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1 | INTRODUCTION

Stefan W. Grab?

Using composite analysis, the timing and extent of El Nifio—Southern Oscillation
(ENSO) impacts on maximum (7},,x) and minimum temperatures (7y,;,) during
austral summer are investigated for South Africa over the period 1940-2016. Pear-
son correlation coefficients determined between temperature data at stations within
regions indicate that temperature records are coherent. During austral summer,
composite analysis exhibits positive Tyax/Tmin anomalies for El Nifio years while
negative anomalies are recorded during La Nifia years across all regions of
South Africa. Statistical significance of composite average temperature anomalies
was determined using the Student’s #-test. T« for El Nifio years are significantly
different from the neutral years over the central interior of South Africa for the
period 1940-2016. The most notable finding of this study is that El Nifio events
have had a stronger warming effect during austral summer over many regions in
South Africa after the late 1970s, than before. Such an impact has been most prom-
inent over the northern and central interior regions, where, respectively, associated
Tmax record an average of 1.1 °C and 0.73 °C higher values for the period
1979-2016 compared to the earlier period (1940-1978). Chi-squared statistics indi-
cate that ENSO phases exert a stronger influence on temperatures over the interior
of South Africa than along the coast.
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generally associated with higher than usual global tempera-
tures, while La Nifia is often (but not always) linked to

The El Nifio—Southern Oscillation (ENSO) is well known
for its strong and globally distributed climatic influence.
This phenomenon occurs as a product of fluctuating equato-
rial Pacific Ocean temperatures and large-scale air pressure
changes, known as the Southern Oscillation (Bartholomew
and Jin, 2013; WMO, 2014). Although ENSO phases dis-
play an irregular periodicity, the El Nifio phase typically
lasts a shorter duration (9—12 months) compared to La Nifia
phases (1-2 years; Warner and Oberheide, 2014). However,
El Niflo phases occur more frequently (31% of the time) than
La Nifa (23% of the time), while neutral conditions account
for the remaining 46% of time over the period 1950-1997
(Trenberth, 1997, Welhouse et al., 2016). El Nifo is

below normal temperatures on land (Davey et al., 2014). A
possible mechanism may be through the loss of heat from
the ocean to the atmosphere via evaporation, which results
in latent heat responsible for teleconnections (Trenberth
et al., 2002). Power et al. (1998) suggest that surface tem-
perature changes (associated with rainfall) are forced by sur-
face short wave radiation and latent heating, with the latter
being a greater source of heating compared to the former in
low-latitude regions of deep convection. Lower temperatures
are associated with cloudy conditions and lower levels of
incoming short-wave radiation, while higher temperatures
are linked to decreased cloudiness (Jones and Trewin, 2000).
El Nifio and La Nifia phases disturb global atmospheric
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circulation, thereby affecting weather variability patterns and
the probability of floods, drought, heat waves and other
extreme events.

Previous studies have reported strong and coherent tele-
connections between ENSO and temperature patterns, both
globally (Banholzer and Donner, 2014; Cai et al., 2014;
WMO, 2014) and regionally (e.g., Jones and Trewin, 2000;
Soltani and Gholipoor, 2006; Chowdary et al., 2014). The
impact of different ENSO events on regional and global tem-
peratures is not always the same because the intensity and
timing of each event varies (WMO, 2014). For instance, the
1982-1983 and 1997-1998 El Nifio events severely dis-
rupted global weather, leading to major natural disasters
(e.g., floods in the eastern equatorial region of Ecuador and
northern Peru) (Cai et al., 2014). In addition, the strong El
Nifio events in 1997-1998 and 2009-2010 resulted in the
years 1998 and 2010 recording global temperature depar-
tures of ~0.52 °C and 0.55 °C above the 1961-1990 long-
term average, respectively (WMO, 2014). The 2015-2016
El Nifio event is comparable in strength to the previous
1982-1983 and 1997-1998 strong events (WMO, 2016).
This recent event increased the annual global temperature
anomaly for 2016 by 0.12 °C above the 1951-1980 average
(Potter et al., 2017).

ENSO is known for its climatic impacts over southern
Africa, with regional and inter-event variations. For instance,
the 1991-1992, 2002-2003 and 2015-2016 EI Nifio events
were associated with severe drought, while the dry condi-
tions during the 1997-1998 El Nifio were not as pronounced
(e.g., Reason and Jagadheesha, 2005). Notably, Southern
African ENSO studies have placed greater emphasis on the
relationship between ENSO and rainfall, than on tempera-
tures (Kruger, 1999; Reason and Rouault, 2002; Philippon
et al., 2012; Weldon and Reason, 2014).

Studies related to the relationship between ENSO events
and South African temperatures include that by Halpert and
Ropelewski (1992) who first reported teleconnections
between ENSO events and southeast African temperatures.
More recently, a correlation has been made between average
late summer Nifio3 sea surface temperatures (SSTs) and late
summer temperatures (January—March) across eight stations
in central South Africa (i.e., Upington, Van Wyksvlei,
Armoedsvlakte, Glen College, Bloemfontein, Addo, Cedara
and Emerald Dale) (Kruger and Shongwe, 2004). Findings
for the relatively short period (1960-2003) of analysis report
that El Nifio and La Nifia do not significantly influence late
summer temperature increases (Kruger and Shongwe, 2004).
However, Manatsa and Reason (2017) report a strong ENSO
influence on maximum surface air temperature (SAT.x)
over southern Africa during late austral summer. Despite
such past investigations on the impacts of ENSO on south-
ern African temperatures, no previous study has investigated
the impact of such phases on both maximum (7},,x) and min-
imum (7,,;,) temperatures using long-term quality controlled

and homogenized data over the broader South African
region—a gap we aim to address.

