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Summary

The dominant climatic mode responsible for seasonal rain-
fall variability across central southern Africa has been
well-established as ENSO. Hence, the El Nino signal of
the equatorial Pacific has been used extensively to predict
droughts in this sub-region. Although this paper acknowl-
edges that El Nino influences rainfall deficits over eastern
southern Africa, an earlier signal of extreme positive sea
level pressure (SLP) anomalies at Darwin for the averaged
March to June period (MAMIJ Darwin) has proved to have a
superior remote connection to droughts in the sub-region.
Simple linear statistical tools including composite tech-
niques and correlation methods have been employed on
century long data sets (1901-2000) to identify the emerging
paramount connection between MAMJ Darwin SLP
anomalies and southern African rainfall.

Both MAMJ Darwin SLP anomalies and the Zimbabwe
seasonal rainfall time series are significantly correlated
(above the 95% significant level) with sea surface tempera-
ture anomalies. These represent the Indian Ocean Dipole
mode in the tropical Indian Ocean and ENSO in the tropical
Pacific for the averaged September to December period.
‘Pure’ MAMJ Darwin (that occur in the absence of El Nino
in the Pacific) coincide with droughts more significantly
(83% hit rate) than ‘pure’ El Nino events (not preceded
by a high MAMIJ Darwin) (38% hit rate). Co-occurrences
(MAMIJ Darwin preceded by El Nino) do not only have the
highest hit rate of 93% but subsequent droughts are notice-
ably more severe. The ‘pure’ El Ninos however, are not only
poorly related to Zimbabwe seasonal rainfall deficits, but
are apparently not connected to extreme droughts of the
20™ century. Thus, MAMJ Darwin is a good simple predictor

of droughts associated with or without ENSO in the Pacific.
The high prediction skill of these results, especially the
inherent longer lead-time than ENSO, makes MAMJ Darwin
SLP anomalies an ideal additional input candidate for sub-
regional drought monitoring and forecasting schemes. In this
way, drought early warning and disaster preparedness activ-
ities can be enhanced over the sub-region.

1. Introduction

1.1 Drought disaster in Southern Africa

Southern Africa, which is largely semi-arid, is
characterised by high seasonal rainfall variability
(Rasmusson and Eugene, 1987) and as such
drought periods occur with relatively high fre-
quency and severity. Because of the low socio-
economic status of the sub-region, droughts, easily
become natural disasters. The main problem is
that, although drought is of recognisable recur-
rence, regional seasonal weather forecasts still
present low levels of confidence and accuracy.
Agriculture, which is predominantly rain-fed,
forms the backbone of the economy of the re-
gion. Failure of the rainfall regime is more likely
to cause serious disruption to the natural as well
as to agricultural ecosystems and lead to a corre-
sponding failure of many sectors of the economy.
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This condition would readily translate into untold
suffering and even death among the already vul-
nerable, predominantly poor rural populations of
the region (e.g. World Bank, 2006). For example,
from 1982 to 1984, maize yields south of the
Zambezi valley declined to 10% of historical
values and 80% of livestock perished (Makarau,
1995). In the 1992 drought, water availability be-
came critical as 90% of small dams dried up in
Botswana, South Africa, Zimbabwe and Namibia
(Jury and Mwafulirwa, 2002).

A reduction in drought-related impacts could
be achieved, with the provision of reliable drought
predictions, with adequate lead-times. Forecasting
droughts in this sub-region has not been reliable in
recent years, a result of the challenges of develop-
ing early warning skills appropriate to the climat-
ic and agricultural conditions prevailing in the area
(Cane et al., 1994; Waylen and Henworth, 1996;
Phillips et al., 1998). Thus, in this paper we attempt
to address the drought forecast skill as well as the
lead-time constraint by proposing an alternative
simple drought predictor for southern Africa. In
this way we hope the related adverse effects of
these climate fluctuations might be mitigated.

1.2 El Nino Southern Oscillation (ENSO)

Important progress is being made in relation to
the possibilities of using the El Nino Southern
Oscillation (ENSO) in seasonal prediction. ENSO
events in the equatorial Pacific have long been
believed to be the major mechanism for seasonal
rainfall variation of southern Africa (Ropelewski
and Halpert, 1987; Matarira, 1990; Shinod and
Kawamura, 1996; Rocha and Simmonds, 1997).
Hence, recurring droughts are attributed mostly
to the influence of El Nino. As such, recent devel-
opments in seasonal rainfall forecasting techniques
in southern Africa have come to rely heavily on
ENSO related predictability (Washington et al.,
2003). From 1998, the Southern African Devel-
oping Countries (SADC) Drought Monitoring
Center (DMC Harare), in conjunction with the
International Research Institute (IRI, USA), have
organized annual Southern Africa Regional
Climate Outlook Forums (SARCOF) in order to
develop seasonal forecasts using ENSO indices
as the primary predictors.

