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Abstract

The variability of annual river runoff and its possible association with the 1950-1998 seasonal El Niño/Southern Oscillation 
(ENSO) is investigated in 502 rivers gauged in 9 countries of the Southern African region. We found some evidence of possible 
links between available surface water resources in terms of mean annual runoff and warm ENSO events. This was revealed by 
the existence of strong and nearly-strong positive linear correlation between annual discharges and the warm seasonal ENSO 
indices explained by the sea level pressure (SLP) data. Of the 502 rivers we considered, 150 rivers exhibit strong positive cor-
relation between the December to February quarter ENSO indices and the annual runoff – with 25% of the variance in annual 
runoff being accounted for by the warm ENSO events. A relatively weaker positive correlation also occurred in 174 rivers we  
considered. The strong positive correlation occurs in parts of Zambia, Namibia, Mozambique and the lowveld in South 
Africa. In these parts of Southern Africa, there is evidence of a general decline in annual runoff after the mid-1970s compared 
to the period before it. These revelations are explored and are found to be partly explained by the high frequency of drought-
related warm ENSO phenomena that occurred during the same period. 
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Introduction

Significant correlations between large-scale regional precipita-
tion patterns and ENSO episodes have been identified for several 
specific regions around the world (e.g., Jury, 2003; Chiew et al., 
1998; Ropelewski and Halpert, 1987). On a seasonal time-scale, 
the ENSO phenomenon (Zhang et al., 1997) affects the atmos-
pheric circulation outside the tropics (Philander, 1990), and south-
eastern Africa tends to experience dry conditions during warm 
ENSO events (Jury, 2003; Ropelewski and Halpert, 1987). ENSO 
is an atmospheric phenomenon that has long been known to have 
a characteristic manifestation in Southern Africa whereby warm-
phase episodes are associated with droughts while cold-phase  
episodes lead to wetter than normal conditions. Mechanisms 
linking above-normal sea-surface temperature (SST) anomalies 
over the central Indian Ocean with Southern African droughts 
have also been explored (Jury and Pathack, 1991; 1993; Land-
man, 1995; Jury et al., 1996; Tennant, 1996; Landman and Klop-
per, 1998; Rautenbach, 1998).
 The ENSO phenomenon is one of the biggest players in the 
game of year-to-year climatic variability. As many research-
ers have now come to appreciate, these two phenomena typi-
cally occur in conjunction, about once every few years. The 
influence of ENSO events is profoundly felt outside the tropics 
as well (Jury, 2003; Rautenbach, 1998; Landman and Klopper, 
1998). A predictive model for the December to March rainfall 
season simulation for South Africa that considers ENSO influ-
ence in a canonical correlation analysis is provided in Landman 
and Klopper (1998). Due to the heterogeneous nature of rainfall, 
a large number of measurement stations are required for accu-
rate characterisation of rainfall patterns over large areas. River  

systems are comprehensive integrators of rainfall over large areas. 
Therefore, the ability to predict flow patterns in rivers will be 
highly enhanced if a strong relationship between river discharge 
and ENSO exists, and is quantified. Furthermore, understand-
ing of large-scale global atmospheric dynamics will enhance our 
understanding of regional/local systems of rainfall occurrence, 
which could improve understanding of river flow characteristics.
 In an attempt to address the relationship between ENSO and 
the natural variability in the flow of tropical rivers, Amaresek-
era et al. (1997) studied the Amazon, Congo, Parana and Nile 
Rivers. They investigated the existence of a stronger correlation 
between the annual discharges of these rivers and seasonal SST 
indices. A prevalence of below-normal rainfall occurrences in 
several regions of South Africa during El Niño years has been 
reported (e.g. Landman and Klopper, 1998; Rautenbach, 1998). 
Recent studies indicate that ENSO events can be accurately pre-
dicted one to two years in advance using a physical model of the 
coupled ocean-atmospheric system (Chen et al., 1995). Therefore, 
the motivation of this paper is to explore whether a relationship 
exists between river discharge and ENSO and to quantify the rela-
tionship in the Southern African river systems. Emphasis is given 
to the warm ENSO events to examine the possible link with the 
decline in runoff of this region in the period after the mid-1970s 
(Alemaw et al., 2001). 
 In this paper the relationship between seasonal quarter warm 
ENSO events in terms of the SLP anomalies data and annual  
discharge of the 502 rivers in the Southern African region is exam-
ined. The seasonal quarter ENSO indices are the three-month 
aggregate mean values of December to February (DJF), March 
to May (MAM), June to August (JJA) and September to Novem-
ber (SON). This analysis is specifically aimed at investigating 
the type and magnitude of possible correlations between warm 
ENSO events and the regional implications of the annual dis-
charge of rivers over the Southern African region. Possible expla-
nations are also presented for the possible link between the long-
term ENSO patterns and trends in annual runoff pattern and the  
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spatial coherence of the ENSO-discharge correlation over the 
region. Even though ENSO is quantified in terms of two differ-
ent indices, namely, SST and the sea-level pressure (SLP), in this 
study we have used the SLP anomaly data, which are also com-
monly used in the climate research community (e.g. Smith and 
Sardeshmukh, 2000; Jury, 2003; Rautenbach, 1998).