ENSO-related climate variability affects many sectors,
such as human health, agriculture and water resources. Tem-
perature and precipitation changes associated with the ENSO
cycle favour the spread of insect-borne and water-borne dis-
eases. For instance, disease outbreaks in developing coun-
tries during the 1997-1998 El Nifio resulted in the loss of ca
22,000 lives (McPhaden, 2006). Rain-fed agriculture in
southern Africa is also adversely impacted by ENSO-related
rainfall variability, such that maize yields may decrease by
up to fivefold during some El Nifio events (Jury, 2002).
Water resources in southern Africa become severely con-
strained during prolonged dry spells, and particularly those
caused by El Nifio events (Jury, 2002). The negative impact
that ENSO events have on multiple sectors in southern
Africa and beyond emphasizes the importance of effective
disaster planning strategies and mitigation measures.

Meteorological organizations consider the influence of
ENSO on regional weather when making seasonal forecasts,
and in so doing rely upon historical climate data associated
with ENSO (Chiew and MacMohan, 2002; Johnston et al.,
2004). ENSO is thus a relatively good predictor for seasonal
forecasts in southern Africa (Manatsa and Reason, 2017). To
this end, the current study aims to contribute toward an
improved understanding of seasonal temperature anomalies in
various subregions of South Africa, in response to ENSO
phases, and hence assist future ENSO-associated forecasting.

More specifically, this paper aims to determine the
impact of El Niflo/La Nifia phases on 7Tp,./Timin at various
localities in South Africa for the period 1940-2016, using a
compositing method that averages Tpax/Tmin for all ENSO
years during the study period. Consequently, these are used
to establish the mean ENSO impact during this period, with
the assumption that all ENSO events have similar character-
istics and impacts (Mo, 2010). In addition, the influence that
El Nifio/La Nifia phases have on temperature variables for
the periods 1940-1978 and 1979-2016 is determined, which
assists to establish possible changes in the strength of ENSO
influence over time. The selection of the two periods is
based on the statistical midpoint of the complete dataset
(i.e., 1940-2016).

2 | METHODS

2.1 | Study area and data

The climate over southern Africa is influenced by major
atmospheric operating systems such as the subtropical
cyclones, jet streams and teleconnections with regional and
large scale quasi-periodic climate systems (e.g., quasi-
biennial oscillation [QBO], intra-seasonal waves and ENSO)
(Tyson and Preston-Whyte, 2000). The warm southerly
moving Mozambique and Agulhas currents play a strong
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role in moderating temperatures along the east coast of
southern Africa, while the cold northerly moving Benguela
current has a cooling effect along the west coast of the sub-
continent. South Africa’s climate ranges from Mediterranean
in the southwest, to temperate over the interior plateau, and
subtropical in the northwest and along the northeast coast
(Tyson and Preston-Whyte, 2000).

For this study, station selection is based on the availabil-
ity of long-term surface temperature data with minimal gaps
and with suitable spatial coverage across South Africa.
These stations were grouped into regions where they have
relatively close proximity to each other. Spatial coherence of
stations was determined by calculating the Pearson correla-
tion coefficients between neighbour stations (Table 3; King
and Comiso, 2003). Skukuza, Warmbad and Messina sta-
tions represent the northern interior region of South Africa,
while Vryburg, Marico, Kimberely, Glen College and Zuur-
bekom stations represent the central interior (Figure 1).
Pofadder and Van Wyksvlei stations represent the western
interior region, while the eastern summer rainfall region is
divided into the northeast coast (i.e., Mount Edgecombe)
and the northeastern interior (i.e., Cedara), each only repre-
sented by one station given the absence of reliable long-term
datasets from other stations. The southeast coastal region,
which receives year-round rainfall, is represented by East
London and Port Elizabeth (hereafter referred to as the

of Climatology

southeast coast). The South African Astronomical Observa-
tory, Cape Agulhas and Cape Columbine stations were
selected to represent the winter rainfall region in the Western
Cape Province (hereafter referred to as the southwest coast)
(Table 1 and Figure 1). A potential limitation for such a
study is the unavailability of a dense network of stations,
consisting of long-term data with minimal gaps to represent
a specific region. This implies that the conclusions drawn
for a large area are dependent on relatively few but reliable
station records. The implication is that the results may not
accurately represent large regions for which no long-term or
reliable station records are available. Notwithstanding the
limitation of using a small number of stations to represent
each region, this study provides valuable new information
with regard to temperature responses to El Nino/La Nina
events.