It is important to note that the timely and appro-
priate implementation of policies and measures to

prevent a drought from becoming a disaster large-
ly depends on the lead-time. This crucial factor is
not adequately provided by ENSO indices, as they
inherit a lead-time constraint. They can only be-
come useful with considerable skill for the users
towards the beginning of the season. In the case of
agriculture several months lead-time is essential to
enable farmers to make decisions regarding the al-
tering of crop and agricultural systems in order to
cope with forecasted droughts (Paulo et al., 2005).

Relying on ENSO indices alone for sub-region-
al drought prediction also presents additional prob-
lems related to forecast skill. In previous years,
ENSO events have failed to explain all extreme
rainfall events (Fauchereau et al., 2003; Rouault
and Richard, 2005). For example, in Zimbabwe,
only three of the seven extreme droughts of the
20" century occurred during El Nino. The most
intense El Nino of the century (1997/98) was
related to a small deficit in total seasonal rainfall.
The strong La Nina of 1967/68, which is sup-
posed to present an influence opposite to that of
El Nino, was linked to a very severe drought. This
may indicate that the influence of ENSO events
has been overrated, especially as a major cause
of the sub-region’s droughts. Hence, it is appro-
priate to focus attention on identifying and in-
vestigating other plausible climate forcing factors.

1.3 Indian Ocean Dipole (I0OD) mode

Apart from the global scale ENSO influence,
many authors have pointed out that inter-annual
rainfall variability over large parts of southern
Affica is linked to sea surface temperature (SST)
anomalies over the surrounding Indian Ocean
(I0) (Walker, 1990; Reason, 1999; Reason and
Mulenga, 1999). They link the warming of the
western equatorial IO to dry conditions over
southern Africa. This area also coincides with the
western pole of a phenomenon that is believed to
occur in the 10. This phenomenon is referred to
as the Indian Ocean Dipole (I0OD) mode, which
is believed to be one of the major ocean-atmo-
sphere coupled phenomena in the tropical 10 (Saji
et al., 1999; Webster et al., 1999; Yamagata et al.,
2002; Behera et al., 2005). The I0OD is an anom-
alous periodic climate mode that occurs inter-
annually in the tropical parts of the 10. It involves
radical changes in standard ocean-atmosphere
conditions and/or interactions between the east-
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Fig. 1. Location map of the study area. Map of the Indian Ocean indicates the region of the Zimbabwe seasonal SPI values
(Zim SPI, Standardised Precipitation Index), the Darwin Sea level Pressure anomalies and the western Tropical Indian Ocean
SST sector. The shaded region shows the major areas used to define the IOD

ern and western regions, with a peak period from
September to November (Yamagata et al., 2003).

The 10D mode appears to have a complicat-
ed relationship with ENSO, occurring at times
of ENSO extremes and at other times when
the Pacific is not anomalous (Clark et al., 2000;
Reason et al., 2000; Saji et al., 1999; Webster
et al., 1999). Its complexity together with its short
research history, has led some researchers such as
Baquero-Bernal and Latif (2002) and Allan et al.
(2001) to question its existence as well as its in-
dependence from ENSO. Chambers et al. (1999)
related this IO SST dipole as an extension of the
Indo-Australian node of the Southern Oscillation
(S0O) component of ENSO into the Indian Ocean.
However, the physical existence of the IOD has
been amply demonstrated by showing that the
IOD is an internal coupled mode in the Indian
Ocean, which at times co-occurs with the ENSO
in the Pacific (Saji et al., 1999; Webster et al.,
1999; Lizuka et al., 2000; Murtugudde et al.,
2000; Yamagata et al., 2002).

Several studies (Mutai et al., 1998; Clark,
2003; Behera et al., 2005) have found the short
rains of eastern Africa to be strongly related to
the IOD. Research by Jury et al. (2002) on the
IOD shows that the east African rainfall regime
shares maritime convection with the 10, while
convection over southern Africa is inversely re-
lated. Our preliminary results indicate that most
of the positive IOD events from 1958 (the IOD
data period available) are associated with sub-
normal seasonal rainfall over Zimbabwe.

