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Climate change scenarios for Angola: an analysis of
precipitation and temperature projections using four RCMs
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ABSTRACT: Climate change is expected to have a major impact on the world’s environment, economy and society, especially
in African countries such as Angola due to the dependence of many vital sectors on climate variability (e.g. agriculture) and
their low adaptive capacity. With the advances in the availability of climate model data sets provided by programs such as the
CORDEX, Angola can benefit from studies on future climate change using high-spatial-resolution data, which have previously
been absent for this region. The purpose of this study is to analyse the projected changes in temperature and precipitation over
Angola during the 21st century based on four regional climate models (RCMs). The spatial and temporal changes were analysed
using a high- and medium-low radiative forcing scenario to consider the uncertainty in greenhouse gas emissions. Changes in
the average annual precipitation, average annual temperature and a drought index are studied for short-, mid- and long-term
projections. Compared to the reference period, relevant changes are projected in temperature and precipitation indices for
the different models under both emission scenarios. These changes include an increase in both the maximum and minimum
temperature of up to 4.9 ∘C by the end of the century and an intensification of droughts. The precipitation projections are
highly variable – increasing and decreasing – across the region and dependent on the RCMs. Despite these differences, the
precipitation generally decreases over time (approximately −2% by 2100), with the southern region experiencing a stronger
decrease in precipitation. Further investigation is needed to minimize projections uncertain, as the annual mean precipitation
was overestimated by three of the RCMs (especially in the northern coastal units). Overall, these projected changes in climate
can have important implications for the future of Angola, because they are expected to magnify existing problems, thus creating
new risks for human and natural systems.
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1. Introduction

According to the recent Intergovernmental Panel on Cli-
mate Change assessment report (IPCC, 2013), climate
change is expected to intensify regional differences in
Africa’s natural resources and worsen the vulnerability
of the continent due to increasing temperatures and sig-
nificant changes in precipitation regimes. Some studies
show that changes in climate are already being observed
in Africa (e.g. New et al., 2006; Christy et al., 2009; Sarr
et al., 2013; Kusangaya et al., 2014). In particular, a trend
towards an increase in temperature (e.g. Kruger and Shon-
gwe, 2004) and a decrease in annual precipitation (Zengeni
et al., 2014) has been recorded from meteorological sta-
tions in the southeastern coast of South Africa, during the
last decades. Moreover, increasing trends in extreme pre-
cipitation events have been found in those regions that have
shown an overall decrease in annual precipitation (IPCC,
2013). These changes are expected to have important
impacts on key sectors such as agriculture (e.g. Gornall
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et al., 2010), which plays a dominant role in the economy
and livelihood throughout most of Africa (Challinor et al.,
2007). Moreover, many studies (e.g. FAO, 2003; Osborne
et al., 2013; Sengar and Sengar, 2014) have indicated that
climate change will have a negative impact on crop pro-
ductivity and livestock systems. Studying climate change
and its impacts in many African countries is particularly
difficult due to the lack of the necessary infrastructure and
funds for collecting data and carrying out studies. One such
country is Angola, where after 1974, the quantity and qual-
ity of meteorological records were considerably reduced.
We do not believe that any studies have been carried out to
analyse future changes in climate specifically in Angola
under different scenarios. This type of study is critical to
understand future impacts and vulnerabilities of climate
change on the different sectors, especially considering
Angola has a low adaptive capacity (Brooks et al., 2005;
Haddad, 2005). A recent example of Angola’s low adaptive
capacity is the severe drought experienced during much of
2013. It was one of the worst droughts in 30 years (WMO,
2015), and approximately 1.5 million people in southern
Angola faced food insecurity, which led UNICEF to appeal
for $14.3 million to fund the drought response (UNICEF,
2013).
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An investigation of trends from 1979 to 2007 by Mor-
ishima and Akasaka (2010) revealed an increasing annual
mean temperature trend across Southern Africa, with
particularly large rates in Angola, and a decrease in
annual rainfall. In Angola, the local precipitation consti-
tutes the main water supply; therefore, increasing tem-
peratures and reduced precipitation can easily lead to
serious water management issues (Shela, 2000; Mbaiwa,
2004; Gaughan and Waylen, 2012; Cain and Cain, 2015).
Understanding the future climate in Angola is crucial for
assessing impacts and vulnerabilities to climate change
and supporting decision makers on the planning and
implementation of adaptation measures, especially at a
time when the Angola National Water Plan is being
elaborated.

The research carried out by the Coordinated Regional
Climate Downscaling Experiment (CORDEX) for Africa
(Giorgi et al., 2009; Hewitson et al., 2012) provides an
opportunity for studying the evolution of Angola’s cli-
mate under different scenarios using regional climate
models (RCMs). RCMs projections have been used for
different parts of Africa, including northern Africa (e.g.
Patricola and Cook, 2010), southern Africa (e.g. Tadross
et al., 2005) and West Africa (e.g. Druyan et al., 2010;
Paeth et al., 2011). In these studies, the majority of the
researchers tend to rely on just one model (e.g. Paeth et al.,
2005; Afiesimama et al., 2006; Anyaha and Semazzib,
2007; Sylla et al., 2009, 2010; Haensler et al., 2011; Mar-
iotti et al., 2011) rather than looking at an ensemble of
different models, which are important to build further con-
fidence in model projections (Ziervogel and Zermoglio,
2009). Up to ten RCMs have been evaluated and com-
pared for the African continent (Nikulin et al., 2012; Kim
et al., 2014), Southern Africa (Kalognomou et al., 2013;
Abiodun et al., 2016; Favre et al., 2016), West Africa
(Gbobaniyi et al., 2014; Klutse et al., 2016) and Eastern
Africa (e.g. Endris et al., 2016). All studies suggest that
RCMs can be used to provide useful information on cli-
mate projections for the studied regions and note that the
ensemble model mean outperforms most of the individ-
ual RCMs. However, these studies provide an evaluation
of the different RCMs for rather large areas of Africa,
most of which do not include Angola. As RCMs pro-
vide useful data for studying future local climate and
associated impacts, it is still necessary to assess whether
and which RCMs are able to simulate the current cli-
mate of a more limited area, such as at the country
level.

This study performs the first analysis and comparison
of a set of climate models and scenarios with a high
spatial resolution for Angola for the 21st century. Stud-
ies on climate projections over Africa rarely have access
to ground monitoring networks in Angola. In this study,
an evaluation of the performance of four RCMs is per-
formed for Angola using in situ observations. The anal-
ysis comprises the future temperature and precipitation
anomaly trends and a first analysis of the evolution of
the frequency and intensity of droughts throughout this
century.

Figure 1. Map of the HUs of Angola. Location of the 12 meteorological
stations used in the study.

2. Data and methodology

2.1. Study area

The Republic of Angola is located on the west coast of
Central Africa, between latitudes 4∘22′ and 18∘2′S and
longitudes 11∘41′ and 24∘2′W, and is one of the largest
countries on the continent, with an area of approximately
1 246 700 km2 (Figure 1). The dominant climate in Angola
varies from humid tropical to dry tropical. The climate is
greatly influenced by (1) the geographic position, namely
the proximity of the south Atlantic Ocean; (2) the topog-
raphy, with the central plateau being the most prominent
feature; (3) the Benguela cold-water current and (4) the
movement of the Intertropical Convergence Zone (ITCZ),
where the northern and southern air masses converge
(Pombo and de Oliveira, 2015).