Monthly T« and Ty, for South Africa were obtained
from the South African Weather Service (SAWS; Figure 1).
Temperature data were quality controlled and homogenized
using ProClimDB and AnClim (see Lakhraj-Govender et al.,
2017). Monthly temperature anomalies were calculated by sub-
tracting climatological means for the base period 1961-1990.
Time series were detrended to remove long-term trends
(an example is illustrated in Figure 2). The seasonal cycle is
important for assessing the effects of ENSO (Fogt and Brom-
wich, 2006); hence, this study focuses on the austral summer
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FIGURE 1

Map showing location of South African temperature stations used in this study. The boxes labelled A—G represent the different regions in

South Africa. A = northern interior; B = central interior; C = western interior; D = northeastern interior; E = northeast coast; F = southeast coast;

G = southwest coast
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TABLE 1 South African meteorological stations used in this study, detailing GPS coordinates and start/end dates for each station
Province Station Start year End year Latitude (°S) Longitude (°E) Altitude (m a.s.l.)
Northern interior
Mpumalanga Skukuza 1941 2016 —24.99 31.59 263
Limpopo Warmbad 1937 2016 —24.90 28.33 1,143
Limpopo Messina 1934 2016 =22.27 29.90 538
Central interior
Northwest Vryburg 1920 2016 —26.95 24.65 1,234
Northwest Marico 1934 2016 —25.50 26.35 1,078
Northern Cape Kimberley 1940 2016 —28.80 24.80 1,196
Free State Glen College 1915 2016 —28.95 26.33 1,303
Gauteng Zuurbekom 1910 2016 -26.30 27.80 1,578
Western interior
Northern Cape Van Wyksvlei 1926 2016 -30.35 21.80 962
Northern Cape Pofadder 1940 2016 -29.12 19.39 982
Northeastern interior
KwaZulu-Natal Cedara 1930 2016 -29.54 30.27 1,071
Northeast coast
KwaZulu-Natal Mount Edgecombe 1930 2016 -29.70 31.05 103
Southeast coast
Eastern Cape East London 1940 2016 —33.03 27.83 116
Eastern Cape Port Elizabeth 1940 2016 -33.98 25.60 63
Southwest coast
Western Cape SA Astronom. 1933 2016 -33.56 18.28 15
Western Cape Cape Agulhas 1884 2016 -34.49 20.01 11
Western Cape Cape Columbine 1937 2016 -32.49 17.51 62

(December—February) which represents the peak season for El
Nifio and La Nifia events (Cai et al., 2014). Composites for El
Nifio and La Nifa phases were calculated separately for the
austral summer (3-month average of December, January and
February). Monthly 7;,.«/Tiin Were statistically analysed for
various subregions, specifically in the context of El Nifio and
La Nifia phases over the period 1940 to June 2016 (Table 2).
According to Halpert and Ropelewski (1992), for a station to
be included in composite analysis, the period of analysis must
cover a minimum of five warm phases or five cold phases.
Several indices have previously been used to measure
ENSO, including the normalized Tahiti minus Darwin

Southern Oscillation Index

-3

1940 1950 1960 1970 1980 1990 2000 2010

FIGURE 2  Southern Oscillation index for austral summer (data from
https://crudata.uea.ac.uk/cru/data/soi/-)

pressure difference (or “Troup” Southern Oscillation index
[SOI]) (Jones and Trewin, 2000), multivariate ENSO index
(Hénsel et al., 2016) and the oceanic Nifio index (ONI)
(Warner and Oberheide, 2014), to name a few. The seasonal
SOI is used in this study to select El Nifio and La Nifia
events, since the index covers a longer period compared to
other indices (Table 2 and Figure 3). The SOI, calculated as
the difference in standardized pressure between Tahiti and
Darwin, is derived from the Climate Research Unit (CRU) at
the University of East Anglia in England (https://crudata.
uea.ac.uk/cru/data/soi/, based on Allan et al., 1991) for the
period 1866-2015, while values for 2016 were obtained
from the National Oceanic and Atmospheric Administra-
tion (NOAA).

2.2 | Composite

Regions with consistent SO-temperature relationships are
identified using composite analysis. Recent studies
(e.g., Fogt et al., 2011; McAfee and Wise, 2016) have ana-
lysed composites of El Nifio and La Nifia phases separately,
which is valuable for determining distinct features of each
ENSO phase (Welhouse et al., 2016). Composite analysis is
considered a superior method compared to correlating ENSO
teleconnections (Fogt er al., 2011). Correlation does not
offer insight into the magnitude of each event and is influ-
enced by outliers (Fogt et al., 2011). Thus, composites are
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TABLE 2 List of ENSO episode years included in this study. Southern

Oscillation index (SOI), derived from the Climate Research Unit (CRU) at

the University of East Anglia in England (http://www.cru.uea.ac.uk/cru/

data/soi.htm, based on Allan et al., 1991) for the period 1940-2016 is used

to calculate austral summer SOI

La Niiia

1943, 1950, 1951, 1955, 1956, 1962,
1971, 1974, 1976, 1989, 1997,

1999, 2000, 2001, 2008, 2009,
2011, 2012

El Niiio

1941, 1942, 1952, 1953, 1958,
1959, 1964, 1973, 1978, 1983,
1987, 1992, 1995, 1998, 2003,
2005, 2010, 2016

used to quantify the impact of ENSO phases on temperature
(Mo, 2010). However, using composites has limitations of
its own, as they cannot account for differences in ENSO tim-
ing, magnitude and location, and stronger events may “over-
power” the effects of weaker events (Davey et al., 2014). In
addition, previous composite studies have found large dis-
parities in strength and spatial patterns between seasonal
weather anomalies in the most severely affected regions dur-
ing ENSO years (Chiodi and Harrison, 2013). The statistical
significance of the ENSO-temperature relationship is deter-
mined using Student’s #-test.