Data used

River flow data of 502 gauging stations from nine Southern 
African countries were acquired from the database of FRIEND 
(Flow Regimes from International Experiments and Network 
Data) Project coordinated at the University of Dar es Salaam. 
Quality of daily discharge data was checked and then annual 
runoff was extracted. The details of the data are summarised 
in Table 1. The catchments considered for this study have data 
records longer than 15 years. The location of the 502 chosen 
gauging stations used is presented in Fig. 1. The density of gaug-
ing stations is one station in every 6 060 km2 in South Africa 
and Swaziland compared to one station in 20 575 km2 for the 
rest of the region. The density of gauged catchments (Table 1) 
outside the Republic of South Africa and Swaziland is not suf-
ficient to draw definite conclusions regarding spatial variability 
of river flow in the region and its possible correlation with ENSO 
phenomena. In the FRIEND database, discharge data for the 502 
rivers were available from early 1950s up to 1998, and hence the 
study covered only this period. As more data that extend to 2005 
become available the study could reveal the recent phenomena. 
Therefore, this study may be treated only as a preliminary inves-
tigation.
 Monthly dataset of SLP anomalies are acquired from data-
base of the National Oceanographic and Aeronautics Adminis-
tration (NOAA) and are acquired from the Climate Prediction 
Centre (CPC) official web site. Figure 2 depicts the monthly 
SLP anomalies for the period from January 1950 to April 1998 
expressed in standard units, which is a measure of the pres-
sure difference between the central (Tahiti) and western Pacific  
(Darwin). 
 Coincident periods for both ENSO events and discharge 
were selected and analysed. Of the 16 El Niño events that have 
occurred in the century just ended, 8 of the strongest histori-
cal El Niño events have occurred since the 1950s. These have 
been recorded and much research is documented (e.g. Zhang 
et al., 1997; Philander, 1990). The years are from December to 
January of 1952/53, 1956/57, 65/66, 72/73, 82/83, 86/87, 91/92 
and 97/98. These El Niño years are similar to those defined by 
other researchers (e.g. Amarasekera et al., 1997; Chiew et al., 
1998). The selected periods were each split into 4 consecutive 

three-month quarters of December to February (DJF), March to 
May (MAM), June to August (JJA) and September to November 
(SON). The main reason for creating different subsets was to 
better capture the influence of ENSO on the rainfall as a proxy 
for catchment-hydrological response and by inference river dis-
charge.

Methodology  

The methodology used in this study comprised correlation anal-
ysis of the mean annual runoff and three-month quarter warm 
ENSO indices during the concurrent El Niño years considered. 
The seasonal cycle of each river is defined as a 12-month period 
starting from the month of lowest average discharge for each 
year. For each of the 502 rivers, the average monthly discharge 
is calculated and then the seasonal cycle of flow and the annual 
flow volume are determined. The type and magnitude of the cor-
relation is also investigated.  We have also attempted to explore 
the possible evidence of a link between the long-term ENSO  
patterns and trends in annual runoff pattern across the region of 
Southern Africa. 
 The variance accounted for by El Niño in the natural vari-
ability of river discharge of selected drainage basins in Southern 
Africa is established. In order to avoid possible lag correlation 
between seasonal discharges and seasonal SLPs, a correlation 

TABLE 1
Study catchments used in the study

Country No. of 
Sites

Catchment
area, km2

Proportion to 
total area, %

Botswana 
Malawi 
Mozambique 
Namibia 
S. Africa 
Swaziland 
Tanzania 
Zambia 
Zimbabwe 