The climate variables exhibit notable gradients from
north to south along the coast and west-central plateau. The
north-east is the wettest region in Angola, and precipitation
decreases towards the south and west. The rainy season
often occurs between October and April and is controlled
by the movement of the ITCZ. Conversely, June, July and
August are the driest months with almost no rainfall.

Although the country has a tropical climate, the average
temperatures tend to be cool with small seasonal variations
(∼20 ∘C in JJA and ∼25 ∘C in DJF) (McSweeney et al.,
2010).

2.2. Data sets used and validation of RCMs

Analyses were performed using the data sets available
from the CORDEX-Africa program. Table 1 identifies the
four RCMs used in this study and the driving general
circulation models (GCMs). Monthly data for minimum
and maximum temperature and precipitation were used
with a horizontal resolution of 0.44∘ by 0.44∘ (∼50 km).
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Table 1. RCMs used in this study and driving GCMs.

RCM Institution Reference Boundary forcing
(GCM)

GCM resolution
Resolution – Lat×
Lon (at the equator)

Reference

CanRCM4 Canadian Centre for
Climate Modelling and
Analysis (CCCma)

Caya and Laprise
(1999)

CanESM2 2.79∘ × 2.81∘ Yang and Saenko (2012)

HIRHAM5 Danish Meteorological
Institute (DMI)

Christensen et al.
(2007)

EC-EARTH 1.12∘ × 1.12∘ Hazeleger et al. (2010)

CCLM Climate Limited-area
Modelling Community
(CLM-Community)

Rockel et al.
(2008)

CNRM-CM5 1.40∘ × 1.40∘ Voldoire et al. (2013)

RCA4 Swedish Meteorological
and Hydrological
Institute (SMHI)

Samuelsson et al.
(2011)
Kupiainen et al.
(2011)

HadGEM2-ES 1.25∘ × 1.88∘ Jones et al. (2011)

The data sets included historical runs and projections
based on the Representative Concentration Pathways
(RCPs) 4.5 and 8.5. RCP4.5 is a medium-low emissions
scenario that corresponds to a radiative forcing peaking
at 4.5 W m−2 (≈650 ppm CO2 equiv.) by 2100 (Thomson
et al., 2011), whereas RCP8.5 is a high emissions scenario
in which the increasing greenhouse gas emissions lead
to a radiative forcing pathway of 8.5 W m−2 (≈1370 ppm
CO2 equiv.) (Riahi et al., 2011). The historical data range
from 1958 to 1987 (spanning 30 years of data), while the
projections range from 2011 to 2100.

The validation of simulated data is limited by the avail-
ability of high-quality observed records for the study area
with the appropriate spatial and time resolutions. Data col-
lection in Angola has been considerably affected since
1974, and there is a severe lack of observations over
long periods of time. This study investigates records with
monthly resolutions from 1958 to 1974, which was the
longest continuous period available. Data were obtained
from 12 meteorological stations spread throughout the dif-
ferent regions of Angola (Figure 1).

The data from these 12 meteorological stations were
obtained from the yearbooks of the Meteorological Office
of Angola. Quality control of the observed data was
performed, including tests for checking data homogene-
ity. In the literature, model performance evaluations
have been achieved by computing statistical indicators,
such as the mean bias, the Nash–Sutcliffe Efficiency
(NSE), the root-mean-square error (RMSE) and the
RMSE-observations standard deviation ratio (RSR) (e.g.
Gbobaniyi et al., 2014; Zhou et al., 2014; Akinsanola
et al., 2015; McMahon et al., 2015). The optimal values
of the statistical indicators are: 0.0 for mean bias; 1.0 for
NSE; the lower, the better for RMSE; and 0.0 for RSR.
Following their approach, in this study, the performance
of RCMs was assessed based on these indicators using
data sets from the 12 meteorological stations (Figure 1),
concerning the maximum and minimum temperature and
precipitation. Student’s t-test was also used to assess the
difference between the models and observations (e.g.
Mearns, 1997).

The projected changes in climate are shown for individ-
ual RCMs and their ensemble model (averaging the four
RCMs’ simulations). Although the use of ensemble mod-
els is expected to compensate for systematic errors result-
ing from, e.g. the sensitivity of RCMs to local processes,
the average might mask the results and give a conservative
estimate of the change.

2.3. Trends in annual precipitation and temperature

In this study, the Mann–Kendall nonparametric test
(Gilbert, 1987) and Sen’s nonparametric method (Sen,
1968) were used to explore the temperatures and precipi-
tation trends over the 21st century.

The Mann–Kendall nonparametric test is based on both
the null hypothesis that the data are randomly ordered
in time and its alternative that sets the existence of a
monotonic trend. The test compares each value with the
values observed in the following periods, and no assump-
tions of data distribution are required. Another advantage
of this test is the low sensitivity to abrupt breaks in a
non-homogeneous time series (Jaagus, 2006).

Sen’s estimator was used to calculate the change per unit
time in a time series with a linear trend; this method com-
putes the median slope amongst all lines through pairs of
sample points. The advantages of Sen’s estimator are well
reported in the literature (e.g. Akritas et al., 1995; Peng
et al., 2008). For example, Ohlson and Kim (2015) claimed
a better efficiency when using the Sen’s estimator than
when using the simple least squares, considering the tested
criteria, namely the inter-temporal stability of estimated
coefficients, and the goodness-of-fit, as measured by the
fitted values’ ability to explain the actual values.

2.4. Analysis of droughts

Droughts were analysed using one of the most common
global indexes from the last two decades, the Standardized
Precipitation Index (SPI) (e.g. Hayes et al., 1999; Can-
celliere et al., 2007; Livada and Assimakopoulos, 2007;
Unal et al., 2012; Vicente-Serrano et al., 2012; Jenkins and
Warren, 2014; Xu et al., 2015). The SPI was proposed by
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McKee et al. (1993) and uses precipitation data to quan-
tify conditions of deficit or excess precipitation at different
time scales or regions with different climatic conditions. In
this study, a 6-month time period (SPI-6) and a 12-month
time period (SPI-12) were used. The SPI-6 explores the
changes in precipitation over different seasons, so it is
useful as an indicator of agricultural drought and reduced
stream flow, whereas the SPI-12 indicates reduced reser-
voir and groundwater recharge.

The SPI was performed using the package ‘SPEI’ in
the R software (Begueria and Vicente-Serrano, 2013). The
calculation of SPI for the different scenarios was per-
formed using the reference value for a continuous period
of 30 years from 1958 to 1987 from the historical run of
each RCM. A gamma function was adjusted on each of
the data sets to define the relationship of probability to pre-
cipitation. The probability of any precipitation data point
was then calculated and used along with an estimate of the
inverse normal to calculate the precipitation deviation for a
normally distributed probability density (with a mean of 0
and a standard deviation of 1). This output was the SPI for
a specific precipitation data point (see McKee et al., 1993
for a full description). The calculation of the number and
magnitude of drought events was based on the definition
provided by McKee et al. (1993).