2.3 | Assessing temperature response to El Nifio and
La Nifia phases through time

The selection of the two epochs (1940-1978 and
1979-2016) is based on the midpoint of the complete data
set (1940-2016) for majority of stations, which coincides
with the increased frequency of El Nifio phases and
decreased frequency of La Nifia phases since the late 1970s
(Kane, 2009). Monthly Tiax/Tmin anomalies associated with
El Nifio and La Nifia phases were averaged for the epochs
separately. The difference between the average composites
for the more recent period compared to the earlier period

(°C)

T .,anomalies

min

of Climatology

provides an estimate of the relative impact of ENSO for each
period (i.e., 1940-1978 and 1979-2016) (Mo, 2010). A
comparison of the relative ENSO impacts between the two
periods is made, permitting the determination of possible
changes in the strength of ENSO influence (positive or nega-
tive) through time over various subregions of South Africa.

2.4 | Contingency table and Chi-square test

The austral summer (December, January and February) is
used for this part of the analysis, as this represents the period
when ENSO events are fully developed (Manatsa and Rea-
son, 2017).
differencing, to remove the long-term trend. Twenty-five

Temperature data were detrended using

and seventy-five percent are selected as thresholds for SOI
data; hence, the number of El Nifio phases is the same as that
for La Nifia phases (i.e., 19). The Tpa/Tmin data for the
76-year period (1940-2016) are divided into terciles where
the number of high and
(i.e., 25 years). To analyse the degree of independence of
two variables (i.e., El Nifio/La Nifia/neutral vs. T a/Tmin
anomalies), 3 X 3 contingency tables were constructed by
counting the number of high/low years corresponding to El
Nifio/La Nifia/neutral years and analysed using Chi-square
test (Fogt et al., 2011; Davey et al., 2014). For the Chi-
square test to be used with confidence, the theoretical count

low years is the same

must be greater than 5. Given that Fisher’s exact test is nor-
mally employed for data sets that are not large, this study
presents the results for both these tests. The strengthening/
weakening influence of the El Nifio phase was also investi-
gated for the austral summer season using the two epochs
(1940-1978 and 1979-2016), as previously selected.

-2
Detrended T —T ., (DJF)
———-Detrended T ; trendline:y=0.0009x-0.024 ——T . trendline:y=0.011x-0.389
1940 1950 1960 1970 1980 1990 2000 2010

FIGURE 3

Tmin anomalies prior to and after detrending time series at Cape Columbine over the period 1940-2016
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3 | RESULTS

The sections to follow present the El Nifio—Tax/Tmin
response over the different regions, the La Nifia—7Tx/Tmin
response and finally the influence of El Nifio/La Nifia events
through time (see Tables 3 and 4).

3.1 | Northern interior region

The correlation coefficients range from 0.89 to 0.90 for T«
and 0.94 to 0.97 for T,,;, between stations over the northern
interior region, suggesting a high coherence of temperature
variability (see Table 3). The austral summer Ty, and T,
average for the selected El Nifio events exhibit positive
anomalies (0.81 and 0.51 °C, respectively) over the period
1940-2016 (Table 4). While a statistically significant rela-
tionship exists between El Nifio—7,,,, at the Warmbad sta-
tion, the remaining two stations (Skukuza and Messina) are

TABLE 3  Pearson correlation coefficients between stations in each region

Northern interior

weakly insignificant (p-values = 0.09 and 0.08, respec-
tively). The El Niflo—T,,;, relationship is statistically signifi-
cant at Warmbad and Messina. Cooling associated with La
Nifia events over the northern interior region record an over-
all negative Ty, departure of —0.57 °C while that for T,
is —0.14 °C over the period 1940-2016 (Table 4).

3.2 | Central interior

For El Nifio, the central interior region records correlation
coefficients ranging from 0.92 to 0.98 for T,,,x and 0.95 to
0.99 for T,,;, between stations over the central interior (see
Table 3). Coherent and statistically significant T}, positive
anomalies are observed for the selected El Nifio events
across all five stations, with an overall positive anomaly of
1.31 °C. The El Nifio—T,,,;, composite is significant for three
of the five stations, with an overall positive anomaly of
0.20 °C (Table 4). La Nifla—T,,,,x departures (—1.02 °C) are

Messina Warmbad Skukuza
Messina Tnax 0.89 0.90
Tmin 0.97 0.94
Warmbad Moo 0.89 0.89
Tt 0.97 0.94
Skukuza Tinax 0.90 0.89
Tmin 0.94 0.94
Central interior
Marico Vryburg Zuurbekom Kimberely Glen College
Marico T 0.95 0.95 0.92 0.93
Tt 0.98 0.97 0.96 0.97
Vryburg Tinax 0.95 0.94 0.98 0.98
Tmin 0.98 0.97 0.98 0.99
Zuurbekom - 0.95 0.94 0.92 0.93
Tinin 0.97 0.97 0.95 0.97
Kimberely Tmax 0.92 0.98 0.92 0.98
T min 0.96 0.98 0.95 0.97
Glen College s 0.93 0.98 0.93 0.98
fpn 0.97 0.99 0.97 0.97
Southeast coast
Port Elizabeth
East London Tnax 0.96
Tmin 0.97
Western interior
Pofadder
Van Wyksvlei - 0.79
Tmin 0.76
Southwest coast
SA Astronom. Cape Agulhas
Cape Columbine Tnax 0.95 0.92
Trin 0.91 0.91
Cape Agulhas - 0.95
T min 0.97
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TABLE 4 El Nifio/La Nifia associated Tax/Tmin anomalies over South Africa for the period 1940-2016. Tyax/Tiin is measured in °C