1.4 Darwin Sea Level Pressure (SLP)

The overwhelming influence of the IOD is not
only in the western IO but also in the eastern

10, where its main domain of influence includes
Darwin SLP (Behera and Yamagata, 2003; Behera
et al., 2005). Darwin also forms part of the west-
ern pole of the SO, which is the atmospheric
component of ENSO. In view of this, Darwin
SLP then becomes an interesting element to
study, not just because of the impressive contin-
uous and homogeneous pressure anomaly data
for the 100 year study period, but also because
it has a strong signature in both the ENSO and
IOD events. The assumption is that if both phe-
nomena influence droughts over the sub-region,
then Darwin SLP should possess predictive prop-
erties common to both ENSO and IOD. An at-
tempt is made to establish Darwin SLP’s superior
association with Zimbabwe droughts, from a pre-
diction point of view. Therefore, ways in which
Darwin SLP anomalies influence Zimbabwe sea-
sonal rainfall in conjunction with (and inde-
pendent of) ENSO during the 20" century are
explored. The stability of these relationships dur-
ing this period, especially how the tropical climate
shift of 1976 could have influenced this century
long association, is investigated. Figure 1 shows
the location of areas referred to in this study.

2. Data and analysis

2.1 Rainfall data

A 100 year time series of aerially averaged sea-
sonal rainfall (1901-2000) for Zimbabwe was
obtained from the Zimbabwe Meteorological
Services Office. The seasonal rainfall data are for
the months October to March. These were derived
from the average of ten rainfall stations with
rainfall time series exceeding 100 years and lo-
cated across the country. The country area-aver-



4 D. Manatsa et al.

aged rainfall data were considered to improve the
signal to noise ratio, compared to the use of indi-
vidual station data.

2.2 ENSO data

The Southern Oscillation Index (SOI), as well as
standardised monthly SLP datasets for Darwin,
were provided by the NOAA, National Weather
Service, Climate Prediction Center website. The
standard ENSO phases for the century long study
period are derived from the Japan Meteorolog-
ical Agency (JMA) http://www.coaps.fsu.edu/
products/jma_index.php.

2.3 The 10 Sea Surface Temperatures (SSTs)

The IO and Pacific SST processed files were
downloaded from the NOAA ftp site and cover
the period 1950 to 2001. The spatial sea surface
temperature data were extracted from the area
that covers the tropical Indian and Pacific Oceans
(Fig. 5a and b).

2.4 The Standardised Precipitation Index
method (SPI)

The SPI method is used as it is able to return
fundamental parameters in the analysis of oc-
currence of different drought types over the last
century in terms of severity, magnitude and fre-
quency. These are the parameters that are of ma-
jor concern in drought prediction. McKee et al.
(1993) developed the Standardized Precipitation
Index (SPI) for the purpose of defining and
monitoring drought, and this has become the
most widely used drought index (Vicente-Serrano,
2005). Conceptually, the SPI is equivalent to the
Zscore, Which is often used in statistics. A com-
prehensive method for computing the index can
be found in Guttman (1999).

The SPI calculation is similar to a Zy., Which
is calculated as Zgore = £, where Zgore ex-
presses the seasonal rainfall (R) score distance
from the seasonal average R in standard devia-
tion (o) units. Since typical rainfall data are posi-
tively skewed, a pre-adjustment to this standard
Zscore formulation becomes necessary. This is
done by transforming the rainfall data to a more
normal or Gaussian symmetrical distribution by
applying the gamma function. After the rainfall

data have been transformed, the SPI is calculated
in a manner that mirrors the Z. and may be
interpreted similarly. Thus, the value of the SPI
becomes the number of standard deviations above
or below the seasonal mean. Theoretically, the
SPI is unbounded empirically but it is extremely
rare to observe values greater than +0.3 and less
than —0.3. In this study, the rainfall time series is
for the time scale of six months (October to
March), which constitute the rainfall season for
Zimbabwe. The Zimbabwe seasonal SPI values
(Zim SPI) are calculated using an SPI pro-
gram available at http://www.drought.unl.edu/
monitor/SPI/program /program. The SPI is posi-
tive for a seasonal rainfall surplus over the 100
year mean and negative for a deficit. The degree
of negative deviation is an indicator of drought
and the reverse is true for a positive deviation.
The values of the Zim SPI, their frequency
probabilities and nominal class descriptions are
provided in Table 1. The Zim SPI nominal clas-
sification is done using the Agnew (1999) SPI
scale that uses the 5%, 10% and 20% occurrence
probability. However, this Agnew scale is modi-
fied as it classifies some historical regional rainfall
seasons as normal but were in fact documented
as droughts/wet seasons. Thus, in adapting the
scale to the region the 33.3% (tercile) occurrence
probability is included, which is traditionally
used within the southern African region to define
drought/wet season thresholds. In this way an-
other class of mild drought/slight wet seasons is
added to the original Agnew scale. The new scale