3. Results

3.1. Performance of RCMs

This section evaluates and compares the performance
of the RCMs in representing the past climate using
the variables maximum and minimum temperature and
precipitation.

3.1.1. Maximum and minimum temperatures

During the period 1958–1974, the observed annual mean
of maximum temperature was 27.8 ∘C (Table 2). The esti-
mates from the RCMs differ from the observations by−2.1
to 1 ∘C. In particular, the results for CanRCM4 and RCA4
showed the lowest mean bias (2.3 and 3.9%, respectively)
compared to the CCLM and HIRHAM5 data sets (−7.8
and −6.1%). NSE, RMSE and RSR showed the best agree-
ment between the simulations and observations for RCA4
and the worst for CCLM.

The observed annual mean of minimum temperature was
16.9 ∘C for the reference period (Table 2). On average, the
RCMs overestimate the minimum temperature by 1.3 ∘C,
with the exception of CanRCM4, which underestimates it
by 0.9 ∘C. RCA4 has the best performance for maximum
temperature according to the indicators NSE, RMSE and
RMS. Table 2 shows the results for Student’s t-test. At
the significance level 𝛼 = 0.05, results for CanRCM4 and
RCA4 are consistent with the null hypothesis that the
means of observational and model data sets are equal. This
is true for both maximum and minimum temperatures. On
the other hand, HIRHAM5 is significantly different for
both variables, while CCLM is only significantly different
from the observations of minimum temperature.

3.1.2. Precipitation

Considering the 12 meteorological stations, the observed
annual mean precipitation was 82.7 mm during the period
1958–1974 (Table 2). By comparing the results of the four
RCMs, we found that the precipitation was overestimated
(up to 68 mm). The estimated values from CanRCM4 were
the most similar to the observations, whereas the values
estimated from CCLM had the lowest concordance. These
findings are maintained across all the tested statistical
indicators. In relation to the results of Student’s t-test, there
is no evidence to reject the null hypothesis that the means
of observational and RCMs data sets are equal, with the
exception of CCLM (p-value< 0.05).

Figure 2 shows the annual mean precipitation for the
different hydrographic units (HUs) based on observations
and RCMs simulations. Records from 303 meteorologi-
cal and udometric stations were obtained by the Angola
Met Office, which carried out their quality control through
double mass plots, randomness tests and replacement of
missing values. Data were then interpolated by inverse dis-
tance squared weighted into 360 grid points, covering the
entire territory. In Figure 2 the annual mean precipitations
were averaged and represented according to the HUs.

Different spatial patterns of annual mean precipitation
distribution were found between the RCMs. Overall, Can-
RCM4 had the highest agreement with the observed spa-
tial precipitation distribution (also exhibited by Pombo
et al., 2014), namely, a decreasing precipitation trend in
the northeast–southwest direction over Angola. The lower
values of precipitation (<400 mm) were found to occur in
the south (southwest), which is also true for the majority of
the RCMs. CCLM, HIRHAM5 and RCA4 seem to overes-
timate the mean annual precipitation for most HUs, which
is most evident in the northern coastal units. The CCLM
in particular shows a pattern of annual mean precipitation
that seems contrary to the observed; i.e. the entire littoral
zone is conspicuously wet.

3.2. Projections for temperature and precipitation over
the 21st century

3.2.1. Maximum and minimum temperature

Figure 3 shows an increase of maximum and minimum
temperatures during the 21st century. In comparison to
the reference period, the average maximum temperature
is projected to increase from 2.9 to 4.9 ∘C (Figure 4) by
the end of the century, whereas the average minimum tem-
perature is projected to increase between 2.6 and 4.5 ∘C
(Figure 5). The results are very similar for all models and
RCPs, although higher increases of both temperatures are
projected by both CanRCM4 and RCA4 (Figure 3) under
RCP8.5. Similar uncertainty is observed when compar-
ing the same time period of each model. Moreover, as
expected, the last period (2071–2100) under RCP8.5 is the
one with the highest uncertainty.

Figure 4 displays the mean anomaly of the maximum
temperatures (based on the ensemble) for the 22 HUs in
Angola, the two emission scenarios and the three time

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Table 2. Comparison of observed and simulated data sets by four RCMs for the period 1958–1974.

Annual mean Coefficient variation Bias (%) NSE RMSE RSR p-value

Maximum temperature (∘C) Observed 27.8 0.1 – – – – –
CanRCM4 28.4 0.1 2.3 −3.5 4.0 2.12 0.538

CCLM 25.7 0.1 −7.8 −5.2 4.7 2.49 0.059
HIRHAM5 26.2 0.1 −6.1 −2.4 3.5 1.80 0.034

RCA4 28.8 0.1 3.9 −1.7 3.1 1.70 0.083
Ensemble 27.3 0.1 −1.9 −1.9 3.2 1.70 0.487

Minimum temperature (∘C) Observed 16.9 0.2 – – – – –
CanRCM4 16.0 0.3 −7.9 −0.2 2.9 1.10 0.110

CCLM 18.6 0.3 8.0 −0.2 2.9 1.11 0.038
HIRHAM5 18.9 0.2 10.2 −0.3 3.0 1.10 0.005

RCA4 17.5 0.2 4.6 0.2 2.3 0.90 0.482
Ensemble 17.7 0.2 3.7 0.5 1.9 0.71 0.107

Precipitation (mm) Observed 82.7 1.2 – – – – –
CanRCM4 83.5 1.1 2.6 0.2 81.7 0.90 0.642

CCLM 150.5 1.2 74.5 −3.1 183.6 2.01 0.031
HIRHAM5 102.1 1.0 27.9 −0.1 94.7 1.04 0.050

RCA4 95.9 1.1 20.1 0.0 90.7 1.00 0.080
Ensemble 108.0 0.9 31.3 0.0 92.6 1.02 0.043
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Figure 2. Distribution of annual mean precipitation based on the observations, the four RCMs and the RCMs ensemble for the period 1958–1974.
Data were averaged within each hydrological boundary unit.

periods. The results show an increase in the maximum
temperature throughout the century for both scenarios
(mean anomalies vary between 2.9 and 4.9 ∘C for the end
of the century for RCP4.5 and RCP8.5, respectively).

By comparing the results of each HU, we found that
the increase in the maximum temperature will affect the
whole territory (Figure 4); however, that increase is not
similar across all units. For the northern coastal HUs, the

projections indicate a lower increase in the maximum tem-
perature, whereas the southeast has the highest projected
increase, approximately 5 ∘C, by the end of the century
(under RCP8.5).

The increase in the minimum temperatures is more
homogenous throughout the HUs compared to the pat-
tern observed for maximum temperature (Figure 5); i.e.
the range of temperature classes is narrower. However,

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 4. Mean anomaly of maximum temperature for the three time periods and two RCPs based on the RCMs ensemble.

the anomalies in the minimum temperatures projected for
inland units (particularly southern units for RCP8.5) are
still higher (approximately 0.5 ∘C) than those projected for
the coastal units.

