960 to 2005 in higher rainfall areas (up to
5000 mm/year). In Bangladesh (Rashid et al., 2012) and India (Bhatt et al., 2014) higher precipitation intensities of up to
985 mm/h for 0.167 h duration and 100 year return period were estimated using the GD. Concurring with other studies
(Bazaraa and Ahmed, 1991; AlHassoun, 2011; Ahmed et al., 2012; Elsebaie, 2012), the findings of the present study revealed
that the precipitation intensity is inversely proportional to the duration and directly proportional to the return periods,
implying that high intensity storms normally last for short durations. This also implies that the high intensity storms with
greater potential to damage infrastructures and the environment have a lower frequency of occurrence.

On average, the lower limit of uncertainty, associated with over estimating the risk posed by high intensity precipitation
events, and hence over costing infrastructures, ranged from 11.7% at 2 year return period to 26% at 100 year return period.
On the other hand, the upper limit, associated with under estimating the risk of infrastructure damage by flooding was 12.8%
at 2 year return period and 58.4% at 100 year return period. The uncertainty level increased with an increase in return period,
meaning, the high intensity storms occurring at longer return periods have a higher risk of over or under estimation. The
uncertainty in formulation of IDF curves is often disregarded, leading to over or under estimating the risks posed by high
intensity precipitation events.

With high intensity precipitation events expected to be more frequent due to climate change (IPCC, 2014), it is important
to have IDF curves available for specific locations. In this way municipal stormwater can be better managed and damage to
engineering infrastructures by floods, minimized. The present study area is dominated by a growing mining sector, which is
associated with rapid urbanization. Urbanization will induce changes such as removal of vegetation and infrastructure devel-
opment. Vegetation removal intercepts and stores precipitation, whereas building and pavement infrastructure renders pre-
viously pervious areas to be impervious. The subsequent altering of the area’s hydrology by reducing the infiltration area and
increasing the drainage output will benefit from updated IDF curves, which include uncertainty levels. Engineers may use the
IDF curves and uncertainties to properly advise administrators and policy makers on further development of the Ghaap pla-
teau. Insight into the quantification of peak runoff outputs during extreme precipitation events can be given, and hence pro-
vide adequate information for infrastructure design.
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5. Conclusions

The objective of the present study was to estimate the precipitation intensities and their uncertainties for durations of
0.125, 0.25, 0.5, 1, 2, 4, and 6 h and return periods of 2, 10, 25, 50 and 100 years in the Ghaap plateau, Northern Cape Pro-
vince, South Africa. The conclusions drawn from this study were that; i) the extreme precipitation on the plateau exhibited
consistent trends, ii) the high intensity storms posing higher risk of damage to infrastructure and the environment are less
frequent than low intensity storms. However, of critical concern is that their probability of over or under estimation (uncer-
tainty) is higher. In the Ghaap plateau, the development of IDF curves is crucial for stormwater management and design of
engineering infrastructures. Administrators and policy makers can use the IDF curves when planning development on the
plateau. Further studies should prioritise recording, storage and use of long-term precipitation data to develop IDF curves
for other areas of the country, and at regional and continental levels. It is essential to understand and quantify the impacts
of increased stormwater and flooding on infrastructure and even on the environment. This is especially so under the context
of climate change, where high intensity precipitation events are expected to increase in frequency and magnitude. Future
work must also consider assessing the trends of urbanization, particularly removal of vegetation and infrastructure devel-
opment, which make pervious surfaces to be impervious and changes the surface runoff characteristics of landscapes.
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