Anomalies for

Student’s z-test

El Nifio La Niifia El Nifio La Nifa

Region Station Tinax Tinin Tinax Tinin Tinax Tmin Tmax Tmin

Northeastern interior Cedara 0.75 0.81 -0.30 -0.21 0.00 0.03 0.44 0.37

Southeast coast East London 0.35 0.24 -0.25 -0.17 0.04 0.03 0.06 0.11
Port Elizabeth 0.21 0.13 —-0.35 -0.27 0.50 0.79 0.03 0.11
Average 0.28 0.19 —-0.30 -0.22

Central interior Zuurbekom 1.02 -1.30 -0.53 1.25 0.02 0.00 0.59 0.21
Vryburg 1.27 0.69 -1.28 -0.48 0.04 0.01 0.03 0.14
Glen College 1.73 0.62 -1.22 -0.30 0.00 0.09 0.04 0.26
Marico 1.14 0.29 -0.80 -0.11 0.03 0.18 0.26 0.83
Kimberley 1.41 0.72 -1.25 -0.50 0.00 0.02 0.06 0.13
Average 1.31 0.20 -1.02 —-0.03

Western interior Van Wyksvlei 0.71 0.24 —-0.67 -0.12 0.02 0.30 0.09 0.75
Pofadder 0.09 0.24 0.05 —-0.07 0.49 0.42 0.54 0.86
Average 0.40 0.24 -0.31 —-0.09

Northeast coast Mt Edgecombe 0.22 0.30 -0.13 —-0.01 0.15 0.03 0.63 0.62

Northern interior ‘Warmbath 0.82 0.21 -0.54 -0.10 0.01 0.00 0.47 0.86
Skukuza 0.75 0.36 —0.68 —-0.06 0.09 0.38 0.23 0.06
Messina 0.85 1.00 —-0.50 -0.25 0.08 0.00 0.44 0.78
Average 0.81 0.51 -0.57 -0.14

Southwest coast SA Astronom. 0.23 0.10 -0.12 -0.12 0.38 0.71 0.60 0.34
Cape Columbine 0.25 0.31 -0.34 -0.36 0.29 0.16 0.05 0.04
Cape Agulhas 0.32 0.08 -0.33 -0.21 0.01 0.07 0.32 0.69
Average 0.27 0.16 -0.27 -0.23

Values in bold significant.

substantially larger compared to Ty,;, departures (—0.03 °C)
over the central interior for the period 1940-2016. A signifi-
cantly strong and consistent relationship is observed between
El Nifio and Ty, over the central interior (Table 4).

3.3 | Western interior

For El Niflo, the western interior has correlation coefficients
of 0.79 and 0.76 for T,,,x and T,,, respectively. Composite
analysis displays positive T, and T,;, anomalies during El
Nifio events and overall negative T},,x and T,,;, anomalies
during La Nifia events over the period 1940-2016. Student’s
t-test exhibits a statistically significant relationship for El
Nifio—T .« and La Nina—T,,,, composites at the Van Wyksv-
lei station (Table 4).

3.4 | Northeastern interior

For the northeastern interior, the El Nifio associated Tp,x/
T'min anomalies are significantly different from the Tiax/Timin
anomalies during the neutral years, indicating a strong tele-
connection between El Nifio events and Tya/Tmin. La Nifla
associated Tp,.x/Tmin anomalies are insignificantly different
from the anomalies during the neutral years for austral sum-
mer over the period 1940-2016 (Table 4).

3.5 | Northeast coast

During austral summer, positive Ty, and T, anomalies are
recorded during El Nifio events while Ty./Tmin negative
anomalies are observed during La Nifla events over the
period 1940-2016. A statistically significant relationship is
evident for El Nifo-T,,, composite at the Mount Edge-
combe station (Table 4).

3.6 | Southeast coast

The correlation between Port Elizabeth and East London in
the southeast coast are 0.96 and 0.97 for Ty, and Tp;p,
respectively (Table 3). Average positive Tp.x and T,
anomalies are recorded during El Nifio events while negative
anomalies are observed during La Nifia events over the
southeast coast. Statistically significant positive Ty, and
Tmin anomalies are observed during El Nifio events at the
Port Elizabeth station. The negative Ty,,x anomalies associ-
ated with La Nifa events are also statistically significant
(Table 4).

3.7 | Southwest coast

For El Nifio, the spatial coherence rates over the southwest
coast range from 0.92 to 0.95 for T,,,x and 0.91 to 0.97 for
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Tmin between stations. Statistically significant positive Tiax/
Tmin anomalies are recorded during El Nifio events at Cape
Agulhas, while the relationship is not significant for the
remaining two stations (SA Astronomical Observatory and
Cape Columbine) along the southwest coast. The overall
negative Tp.x (—0.27 °C) and Ty, (—0.23 °C) anomalies
recorded over the southwest coast during La Nifia events are
not substantially different. Statistically significant negative
Thax and T,,;, anomalies are observed at the Cape Colum-
bine station during La Nifia events (Table 4).