The trend tests were performed for maximum and
minimum temperature anomalies throughout the period
(2011–2100), considering data from the four RCMs and
under both scenarios. According to Sen’s estimator, on
average, the increase in both the maximum and minimum
temperature anomalies will be approximately 0.4 ∘C
(standard deviation= 0.2 ∘C) per decade. The results from
the Mann–Kendall nonparametric test show that trends
are statistically significant for the entire country.

To better understand the impact of climate change on
intra-annual temperatures, Figure 6 shows the monthly
mean anomalies of maximum and minimum tempera-
tures for the time period where the changes are expected
to be higher, i.e. during 2071–2100 under RCP8.5. The
increase in both the maximum and minimum temper-
atures is expected to be higher during the dry season
(May–September) and earlier wet season (October and
November).

3.2.2. Precipitation

Figure 3 shows the anomalies (%) of annual precipita-
tion according to each RCM for the three time periods.
In general, a slight decrease in precipitation is projected

by the four RCMs throughout the 21st century. However,
HIRHAM5 projects opposite trends for both of the sce-
narios. For scenario RCP4.5, it shows an increase in pre-
cipitation throughout the century, whereas for RCP 8.5, it
shows a decrease. These differences, however, are small.
The CCLM model projects the largest decrease in precip-
itation during the century.

Figure 7 represents the anomalies in annual precipitation
for the HUs according to the three time periods and both
RCPs. The precipitation amounts are projected to decrease
on average by 2.6 to 4% in relation to the reference period.
The precipitation anomalies of the HUs range from −15 to
5% (both the highest and the lowest values were observed
for the end of the century under RCP8.5). Despite the
variability between the HUs being evident, the anomalies
are negative for the majority of the areas (the mean of the
anomalies varies between −4.0 and −2.6%). The decrease
in precipitation will be higher for the south of the country,
in particular in Baixo Cunene and Cuvelai. In contrast, the
projections for the central coastal region (for example, the
Centro-Oeste unit) show a slow increase in precipitation.

Figure 6 shows that precipitation for the period
2071–2100 and under RCP8.5 is expected to have a
greater decrease between April and October, i.e. during
the dry season. Nevertheless, to understand the effects
of this decline, it should be considered that rainfall is
almost negligible during the driest months (June, July and
August). To better understand the variability of the annual

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 5. Mean anomaly of minimum temperature for the three time periods and two RCPs based on the RCMs ensemble.

precipitation anomalies, trend tests were used. Figure 8
represents the spatial distribution of precipitation anomaly
trends for different RCMs and climatic scenarios. Despite
the high variability noticed between the RCMs and sce-
narios (trends range from −6.6 to +6.7 mm decade−1),
the majority of the trends are not statistically significant
(pixels highlighted with oblique lines). This fact can
be related to the high level of precipitation fluctuations
through the century, representing cycles of several years
alternating between high and low precipitation.

All RCMs show reductions and increases in precipitation
anomalies under both scenarios, depending on the region.
In spite of their high variability, in general, the results from
the models and scenarios indicate a reduction in precipi-
tation anomaly (around −2 mm decade−1) in the south of
Angola and an increase (about +2 mm decade−1) in pre-
cipitation in coastal units, mainly in the centre. Moreover,
more areas present trends that are statistically significant
under RCP8.5. In the north of the country, in general, a
decline in precipitation anomalies is observed, particularly
for the coastal units. The more relevant exceptions are the
results obtained for the model HIRHAM5, which projects
an increase in precipitation anomalies for all coastal units.

3.3. Projections of droughts over the 21st century

With the projected increase in temperatures and decrease
in precipitation, it can be useful to explore drought indexes.
Figure 9 shows the number of events and the mean

magnitude of droughts under two RCPs, computed from
SPI-6, and based on the RCMs ensemble. Both the number
and the magnitude of the droughts gradually increase over
the 21st century. Moreover, this increase is more severe
both under scenario RCP8.5 and for long-term projections
(e.g. increases of five events and 6 months of magnitude in
relation to the reference period).

Concerning SPI-12 (Figure 10), the evolution of the
number of events over time is not very clear (the median
varies between 7 and 8). Moreover, a slight increase in
the projections’ uncertainty is observed for the end of the
century.

Although the frequency of droughts generally remains
constant over the century, climate change is likely to have a
larger effect on their magnitude. Indeed, an increase in the
severity of droughts is expected over the different periods
under RCP8.5, which can double in magnitude by the end
of the century. When comparing the reference period and
the short-term projections, an increase in magnitude is also
expected under RCP4.5, although that increase remains
constant throughout the century.

To understand if a drier future is projected consistently
over the country, Table 3 shows the number and magnitude
of drought events according to the 22 HUs. Comparing the
results from SPI-6, it can be seen that with the exception
of Cabinda (for 2041–2070), all of the HUs will experi-
ence an increase in the number of droughts. Moreover, in
comparison to the north, the south of Angola (e.g. Baixo
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Figure 6. Monthly mean anomalies of precipitation and maximum and minimum temperature for the period 2071–2100 and the RCP8.5 based on
the RCMs ensemble.

Cunene, Médio Cunene and Cuvelai) will have a greater
number of drought events.

In relation to SPI-12, as mentioned before, the anoma-
lies in the number of events are not high (approximately
one unit), although the majority of the HUs will have
an increased number of droughts. The units that show a
decrease in the number of drought events are mostly situ-
ated near the coast.

In addition, Table 3 shows that the magnitude of events
will increase through the 21st century. The spatial distribu-
tion suggests higher severity of events in the northwestern
(e.g. Cuango) rather than the southern (e.g. Cuvelai) part of
the country. The HUs where the magnitude might decrease
in relation to the reference period are situated in the coastal
part of the country, where some regions were also expected
to have fewer events.

4. Discussion and conclusions

Angola is a country that is highly vulnerable to climate
change (Brooks et al., 2005), and yet little research in
climate projections have been done for this region. In
this study, the projections of temperature and precipitation

were analysed for Angola over the 21st century. The analy-
ses were performed using four RCMs under two scenarios
(RCP4.5 and 8.5).

The RCMs CanRCM4 and RCA4 present the best over-
all performance considering the three climatic variables:
maximum and minimum temperature and precipitation.
However, CanRCM4 can better simulate the spatial precip-
itation distribution across Angola, whereas RCA4 overes-
timates the precipitation in the northern coastal HUs. The
difficulties in modelling precipitation in comparison with
temperature have already been noted in current RCMs for
Africa (Gbobaniyi et al., 2014).

Results of the models’ validation are conditioned by
the availability and quality of in situ observations. It
was difficult to obtain accurate meteorological records
in Angola, a developing country that has been severely
affected by civil war and poor infrastructure networks.
The 12 meteorological stations used in this study present
the best-observed data available for Angola. This data,
however, has the highest quality for the decades before
1974 and for a limited number of additional years, which
makes it difficult to validate the performance of RCMs
and other types of products available (Pombo et al., 2014;

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)



S. C. P. CARVALHO et al.

2 to
 4

0 to
 2

–2 to
 0

–4 to
 –2

–6 to
 –4

–8 to
 –6

–10
 to

 –8

–14
 to

 –12–12
 to

 –10

<–14

> 4

Figure 7. Mean anomaly of precipitation for the three time periods and two RCPs based on the RCMs ensemble.