Table 1. Seasonal rainfall classification by Zim SPI value
and corresponding event probabilities according to Agnew
(1999). Note that the 21-33.3% occurrence probabilities (in
italics) have been added to the Agnew classification so as to
accommodate the tercile (33.3%) method used to classify
wet and dry seasons over the southern African region

SPI value Occurrence Nominal SPI class
occurrence (%)

>1.645 <5 Extremely wet
1.644 to 1.282 6—10 Severely wet
0.842 to 1.281 11-20 Moderately wet
0.524 to 0.841 21-33 Slightly wet
—0.523 to 0.523 34-50 Normal

—0.841 to —0.524 21-33 Mild drought

—1.281 to —0.842 11-20
—1.644 to —1.282 6-10
< —1.645 <5

Moderate drought
Severe drought
Extreme drought
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shown in Table 1. Note that Table 1 also shows
that the Zim SPI is symmetrical for the occur-
rence of wet and dry seasons.

2.5 Darwin pressure anomaly index calculation

Four-month averages are used in order to remove
non-representative transient and local effects and
obtain at least seasonal values for the index for
SOI and Darwin pressure anomalies. The corre-
lation functions between Zim SPI and each of
the two indicators, the SOI and Darwin sea level
pressure anomalies, are calculated by starting
with the indicator’s four-month averaged time
series from January to April (JFMA) and then
sliding it up by one month to the averaged
September to December (SOND) period. The
averaged period has been chosen to include the
first part of the regional rainfall season, October
to December (OND). This is expected to provide
the monthly time evolution of the relationships of
the two indicators of interest prior to and includ-
ing at least the first part of the rainfall season.
The highest significant association, which
offers the longest lead-time, of the four-month
averaged Darwin pressure anomalies is further
converted into an index and categorised. High
positive (negative) values > +0.6 (< —0.6), rep-
resent the high positive (negative) Darwin phase
of the index and the values in between represent
the neutral phase. The methodology is analogous
to the determination of El Nino, La Nina and
Neutral phases of the ENSO index. Thus, we
have High Positive and Negative Phases repre-

senting the averaged Darwin pressure anomaly
extreme phases of the cycle just as El Nino and
La Nina represent the extreme phases of the
ENSO cycle.

3. Results and discussion

3.1 Comparing lead times of Darwin pressure
anomalies and ENSO

Correlation analysis is used to identify the period
lags for which the SOI and Darwin pressure
anomalies are significantly correlated with Zim
SPL It is also a strategy to determine the longest
lead-time to the onset of Zimbabwe summer rain-
fall season. Progressively lagged four-month av-
eraged Darwin pressure anomalies and the SOI
are correlated with Zim SPI with the results
shown in Fig. 2.

The correlation patterns show the consistently
negative and positive association of Zim SPI with
the Darwin pressure anomalies and the SOI,
respectively. The Tahiti pressure anomaly corre-
lation with Zim SPI has not been included in the
diagram as the association is similar to that of
the SOI but less pronounced. The association of
Zim SPI and Darwin is statistically significant
throughout the period of concern except for
JFMA but the SOI-Zim SPI relationship becomes
significant (above the 99% confidence level) from
the averaged AMJJ period. The Zim SPI correla-
tion with Darwin and the SOI brings out not only
the variability but also the significantly different
temporal evolution of SLP in the eastern IO and
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the equatorial Pacific. However, the earlier rela-
tionship suggests the existence of IO SLP oscil-
lations that exhibit significant dual maximal
correlations (Fig. 2). No direct physical relation-
ship between the Zim SPI and Darwin pressure
anomalies at such relatively long lags, especially
with the first peak, is plausible.

Figure 2 also shows that Darwin has its initial
peak correlation of —0.33 (significant above the
99% confidence level) for MAMI, four months
prior to October, the month for the earliest onset
of the Zimbabwe rainfall season. An equally
strong correlation for Zim SPI and SOI is real-
ised two months later for the period MJJA. (Note
that the MJJA is the averaged period normally used
at SARCOF for sub regional seasonal forecasts
which are issued in mid-September.) However,
both SOI and Darwin anomalies have maximum
associations with Zim SPI simultaneously for the
averaged period August to November (ASON).
Both correlations tend to be strongest at the begin-
ning of the rainfall season but gradually weaken as
the SLP anomalies coincide with the main rains of
the season (DJFM).