3.8 | ENSO influence on temperature through time

Average austral summer T,/ min anomalies during El Nifio
events are compared for the periods 1940-1978 and
1979-2016. A strengthening (positive) influence of El Nifio
events on austral summer 7, through time is observed
across all regions of South Africa. A strengthening (positive)
influence is also measured for T, over the northern inte-
rior, western interior, northeast coast, southeast and south-
west coasts through time. The strongest El Nifio related Ty«
warming occurred over the northern interior region. Over the
northern interior, El Nifio associated T, anomalies for aus-
tral summer increased by 1.11 °C in recent years compared
to the earlier period, while associated T, departures
increased to a lesser extent (0.54 °C) (Table 5). Over the
southeast coast, El Nifio influence on T, for austral

summer in recent years increased by 0.53 °C compared to
the earlier period, while associated T, anomalies increased
to a slightly greater extent (0.55 °C). In addition, a greater
strengthening influence of El Nifio events on Ty, is
recorded, compared to Ty, through time over the central
interior, northeast coast, northern interior and southwest
coast (Table 5). El Nifio events influence Ty, to a greater
extent for the more recent period compared to earlier times
over the northeastern interior (0.43 °C), northeast coast
(0.29 °C) and southwest coast (0.17 °C). El Nifio phases
also influence T,,, to a lesser extent for the more recent
period over the central interior (—0.17) and northeastern inte-
rior (—0.39 °C) through time (Table 5).

Average austral summer Ty./Tmin during La Nifa
events are compared for the periods 1940-1978 and
1979-2016. The earlier epoch records negative La Nifia—
Tmax departures over all regions, while that for the more
recent epoch varies between regions. Negative T;,,x anoma-
lies are observed for the more recent epoch over majority of
the regions, with the exception of the western interior, north-
east and the southwest coasts. Over the northern interior,
Tmax and T, departures associated with La Nifia increased
by 0.30 and 0.25 °C, respectively, between the two periods.
The largest changes in Ty,,x departures occurred over the
central (1.34 °C) and western interior (0.68 °C) regions and
the southwest coast (0.58 °C) between the two periods. For

TABLE 5 Strengthening/weakening ENSO influence on austral summer temperature anomalies through time. Tyax/Tin is measured in °C

El Niiio La Nifia
Strengthening/ Strengthening/
1940-1978 1979-2016 weakening 1940-1978 1979-2016 weakening
Region Station Twax  Twin Twax  Twin Tnax T'in Twax  Twin Twax  Twin Tnax Tin
Northeastern interior ~ Cedara 0.59 0.58 1.02 0.19 0.43 —0.39 -0.19 -0.38 -023 0.01 —0.03 0.39
Southeast coast East London 0.09 0.05 0.58 0.42 0.50 0.37 -0.44 -035 -0.06 0.01 0.38 0.36
Port Elizabeth -0.07 -0.04 0.49 0.70 0.56 0.74 -0.07 -044 049 —0.25 0.56 0.19
Average 0.01 0.00 0.54 0.56 0.53 0.55 -044 -035 —0.06 0.01 0.47 0.28
Central interior Zuurbekom 051 —091 154  -1.69 1.03 -0.77 -0.73 1.44  -0.33 1.05 0.40 -0.39
Vryburg 1.18 0.69 1.36 0.68 0.18 —-0.01 -221 -076 =035 —0.20 1.86 0.55
Glen College 1.30 0.49 2.16 0.74 0.86 0.25 -2.06 -054 -038 —0.05 1.67 0.48
Marico 0.67 0.40 1.62 0.19 0.96 -0.21 -144 -0.13 -0.17 -0.08 1.27 0.05
Kimberley 1.20 0.81 1.85 0.69 0.64 -0.12 -2.00 -0.86 -0.51 -0.14 1.49 0.72
Average 0.97 0.30 1.70 0.12 0.73 —-0.17 -1.69 -0.17 -035 0.12 1.34 0.28
Western interior Van Wyksvlei 0.40 0.04 1.03 0.44 0.63 0.41 -120 -0.17 -0.14 -0.06 1.07 0.11
Pofadder 0.23 0.14  —0.04 033 —0.27 0.19 —0.1 0.11 020 —0.25 0.30 —-0.36
Average 0.31 0.09 0.50 0.39 0.18 0.30 -0.65 -0.03 0.03 —0.15 0.68 —0.12
Northeast coast Mt Edgecombe 0.08 0.17 0.37 0.29 0.26 -037 -0.22 0.12 0.2 0.49 0.42
Northern interior ‘Warmbath 0.98 1.05 1.59 0.42 0.61 —0.63 -0.79 -0.18 -0.28 —-0.03 0.51 0.15
Skukuza 0.13 0.34 1.37 0.38 1.24 0.04 -031 -057 -0.77 -023 -0.46 0.34
Messina 0.18 0.51 1.29 1.05 1.11 0.54 -093 -038 -0.08 —0.12 0.85 0.26
Average 0.18 0.51 1.29 1.05 1.11 0.54 -0.68 -037 -038 —0.13 0.30 0.25
Southwest coast SA Astronom. 0.31 0.03 0.15 0.18 —0.15 0.15 -048 -0.24 0.25 0.00 0.73 0.24
Cape Columbine 0.14 0.05 0.36 0.10 0.22 0.05 -047 -053 -0.22 -0.20 0.25 0.33
Cape Agulhas 0.1 0.14 0.54 0.38 0.44 0.24 -0.72 -0.03 005 —0.12 0.77 —-0.09
Average 0.18 0.07 0.35 0.22 0.17 0.15 -0.56 -0.27 0.03 —0.11 0.58 0.16
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La Nifa events, T},,;, increased in magnitude over the north-
east coast (0.42 °C), northeastern interior (0.39 °C), central
interior (0.28 °C), southeast (0.28 °C) and southwest
(0.16 °C) coasts through time (Table 5). However, the west-
ern interior recorded a decreasing Ty, departure (—0.12 °C)
through time (Table 5).