Pombo and de Oliveira, 2015). Further research could
possibly use remote-sensing data for validation of RCMs,
but these products also suffer from associated errors and
inaccuracies. It is particularly difficult to obtain accu-
rate data from products that do not use in situ ground
measurements to correct estimations, which is a common
issue for Angola due to its undeveloped and unmaintained
meteorological station network (Pombo et al., 2014).

The results of the performance of RCMs are simi-
lar to those found in Gbobaniyi et al. (2014), Nikulin
et al. (2012) and Kalognomou et al. (2013), over differ-
ent parts of Africa. In particular, these studies noted that
the individual models have their inherent deficiencies;
thus, an ensemble of different models could provide a
better result. In this study, the ensemble performed bet-
ter in reproducing the maximum and minimum temper-
atures, but overestimated precipitation. This is related to
the fact that three of the RCMs (CCLM, HIRHAM5 and
RCA4) overestimated the annual mean precipitation for
most HUs, especially in the northern coastal units. The
common tendency to overestimate precipitation by CCLM
and RCA was noticed before by Gbobaniyi et al. (2014)
in West Africa and by Kim et al. (2014) in relation to
HIRHAM5. The overestimation in these two RCMs results
from the boundary conditions imposed by the driving
GCMs, as both have been shown to actually underestimate
the precipitation for coastal and northern areas of Angola
(Dosio et al., 2015; Kim et al., 2014, respectively). This is

certainly true for CCLM. In a recent study, Dosio et al.
(2015) compared the results of CCLM to those of four
different driving GCMs. The authors verified the inability
of CCLM to systematically and homogeneously improve
GCMs simulations. The study showed CCLM had a gen-
eral dry bias over central Africa, but when forced by the
GCM used in this study (i.e. CNRM-CM5) there is a
clear overestimation of precipitation along the coast of
Angola.

Despite the difference in RCMs’ performance (in par-
ticular for precipitation), consistent results were found in
climate projections (anomalies and trends relative to the
reference period) estimated by the four RCMs. The projec-
tions of both maximum and minimum temperatures indi-
cate an increase (up to 4.9 ∘C) by the end of the 21st
century, which is in close agreement with other studies
(e.g. Sillmann et al., 2013). The projections for northern
coastal areas indicate a lower increase of maximum tem-
perature, whereas the southeast inland areas have the high-
est increase. This pattern has already been discussed by
Ragab and Prudhomme (2002) for mean annual and sea-
sonal temperatures considering projections from the global
climate model HadCM2 for the time horizon of the 2050s,
and was previously observed (between 1960 and 2003)
by Kruger and Shongwe (2004) for annual mean maxi-
mum temperatures in South Africa, presenting particularly
higher trends for inland stations relative to those closer to
the coast.
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Figure 9. Number of events and mean magnitude of droughts for dif-
ferent time periods, according to two RCPs, computed from SPI-6, and

based on the RCMs ensemble.

Figure 10. Number of events and mean magnitude of droughts for dif-
ferent time periods, according to two RCPs, computed from SPI-12, and

based on the RCMs ensemble.

Contrary to the temperature, the precipitation gener-
ally decreases (country average is approximately −2%)
throughout the century. In particular, a stronger decrease
is expected in the southern part of the country and during
the dry months, as compared to the wet season (see also
Ragab and Prudhomme, 2002). As this region is already
affected by water scarcity, it raises concern for the use and
management of water resources, pointing to the need for
adaptation.

Despite the difficulties found using nonparametric tests
to detect a trend besides the natural variability of pre-
cipitation, trends of annual mean precipitation anomaly

were obtained ranging from −6.6 to +6.7 mm decade−1.
The magnitude of this variable does, however, vary con-
siderably amongst different RCMs and in space. These
findings agree with linear changes of annual precipita-
tion obtained by Paeth et al. (2011), for West Africa in
the period 2001–2050 from ten individual RCMs. The
authors noted that although all of the trend patterns are
characterized by substantial regional variations, different
RCMs do not agree in terms of projections. In particular,
three tested models projected a wetter tropical Africa, three
models projected negative trends and another three models
showed a more mixed signal. Differences between model
results may be caused by different representations of the
physical processes by each model, the boundary conditions
inherited from the driving GCM (Dosio et al., 2015), and
the local climate forcing. The latter was highlighted by
Buontempo et al. (2015), which analysed a five-member
ensemble of climate projections for Africa using a 50-km
resolution.

The central coastal region is one of the regions where
the projections indicate a slow increase in precipitation,
contrasting with the general decreasing pattern seen for
the rest of the country. This effect is most likely related to
the atmospheric forcing mechanisms examined by Nichol-
son and Entekhabi (1987), which act on both the rain-
fall variability and the sea surface temperatures (SST)
over the coast of Angola. According to Hoegh-Guldberg
et al. (2014), annual average SST over the Atlantic ocean
is projected to increase by approximately 3 ∘C over the
period of 2010–2099 (data are anomalies from the 1986
to 2006 average of the HadISST1.1 under RCP8.5). The
relationship between high SST and abundant rainfall was
already stated by Hirst and Hastenrath (1983); in partic-
ular, the authors claimed that SST modulates the rain-
fall by controlling the moisture and stability of the lower
troposphere.

Whereas the choice of RCMs and driving GCMs could
strongly affect spatial patterns of precipitation distribu-
tion, as well as the extents of variable changes, the sce-
narios have been found to affect mainly the magnitude of
changes. For example, fluctuations are smaller for RCP4.5
than for RCP8.5. These results confirm the necessity of
using various models and scenarios to cover the range of
uncertainties over Angola.

Climate change is very likely to bring stronger droughts
throughout the 21st century, which will affect both human
and environmental systems (e.g. water availability and
wildfires potentials). To our knowledge, there is no previ-
ous research addressing future changes in drought indexes
for Angola. In this study, when considering the SPI-6,
the RCMs ensemble projects both a higher frequency and
magnitude of droughts for most of the country, likely
resulting in negative impacts on things such as crop pro-
duction. As regards SPI-12, despite the stability of drought
frequencies over time, larger drought magnitudes are pro-
jected by the end of the century, especially under RCP8.5.

Overall, the results obtained from the range of RCMs,
climate scenarios and climate variables used in this study

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Table 3. Number and magnitude of drought events and anomalies between projections and the reference period concerning the 22
HUs, based on SPI-6 and SPI-12, and using two RCPs and the RCMs ensemble.