13
24
14 
26

260 
22
47
24
72

39 493
51 088

1 912 669
1 026 922
1 673 838

35 029
63 856

1 042 521
390 083

2.6
4.8
2.8
5.2
51.8
4.4
9.4
4.8
14.3

 Total 502 6 235 499 100.0
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Figure 1
Location map and distribution of discharge gauging stations 

in the Southern African region used in the study
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Figure 2
Time series plots of aggregated 3-month mean sea-level pressure 
(SLP) anomalies expressed in standard units for December 1950 

to April 1998 [Data source: NOAA]
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analysis is conducted with the annual discharge, against eight 
quarters of SLP anomalies. Eight quarters are formed from four 
SLP quarters during El Niño years, and two quarters each before 
and after El Niño years.
 We measured the association between ENSO and river dis-
charges using the linear correlation coefficient, r (also called the 
product-moment correlation coefficient, or Pearson’s r). In order 
to assess whether a correlation is significant, we use the test statis-
tic, t, to identify the confidence level of the correlations between 
ENSO and the terrestrial hydrologic variable of river discharge. 
The test statistic, t, is defined by Hirsch et al. (1993) as: 

                     (1)

is distributed in the null hypothesis case (of no correlation) like 
Student’s-distribution with v = N-2 degrees of freedom. The 
confidence level, γ for t (r,v) is then computed as given in Press 
et al. (1992) as follows:
                   (2)

By combining Eqs. (1) and (2), the confidence interval, β =  
(1-γ)100% is computed (see Fig. 3 for the sample size of 8, which 
is the number of datasets attributed to the warm ENSO events 
that occurred during the period of analysis of 1950-1998). A 
confidence level γ indicates that (1-γ)100% of the variability is 
attributable to random variability. Fortran routines provided in 
Numerical Recipes (Press et al., 1992) are used to compute the 
confidence intervals. Before applying the test, we normalised the 
data and also demonstrated the possible loss of power of the t-test 
as a result of the small sample size considered as shown in Fig. 3 
for a sample size of 8, 16 and 32.  

Results and discussion

A correlation coefficient between seasonal warm ENSO indices 
and annual discharge of a typical river in Malawi over 8 consecu-
tive quarters is shown in Table 2. It shows that the mean annual 
discharge of the river considered is positively correlated with the 
four quarter SLPs observed during the El Niño years. Amongst the 
8 quarters, a strong positive correlation (r>0.52) between annual 
discharges seems to be apparent in the rainy season DJF quarter. 
The confidence level of the correlation coefficient for quarter DJF 
is about 80% (Fig. 3). The positive correlation diminishes for the 
other seasonal quarters, and the correlation becomes negative in 

the quarters that precede and follow the El Niño years. For this 
reason, we studied the correlation between the DJF quarter warm 
ENSO indices and annual discharge of the rivers.
 Figure 4 shows the correlation between the annual discharge 
of the 502 rivers considered across the Southern African region 
and the three-month mean warm ENSO indices of December to 
February (DJF). In Fig. 4 the correlation coefficients are marked 
at the locations of the discharge gauging stations. Figure 5 is a 
summary of the correlation coefficient for the 502 rivers. 
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Figure 5
Summary of coefficients of correlation between December to 
February ENSO and mean annual discharge of 502 rivers in 

Southern Africa during El Niño years of 1950-1998

Figure 3
Relation of the correlation coefficients and the confidence 

intervals used in the study

Figure 4
Correlation between the annual discharge of the 502 rivers con-
sidered and the December to February (DJF) mean ENSO in the 

region of Southern Africa

TABLE 2 
Coefficients of cross-correlation between 
quarterly SLP anomalies and mean annual 
discharge during El Niño years of a river at 

station 65312109 in Malawi
Season Cross-correlation,  r                     
Jun,Jul,Aug     (-)
Sep,Oct,Nov   (-)
Dec,Jan,Feb
May,Apr,May
Jun,Jul,Aug
Sep,Oct,Nov
Dec,Jan,Feb   (+)
Mar,Apr,May   (+)