3.9 | Chi-square test results

The results associated with the Chi-square test for the austral
summer (December, January and February) display p-values
lower than the significance level of 0.05 for all stations in
the northern and central interior of South Africa. This indi-
cates that El Nifio/La Nifia and T},,x/Timin are not indepen-
dant, again emphasizing the influence of these ENSO phases
on temperature over the interior (Table 6). However, at Mes-
sina, Glen College and Skukuza, the p-values are higher than
0.05 for Ty, indicating that El Nifio/La Nifia phases do not
influence Ty, Significant ENSO associations are also
recorded at Van Wyksvlei, Cedara and Cape Columbine for
Tmax and Mt. Edgecombe for Ty;,. Although 7). at Marico
and T,,;, at Zuurbekom and Messina recorded counts of
below 5, the Fisher’s exact test corresponded to the p-value
for Chi-square test in all instances (Table 6). A strengthening
El Nifio influence on T, is also recorded for the majority
of stations across South Africa, with the exception of the SA
Astronomical Observatory and Pofadder stations. A larger
proportion of stations record a weakening influence of the El
Nifio phase on Ty, (namely Cedara, Zuurbekom, Vryburg,
Marico, Kimberely and Warmbad) with time.

4 | DISCUSSION

South African surface air temperatures are influenced by
both phases of ENSO. The most significant responses to El
Nifio events occur over the central interior region during
austral summer for both T,,x and T, over the period
1940-2016 (Table 4). The central interior region displays
the strongest response to El Nifio events in terms of the mag-
nitude of the positive anomaly (1.31 °C), while the northern
interior region exhibits the second strongest response
(0.81 °C). Globally, the region most directly affected by the
Southern Oscillation is the tropics (i.e., including all areas
within 20°N/S of the equator) (Halpert and Ropelewski,
1992). In addition, the lag surface air temperature response
to El Nifio events is slightly less in the tropics than other
regions of the world (Trenberth et al., 2002). It is thus
expected that South African stations in closest proximity to
the tropics (i.e., northern and central interior regions) would
experience a stronger response to El Nifio events, compared
to regions further south. In addition, the interior is more
likely to show a stronger ENSO/temperature response than
coastal regions given reduced oceanic climatic moderating
effects over the interior. Ty, response to El Nifio events

of Climatology

exhibit smaller positive anomalies compared to Tix
responses across all regions. This may be owing to reduced
cloudiness during El Nifio events, which results in warmer
daytime and cooler night temperatures (Ashcroft et al.,
2014). The reverse is true for La Nifia events; these reflect
larger negative anomalies for 7, and smaller Ty, negative
anomalies. The observed T, response is possibly due to
the influence of Ty, on Ty, particularly during the warmer
months when Tp,;, are more strongly influenced by Tj.x
from the previous day (Jones and Trewin, 2000; Ashcroft
etal., 2014).

The strength of the El Nifio—temperature relationship is
influenced by the distance between the Pacific Ocean and
South Africa, as also the various stages of an ENSO event in
the Pacific Ocean (Lee and Julien, 2016). A typical El Nifio
event in the Pacific Ocean undergoes antecedent conditions
in September (—), an early stage of warming (onset phase)
during December (—1) and the peak phase during April
(0) (i.e., just before the maximum temperature occurs near
the Equador-Peru coast) (Rasmusson and Carpenter, 1982).
This is followed by the transition phase in September (0),
which is the end of the first pronounced decrease in SSTs,
and finally the mature stage during January (+1), when com-
posite SSTs decrease along the Ecuador/Peru coast and
approach normal (Rasmusson and Carpenter, 1982). How-
ever, the weather/climatic consequences of each El Nifio
event are not identical given that these depend on the inten-
sity of the event, the time of year when the event develops
and the interaction with other climate dynamics (WMO,
2014). Previous climate studies on southeastern Africa noted
above median T},.,, for El Nifio phases starting in October
(0), with the detected signal period extending to June (+)
following El Nifio phases for the period 1880-1988 (Halpert
and Ropelewski, 1992). The differences in the signal periods
selected by this study and that of Halpert and Ropelewski
(1992) may arise from the different periods of observation,
temperature variables used, and stations selected. In addi-
tion, Jones and Trewin (2000) note that the greatest tempera-
ture impact of ENSO in Australia is on Tj,e,,, rather than
other temperature variables, such as diurnal temperature
range. We therefore investigate the impact of El Nifio/La
Niiia events on austral summer 7T, and Tpip.

For La Nifia events, earlier studies report below normal
Tmean for the period August (0)-June (4) over southeastern
Africa for the period 1880-1988 (Halpert and Ropelewski,
1992). Previous studies also noted the difficulty in determin-
ing La Nifia related responses due to the occurrence of El
Nifio and La Nifia in subsequent years (e.g., Dracup and
Kahya, 1994). Previous studies record increased magnitudes
of El Nifio events since the mid-1970s (Haines et al., 2000),
which possibly overwhelmed the La Nifia—temperature
response. Also noteworthy is that climate change may alter
the frequency and magnitude of the ENSO cycle (Haines
et al., 2000). Modelling studies indicate that anthropogenic
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climate change and increased greenhouse gas emissions may
change the strength and position of ENSO teleconnection
patterns (Sun et al., 2016). However, coupled ocean atmo-
sphere models produce disparate outcomes on ENSO ampli-
tudinal changes and spatial patterns in response to climate
change (Zhou et al., 2014). While several studies (e.g., Zhou
et al., 2014; Sun et al., 2016; Jiang et al., 2018) have investi-
gated global warming-induced changes in ENSO teleconnec-
tions for different regions of the world, such an analysis has
been largely absent for the southern African region.