HU SPI-6 SPI-12

Number of drought events Anomaly Number of drought events Anomaly

Ref. period 2011–
2040

2041–
2070

2071–
2100

Ref. period 2011–
2040

2041–
2070

2071–
2100

Cabinda 11.9 0.5 −0.4 0.3 6.3 −0.6 −0.9 −1.2
Cuango 14.9 2.0 3.7 3.3 7.2 0.6 1.0 0.3
Kassai 14.6 3.0 4.0 4.4 7.4 0.6 0.6 0.7
Noroeste 12.7 0.6 2.3 2.4 6.5 0.2 −0.1 −0.5
Dande 13.6 1.7 3.3 3.7 6.8 0.9 0.5 0.8
Bengo 12.7 0.5 3.5 5.1 6.8 −0.3 −0.8 −0.6
Alto Kwanza 15.8 3.5 4.6 5.4 7.6 0.4 0.9 1.3
Medio Kwanza 15.1 2.8 4.8 5.0 7.0 0.8 0.9 1.0
Baixo Kwanza 13.4 2.5 4.2 4.4 6.5 0.6 0.2 0.1
Longa 14.4 1.9 3.6 4.2 6.5 0.4 −0.1 −0.2
Queve 15.1 2.5 4.3 5.7 7.1 −0.1 0.7 0.3
Centro-Oeste 15.1 1.5 2.8 3.8 6.9 −0.6 −0.5 −0.8
Catumbela 15.8 2.5 3.9 4.8 7.2 0.0 0.1 0.4
Zambeze 16.1 2.8 3.8 3.7 7.9 −0.1 −0.1 0.4
Alto Cunene 16.8 3.4 4.4 5.2 7.3 0.3 0.6 1.0
Medio Cunene 16.3 4.5 6.8 6.5 6.9 0.8 1.5 1.3
Baixo Cunene 15.2 4.4 6.8 7.4 6.7 0.6 1.4 0.5
Coporolo 15.9 3.0 4.0 5.3 6.6 0.5 0.3 0.6
Sudoeste 15.7 3.8 5.5 6.4 6.0 0.8 0.7 0.8
Cuvelai 17.3 3.9 5.8 5.2 7.7 0.4 0.9 0.6
Cubango 16.1 4.3 6.1 5.4 7.2 0.9 1.1 1.6
Cuando 17.3 3.1 4.5 4.8 7.7 0.5 0.7 1.4

HU Magnitude of
drought (months)

Anomaly
(months)

Magnitude of
drought (months)

Anomaly
(months)

Ref. period 2011–
2040

2041–
2070

2071–
2100

Ref. period 2011–
2040

2041–
2070

2071–
2100

Cabinda 10.8 −0.4 −0.3 2.2 21.0 −1.6 −1.1 10.1
Cuango 8.6 3.3 4.0 7.7 17.7 11.0 12.9 31.0
Kassai 8.3 2.8 3.5 4.7 16.4 10.3 10.7 14.3
Noroeste 10.6 1.5 0.3 4.6 21.4 3.5 2.6 19.6
Dande 9.6 2.8 2.7 4.9 19.4 7.7 11.9 15.9
Bengo 10.6 1.2 −1.1 −0.6 19.9 3.3 2.7 4.3
Alto Kwanza 7.8 2.5 4.2 4.9 16.2 10.7 15.4 13.9
Medio Kwanza 8.3 1.9 1.6 4.0 17.5 6.0 6.1 11.7
Baixo Kwanza 9.7 1.0 0.3 2.5 20.3 3.8 3.5 10.0
Longa 9.4 0.1 −0.7 0.9 21.3 0.8 −1.1 3.5
Queve 8.5 0.4 −0.4 0.4 18.5 4.0 −2.0 1.4
Centro-Oeste 8.4 0.1 −0.7 0.0 19.0 2.7 −2.6 0.8
Catumbela 7.7 1.5 0.9 1.5 17.5 6.5 2.5 3.4
Zambeze 7.6 2.3 2.6 4.5 16.1 9.4 9.6 12.2
Alto Cunene 7.5 1.4 1.5 2.6 17.2 5.9 4.2 4.5
Medio Cunene 8.0 2.1 2.1 4.9 19.4 9.6 6.0 13.7
Baixo Cunene 8.1 1.8 1.4 3.8 20.4 7.8 3.4 15.4
Coporolo 7.6 1.2 0.9 1.7 19.8 3.3 0.3 2.9
Sudoeste 7.8 1.2 0.6 2.3 22.8 4.5 −0.2 6.7
Cuvelai 7.6 2.5 3.1 6.9 16.7 13.3 12.9 25.5
Cubango 7.8 2.4 2.8 6.3 17.6 9.7 10.9 16.7
Cuando 7.2 3.1 4.0 6.3 16.1 12.2 13.6 15.7

indicate that Angola is likely to face a pronounced warm-
ing and drying trend through the 21st century, which will
require the implementation of adaptation measures, espe-
cially for water resources and agriculture.
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Wyser K, Dutra E, Baldasano JM, Bintanja R, Bougeault P, Caballero
R, Ekman AML, Christensen JH, Van Den Hurk B, Jimenez P, Jones
C, Kållberg P, Koenigk T, McGrath R, Miranda P, Van Noije T, Palmer
T, Parodi JA, Schmith T, Selten F, Storelvmo T, Sterl A, Tapamo H,
Vancoppenolle M, Viterbo P, Willén U. 2010. EC-Earth: a seamless
Earth-system prediction approach in action. Bull. Am. Meteorol. Soc.
91: 1357–1363, doi: 10.1175/2010BAMS2877.1.

Hewitson B, Lennard C, Nikulin G, Jones C. 2012. CORDEX-Africa:
a unique opportunity for science and capacity building. CLIVAR
Exchang. No. 60 17(3): 6–7, doi: 10.1080/13691058.2013.807076.

Hirst AC, Hastenrath S. 1983. Atmosphere-ocean mechanisms of climate
anomalies in the Angola-Tropical Atlantic sector. J. Phys. Oceanogr.
13: 1146–1157.

Hoegh-Guldberg O, Cai R, Poloczanska ES, Brewer PG, Sundby S,
Hilmi K, Fabry VJ, Jung S. 2014. The ocean. In Climate Change 2014:
Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects.
Contribution of Working Group II to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change, Barros VR, Field
CB, Dokken DJ, Mastrandrea MD, Mach KJ, Bilir TE, Chatterjee
M, Ebi KL, Estrada YO, Genova RC, Girma B, Kissel ES, Levy
AN, MacCracken S, Mastrandrea PR, White LL (eds). Cambridge
University Press: Cambridge, UK and New York, NY, 1655–1731.

IPCC. 2013. Climate Change 2013: The Physical Science Basis, Con-
tribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University
Press: Cambridge, UK and New York, NY.

Jaagus J. 2006. Climatic changes in Estonia during the second half of the
20th century in relationship with changes in large-scale atmospheric
circulation. Theor. Appl. Climatol. 83: 77–88, doi: 10.1007/s00704-
005-0161-0.

Jenkins K, Warren R. 2014. Quantifying the impact of climate change
on drought regimes using the Standardised Precipitation Index. Theor.
Appl. Climatol. 120: 41–54, doi: 10.1007/s00704-014-1143-x.