-0.57
-0.51
 0.52
 0.47
 0.24
 0.43
-0.45 
-0.79

(-)  quarters preceding El Niño year
(+) quarters following El Niño year
Confidence intervals as per Figure 3
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 In general, during El Niño years, of the 502 rivers we con-
sidered positive correlation prevails in 324 rivers (i.e. 65%). The 
variability in the annual flow of 150 rivers is strongly positively 
correlated (0.5 to 1.0) with the DJF ENSO index during the  
8 El Niño years considered – with more than 25% of the variance 
in annual discharge being accounted for by the El Niño event. 
During the same rainy season (DJF quarter), smaller but posi-
tive correlation (0 to 0.5)  occurred in the 174 rivers. During the 
same season negative correlations (0 to -0.5) and (-0.5 to -1.0) 
are prevalent in 103 and 75 rivers, respectively, which account 
for 35%  of the rivers we considered. 
 The positive correlation between warm ENSO phenomena 
in some parts of Southern Africa is an indication of the decline 
in river runoff associated with the corresponding below-normal 
rainy season rainfall in the region during El Niño years. Simi-
lar  findings of the occurrence of below-normal rainfall amounts 
from December to March during El Niño years have been noted 
in South Africa (Landman and Klopper, 1998). Noting the 
warm ENSO positive association with drier rainfall conditions 
in Southern Africa (Ropelewski and Halpert, 1987), this study 
further reveals evidence of possible below-normal discharge or 
discharge reductions during El Niño years.

Long-term trends in warm ENSO and river flow

A number of climate indicators are noted to have changed in 
1976, especially around the Pacific Basin. As can be seen on 
Fig. 2, before the mid-1970s El Niño seems to have occurred 
with about equal frequency, each at intervals of about 3 to 7 
years, and between 1976 and 1995 alone, there have been about 
9 El Niños (using a 6-month average of the Southern Oscilla-
tion Index of -0.50 as the criteria, or one every 2.2 years). There 
has been just one moderate La Niña in that interval (1988-89) 
and a rather weak La Niña (not even counted by some) in 1996-
97. Longer perspectives, since 1860, indicate that the 1976-1997 
period is quite unlike any other in the record. This is a source of 
considerable puzzlement at this time. 
 This analysis of the long-term trend of the El Niño phenom-
enon over the period 1950 to 1998, depicted in Fig. 2, supports 
the findings of decline in river runoff of several rivers in South-
ern Africa (Alemaw and Chaoka, 2002; Alemaw et al., 2001). 
The authors used the automatic series segmentation technique 
of Hubert (1989; 1997), followed by the split-sample test of two 
sample mean differences at a significance level of 5%. Of the 
502 rivers considered, a statistically significant decline in the 

annual river runoff is reported in 130 rivers. The histogram of 
decline periods identified in the aforementioned study is shown 
in Fig. 6. Most of the decline occurred since the mid 1970s. The 
rivers where decline prevailed are found in the southern parts of 
Zambia, Namibia, Mozambique and the lowveld in South Africa 
as provided in Alemaw et al. (2001). The decline in the flow of 
the majority of the rivers since the 1970s (Fig. 6) can possibly be 
a mere reflection of the effect of the long-term trend of El Niño 
phenomena. 
 
Conclusions

This study revealed that a strong positive correlation exists 
between the 1950-1998 warm ENSO indices (explained by the 
SLP anomalies) and annual discharge of the 502 rivers in the 
Southern African region. We have also found during the El 
Niño years that a significant variance of the annual flow regime 
is accounted for by the El Niño phenomenon. The correla-
tion is strong (r>0.5) in 150 rivers during the rainy season of 
December to February (DJF), with confidence intervals reach-
ing above 80%. It signifies the possible association of year-to-
year variability of river runoff with El Niño phenomena, the 
latter accounting for over 25% of the variability of the former. 
Positive correlations of less than 0.5 are evident in 174 rivers.  
On the other hand, in the long-term sense, more frequent El Niño 
episodes have occurred since the mid-1970s than before (Fig. 3) 
that imply a strong implication of recent recurrent droughts dur-
ing this period.
 The recent recurrent decline of river runoff, predominantly 
in the mid- 1970s, in the river flow regimes of Southern Africa 
seems to be associated with the same period prevalence of the 
high frequency of drought-related ENSO phenomena. The cor-
relation between ENSO phenomenon and discharge of rivers in 
the Southern African region further confirms that the El Niño 
phenomenon is one of the major contributors in the year-to-year 
natural variability of runoff in the region. 
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