The destructive environmental and socio-economic
impacts of ENSO demand an improved understanding of
how ENSO and its influence on temperature will change
under greenhouse warming conditions (Kim et al., 2014).
Hence, our investigation on the relative strength of ENSO’s
influence on Ty« and Ty, through time take into account
regional warming. The 1976/1977 climatic shift of ENSO
activity resulted in more frequent El Nifio phases after 1976
(Trenberth et al., 2002). The influence of El Nifio phases on
Thmax strengthens when comparing the period 1940-1978
with 1979-2016 across all regions of South Africa (see
Table 5). Manatsa et al. (2018) suggest that post-1998, T,
was suppressed and T, enhanced, resulting in an increase
in diurnal temperature which discouraged low-level clouds.
Consequently, more solar energy reaches the earth’s surface
and increases Tp,,x. However, with the exception of the
northeastern and central interior regions, we also observe a
strengthening influence of El Nifio events on Ty, across all
regions.

A previous investigation of ENSO impacts on the West-
ern Cape summer climate and SSTs, where prevailing south-
easterly winds drive coastal upwelling, found that wind
speed is weaker (stronger) than normal during El Nifio
(La Nifia) phases leading to changes in SSTs (Rouault et al.,
2010). Notably, the growing influence of El Nifio events on
Tmax through time is stronger over the northern (1.11 °C)
and central (0.73 °C) interior regions than all other regions
tested in this study (see Table 5). Using a simple dynamical
model, it seems that the ENSO signal emerging from the tro-
pics was three times stronger in amplitude over the period
1978-1997 compared with 1958-1977 (Greatbatch et al.,
2004). Mo (2010) suggests that changes to the climatic
impacts associated with ENSO are possibly related to recent
changes in the number of El Nifio/La Nifia events and/or the
changing behaviour of ENSO under global warming condi-
tions. More recently, Sun et al. (2016) observed a stronger
influence of ENSO on summer surface temperatures over
western Russia and suggest that the enhancement of ENSO
teleconnections could be attributed to a change in the
ENSO-related tropical thermal forcing after 1980.

With the exception of the northeastern interior, all other
regions across South Africa record warmer 7),,x during La
Nifia events during the period 1979-2016 than earlier period
1940-1978. Hence, the cooling influences of La Nifia events

on Ty,.x have weakened during austral summer over the last
few decades. The greatest temporal decrease in Tj,,x during
La Nifia occurs over the northeastern interior (Table 5). This
is possibly due to stronger warming trends observed for the
more recent epoch, which also coincides with an intensifica-
tion of the warm Agulhas current along the east coast of the
country (Rouault et al., 2010). The cooling influence of La
Nifia events on Ty, also strengthens through time over the
western interior, while a decreasing influence is recorded
across all other regions (Table 5). This might, in part, be
owing to a reduced frequency of La Nifia events since the
late 1970s (Kane, 2009). As also suggested by Larkin and
Harrison (2005), the implication of such findings is that
composites for more recent decades should take preference
for seasonal forecasting than those for earlier ENSO events,
which no longer serve as adequate indicators for future
climate.

The results presented have important implications for
future research on ENSO-temperature relationships in
South Africa, given that little is known about the physical
processes responsible for surface temperature signals, such
as the role of water vapour, clouds and land surface proper-
ties (Zhang et al., 2011). ENSO events impact on global
mean surface air temperature because of heat exchanges
across ocean—atmosphere—land boundaries (Trenberth et al.,
2002; McPhaden et al., 2015), however, the physical mecha-
nism responsible for ENSO’s influence on climate over
South Africa is still largely unknown (Boulard et al., 2013).
Recently though, Manatsa ef al. (2018) suggest ENSO tele-
connection is mostly achieved through regulation of cloud
cover. It is also understood that the response of ENSO is
dependent on the phase of the Madden—Julian oscillation
(MJO) over the Northern Hemisphere (Shimizu et al., 2016).
However, it is still not fully understood how the combined
effects of ENSO and MJO manifest climatically over the
Southern Hemisphere (Shimizu ez al., 2016). In addition,
QBO, quasi-triennial oscillations (QTO) and the Southern
Annular Mode (SAM) may influence the impact of ENSO
events on temperature (Kane, 2009; Fogt et al., 2011), and
these need to be further investigated in combination
with ENSO.

5 | CONCLUSION

This paper demonstrates the importance of assessing the
impacts of El Nifio and La Nifia events on Tpax/Tmin inde-
pendently for different regions of South Africa. The variety
of Tiax/Tmin responses to El Nifio/La Nifia events (magni-
tude and timing) for the different regions have important
implications for regional disaster planning, given the
destructive environmental consequences of ENSO events.
Most notable is the strengthening/weakening influence of El
Nifio/La Nifia events on Tp,,x and T, when comparing the
periods 1940-1978 with 1979-2016. The strengthening
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influence of El Nifio on T},,x during austral summer through
time occurs across all regions of South Africa. Further stud-
ies are required to help improve the understanding of ENSO
teleconnections in the Southern Hemisphere and determine
whether changes in these teleconnections are a result of
global warming or internal decadal climate variability (Sun
etal., 2016).
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