Jones CD, Hughes JK, Bellouin N, Hardiman SC, Jones GS, Knight J,
Liddicoat S, O’Connor FM, Andres RJ, Bell C, Boo K-O, Bozzo A,
Butchart N, Cadule P, Corbin KD, Doutriaux-Boucher M, Friedling-
stein P, Gornall J, Gray L, Halloran PR, Hurtt G, Ingram WJ, Lamar-
que JF, Law RM, Meinshausen M, Osprey S, Palin EJ, Parsons Chini
L, Raddatz T, Sanderson MG, Sellar AA, Schurer A, Valdes P, Wood
N, Woodward S, Yoshioka M, Zerroukat M. 2011. The HadGEM2-ES
implementation of CMIP5 centennial simulations. Geosci. Model Dev.
4: 543–570, doi: 10.5194/gmd-4-543-2011.

Kalognomou EA, Lennard C, Shongwe M, Pinto I, Favre A, Kent M,
Hewitson B, Dosio A, Nikulin G, Panitz HJ, Büchner M. 2013. A diag-
nostic evaluation of precipitation in CORDEX models over Southern
Africa. J. Clim. 26: 9477–9506, doi: 10.1175/JCLI-D-12-00703.1.

Kim J, Waliser DE, Mattmann CA, Goodale CE, Hart AF, Zimdars
PA, Crichton DJ, Jones C, Nikulin G, Hewitson B, Jack C, Lennard
C, Favre A. 2014. Evaluation of the CORDEX-Africa multi-RCM
hindcast: systematic model errors. Clim. Dyn. 42(5): 1189–1202, doi:
10.1007/s00382-013-1751-7.

Klutse NAB, Sylla MB, Diallo I, Sarr A, Dosio A, Diedhiou A, Kamga
A, Lamptey B, Ali A, Gbobaniyi EO, Owusu K, Lennard C, Hewit-
son B, Nikulin G, Panitz H-J, Büchner M. 2016. Daily characteristics
of West African summer monsoon precipitation in CORDEX simu-
lations. Theor. Appl. Climatol. 123: 369–386, doi: 10.1007/s00704-
014-1352-3.

Kruger AC, Shongwe S. 2004. Temperature trends in South Africa:
1960–2003. Int. J. Climatol. 24: 1929–1945, doi: 10.1002/joc.1096.

Kupiainen M, Jansson C, Samuelsson P, Jones C, Willén U, Hansson
U, Ullerstig A, Wang S, Döscher R. 2011. Rossby Centre regional
atmospheric model, RCA4. Rossby Centre Newsletter, June.

Kusangaya S, Warburton ML, Archer van Garderen E, Jewitt GPW.
2014. Impacts of climate change on water resources in southern
Africa: a review. Phys. Chem. Earth Parts A/B/C. Elsevier Ltd 67–69:
47–54, doi: 10.1016/j.pce.2013.09.014.

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)



CLIMATE CHANGE SCENARIOS FOR ANGOLA

Livada I, Assimakopoulos VD. 2007. Spatial and temporal analysis
of drought in Greece using the Standardized Precipitation Index
(SPI). Theor. Appl. Climatol. 89: 143–153, doi: 10.1007/s00704-
005-0227-z.

Mariotti L, Coppola E, Sylla MB, Giorgi F, Piani C. 2011. Regional
climate model simulation of projected 21st century climate change
over an all-Africa domain: comparison analysis of nested and driv-
ing model results. J. Geophys. Res. 116(15): D15111, doi: 10.1029/
2010JD015068.

Mbaiwa JE. 2004. Causes and possible solutions to water resource
conflicts in the Okavango River Basin: the case of Angola, Namibia
and Botswana. Phys. Chem. Earth 29: 1319–1326, doi: 10.1016/
j.pce.2004.09.015.

McKee TB, Doesken NJ, Kleist J. 1993. The relationship of drought
frequency and duration to time scales. In Eighth Conference on
Applied Climatology, Anaheim, CA, 17–22 January 1993.

McMahon TA, Peel MC, Karoly DJ. 2015. Assessment of precipita-
tion and temperature data from CMIP3 global climate models for
hydrologic simulation. Hydrol. Earth Syst. Sci. 19: 361–377, doi:
10.5194/hess-19-361-2015.

McSweeney C, New M, Lizcano G. 2010. UNDP Climate Change Coun-
try Profiles: Angola. http://www.geog.ox.ac.uk/research/climate/
projects/undp-cp/ (accessed 26 September 2016).

Mearns LO. 1997. On the statistical evaluation of climate model experi-
ments. Clim. Change 37: 443–448.

Morishima W, Akasaka I. 2010. Seasonal trends of rainfall and surface
temperature over southern Africa. Afr. Stud. Monogr. 40: 67–76.

New M, Hewitson B, Stephenson DB, Tsiga A, Kruger A, Manhique
A, Gomez B, Coelho CAS, Masisi DN, Kululanga E, Mbambalala
E, Adesina F, Saleh H, Kanyanga J, Adosi J, Bulane L, Fortunata
L, Mdoka ML, Lajoie R. 2006. Evidence of trends in daily climate
extremes over southern and west Africa. J. Geophys. Res. Atmos. 111:
D14102, doi: 10.1029/2005JD006289.

Nicholson SE, Entekhabi D. 1987. Rainfall variability in equatorial
and southern Africa: relationships with sea surface temperatures
along the southwestern coast of Africa. J. Clim. Appl. Meteo-
rol. 26(5): 561–578, doi: 10.1175/1520-0450(1987)026<0561:
RVIEAS>2.0.CO;2.

Nikulin G, Jones C, Giorgi F, Asrar G, Büchner M, Cerezo-Mota R,
Christensen OB, Déqué M, Fernandez J, Hänsler A, van Meijgaard E,
Samuelsson P, Sylla MB, Sushama L. 2012. Precipitation climatology
in an ensemble of CORDEX-Africa regional climate simulations. J.
Clim. 25: 6057–6078, doi: 10.1175/JCLI-D-11-00375.1.

Ohlson JA, Kim S. 2015. Linear valuation without OLS: the Theil-Sen
estimation approach. Rev. Acc. Stud. 20: 395–435, doi: 10.1007/
s11142-014-9300-0.

Osborne T, Rose G, Wheeler T. 2013. Variation in the global-scale
impacts of climate change on crop productivity due to climate model
uncertainty and adaptation. Agric. For. Meteorol. Elsevier B.V. 170:
183–194, doi: 10.1016/j.agrformet.2012.07.006.

Paeth H, Born K, Podzun R, Jacob D. 2005. Regional dynamical
downscaling over West Africa: model evaluation and comparison
of wet dry years. Meteorol. Z. 14(3): 349–367, doi: 10.1127/0941-
2948/2005/0038.

Paeth H, Hall NMJ, Gaertner MA, Alonso MD, Moumouni S, Polcher
J, Ruti PM, Fink AH, Gosset M, Lebel T, Gaye AT, Rowell DP,
Moufouma-Okia W, Jacob D, Rockel B, Giorgi F, Rummukainen M.
2011. Progress in regional downscaling of west African precipitation.
Atmos. Sci. Lett. 12: 75–82, doi: 10.1002/asl.306.

Patricola CM, Cook KH. 2010. Northern African climate at the end
of the twenty-first century: an integrated application of regional and
global climate models. Clim. Dyn. 35: 193–212, doi: 10.1007/s00382-
009-0623-7.

Peng H, Wang S, Wang X. 2008. Consistency and asymptotic distribution
of the Theil-Sen estimator. J. Stat. Plann. Inf. 138(6): 1836–1850, doi:
10.1016/j.jspi.2007.06.036.

Pombo S, de Oliveira RP. 2015. Evaluation of extreme precipitation
estimates from TRMM in Angola. J. Hydrol. Elsevier B.V. 523:
663–679, doi: 10.1016/j.jhydrol.2015.02.014.

Pombo S, de Oliveira RP, Mendes A. 2014. Validation of remote-sensing
precipitation products for Angola. Meteorol. Appl. 22(3): 395–409,
doi: 10.1002/met.1467.

Ragab R, Prudhomme C. 2002. Climate change and water resources
management in arid and semi-arid regions: prospective and
challenges for the 21st century. Biosyst. Eng. 81(1): 3–34, doi:
10.1006/bioe.2001.0013.

Riahi K, Rao S, Krey V, Cho C, Chirkov V, Fischer G, Kinder-
mann G, Nakicenovic N, Rafaj P. 2011. RCP 8.5 – a scenario of

comparatively high greenhouse gas emissions. Clim. Change 109:
33–57, doi: 10.1007/s10584-011-0149-y.

Rockel B, Will A, Hense A. 2008. The regional climate model
COSMO-CLM (CCLM). Meteorol. Z. 17(4): 347–348, doi: 10.1127/
0941-2948/2008/0309.

Samuelsson P, Jones CG, Willén U, Ullerstig A, Gollvik S, Hansson U,
Jansson C, Kjellström E, Nikulin G, Wyser K. 2011. The Rossby Cen-
tre regional climate model RCA3: model description and performance.
Tellus 63A(1): 4–23, doi: 10.1111/j.1600-0870.2010.00478.x.

Sarr MA, Zoromé M, Seidou O, Bryant CR, Gachon P. 2013. Recent
trends in selected extreme precipitation indices in Senegal – a
changepoint approach. J. Hydrol. Elsevier B.V. 505: 326–334, doi:
10.1016/j.jhydrol.2013.09.032.

Sen PK. 1968. Estimates of the regression coefficient based on Kendall’s
Tau. J. Am. Stat. Assoc. Taylor & Francis 63(324): 1379–1389, doi:
10.1080/01621459.1968.10480934.

Sengar RS, Sengar K. 2014. Climate Change Effect on Crop Productivity.
CRC Press: Boca Raton, FL.

Shela ON. 2000. Management of shared river basins: the case of
the Zambezi River. Water Policy 2: 65–81, doi: 10.1016/S1366-
7017(99)00022-7.

Sillmann J, Kharin VV, Zwiers FW, Zhang X, Bronaugh D. 2013.
Climate extremes indices in the CMIP5 multimodel ensemble: Part 2.
Future climate projections. J. Geophys. Res. Atmos. 118: 2473–2493,
doi: 10.1002/jgrd.50203.

Sylla MB, Gaye AT, Pal JS, Jenkins GS, Bi XQ. 2009. High-resolution
simulations of West African climate using regional climate model
(RegCM3) with different lateral boundary conditions. Theor. Appl.
Climatol. 98: 293–314, doi: 10.1007/s00704-009-0110-4.

Sylla MB, Coppola E, Mariotti L, Giorgi F, Ruti PM, Dell’Aquila A, Bi
X. 2010. Multiyear simulation of the African climate using a regional
climate model (RegCM3) with the high resolution ERA-interim
reanalysis. Clim. Dyn. 35: 231–247, doi: 10.1007/s00382-009-
0613-9.

Tadross M, Jack C, Hewitson B. 2005. On RCM-based projections
of change in southern African summer climate. Geophys. Res. Lett.
32(23): 1–4, doi: 10.1029/2005GL024460.

Thomson AM, Calvin KV, Smith SJ, Kyle GP, Volke A, Patel P,
Delgado-Arias S, Bond-Lamberty B, Wise MA, Clarke LE, Edmonds
JA. 2011. RCP4.5: a pathway for stabilization of radiative forc-
ing by 2100. Clim. Change 109: 77–94, doi: 10.1007/s10584-
011-0151-4.

Unal YS, Deniz A, Toros H, Incecik S. 2012. Temporal and spatial
patterns of precipitation variability for annual, wet, and dry seasons
in Turkey. Int. J. Climatol. 32: 392–405, doi: 10.1002/joc.2274.

UNICEF. 2013. Severe drought puts millions at risk in Angola and
Namibia. http://www.unicef.org/media/media_70146.html (accessed
21 May 2015).

Vicente-Serrano SM, Beguería S, Lorenzo-Lacruz J, Camarero JJ,
López-Moreno JI, Azorin-Molina C, Revuelto J, Morán-Tejeda E,
Sanchez-Lorenzo A. 2012. Performance of drought indices for eco-
logical, agricultural, and hydrological applications. Earth Interact.
16(10): 1–27, doi: 10.1175/2012EI000434.1.

Voldoire A, Sanchez-Gomez E, Salas y Mélia D, Decharme B, Cassou C,
Sénési S, Valcke S, Beau I, Alias A, Chevallier M, Déqué M, Deshayes
J, Douville H, Fernandez E, Madec G, Maisonnave E, Moine MP,
Planton S, Saint-Martin D, Szopa S, Tyteca S, Alkama R, Belamari
S, Braun A, Coquart L, Chauvin F. 2013. The CNRM-CM5.1 global
climate model: description and basic evaluation. Clim. Dyn. 40(9–10):
2091–2121, doi: 10.1007/s00382-011-1259-y.

WMO. 2015. The Climate in Africa: 2013, WMO-No. 1147. Switzerland.
Xu K, Yang D, Yang H, Li Z, Qin Y, Shen Y. 2015. Spatio-temporal

variation of drought in China during 1961–2012: a climatic perspec-
tive. J. Hydrol. Elsevier B.V. 526: 253–264, doi: 10.1016/j.jhydrol.
2014.09.047.

Yang D, Saenko OA. 2012. Ocean heat transport and its pro-
jected change in CanESM2. J. Clim. 25(23): 8148–8163, doi:
10.1175/JCLI-D-11-00715.1.

Zengeni R, Kakembo V, Nkongolo N. 2014. Historical rainfall variability
in selected rainfall stations in Eastern Cape, South Africa. S. Afr.
Geogr. J. 98(1): 118–137, doi: 10.1080/03736245.2014.977811.

Zhou B, Han Wen Q, Xu Y, Song L, Zhang X. 2014. Projected
changes in temperature and precipitation extremes in China by
the CMIP5 multi-model ensembles. J. Clim. 27: 6591–6611, doi:
10.1175/JCLI-D-13-00761.1.

Ziervogel G, Zermoglio F. 2009. Climate change scenarios and the devel-
opment of adaptation strategies in Africa: challenges and opportuni-
ties. Clim. Res. 40(2–3): 133–146, doi: 10.3354/cr00804.

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)