It is then determined that the most useful ante-
cedent parameter with the longest lead-time be-
tween the two time series investigated appears to
be the trend of Darwin SLP anomaly for the av-
eraged period of MAMIJ. Although it is quite
evident that the Zim SPI-Darwin relationship
is significantly different from the Zim SPI-SOI
association, it has to be recognised that Darwin
directly influences ENSO as it forms the other
pole of the SOL

3.0

3.2 Relationship between the Zim SPI
and the MAMJ Darwin index

The nature of the statistical linear relationship
between Zim SPI and Darwin has been estab-
lished using the correlation method. However,
this method only captures the phase relationship
thus prompting further investigation to confirm
the corresponding amplitude variation. Thus, in
this section we analyse the amplitude association
between Zim SPI and MAMIJ Darwin SLP
anomalies, particularly during the extreme years.
A graph drawn for the closer investigation of the
relationship of the two time series is shown in
Fig. 3. The Zim SPI with the positive values
represent the relative magnitude of excess sea-
sonal rainfall, and the negative shows the rela-
tive seasonal deficit. The corresponding pressure
anomalies of MAMJ Darwin are also shown.
The inter-annual variations of MAMJ Darwin
and Zim SPI series show some seemingly ran-
dom fluctuations. When both are smoothed using
a five-year filter the variability reveals inversely
related alternate epochs of above and below nor-
mal regimes. This suggests that the occurrence of
a positive MAMJ Darwin phase tends to enhance
the Zimbabwe seasonal rainfall and the negative
phase diminishes it. The most notable feature of
these two indices is the year-to-year persistence
that characterises much of their variability in the
20" century. This long-lived persistence is also
highlighted by the 5-year running averages of the
indices. Of note during the century is the longest
period from the late 1970s when the Zim SPI is
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predominantly negative while the MAMJ Darwin
is predominantly positive.

It can be noted from Fig. 3 that this inverse
relationship is more pronounced in extreme
MAMIJ Darwin and the corresponding Zim SPI
relationship. About 10 of the 15 (67%) high neg-
ative MAMIJ Darwin phases coincide with sea-
sonal rainfall excesses (positive Zim SPIs), but
more interesting is the coincidence of 24 of 29
(83%) of high positive MAMJ Darwin phase (see
also Table 2) with seasonal rainfall deficits.

3.3 The superior role of MAMJ Darwin over
El Nino as a major simple drought predictor

We shall refer to high positive MAMJ Darwin
SLP anomalies simply as MAMJ Darwin. The
hit rate of 83% of MAMJ Darwin with Zimbabwe
seasonal rainfall deficits is by any standard very
high. Therefore, we further compare this perfor-
mance with that of ENSO which is the traditional
simple drought prediction index used over the
sub-region. It should be noted that these two are
independent events but they do co-occur at vari-
ous times. This prompts the separation of the co-
occurring events so as to assess each event in its
individual capacity (i.e. without the influence of
the other). This is also done in order to avoid the
expected mis-interpretation that the Darwin SLP
anomalies are just the result of ENSO. In this
endeavour, we extract ‘pure’ MAMJ Darwin
events which occur during non-ENSO years,

1.0

‘pure’ El Nino events, which occur without the
pre-occurrence of MAMIJ Darwin and then the
co-occurrence events, when high MAMJ Darwin
occur during El Nino years. Hence the perfor-
mance of these three events is then measured
against individual coincidences with the season’s
nominal classification of Zim SPI (Table 1) (ac-
cording to its influence an dryness or wetness).
It is interesting to note that when these two
events, MAMIJ Darwin and EI Nino, are analysed
concurrently, the hit rate significantly improves
with increased sub normal seasonal rainfall. For
example, they coincide with >60% of seasonal
rainfall deficits, (28 out of 47), 65% of slight
drought or worse (20 out of 31), 75% of moder-
ate droughts or worse, 70% of severe droughts or
worse, and finally 71% of extreme droughts of
the century (5 out 7). The remaining percentages
are accounted for by other events. This shows that
these events are more strongly linked to atmo-
spheric processes, which considerably suppress
seasonal rainfall activities, than to all other events.
Figure 4 shows how these events, in their pure
form as well as in co-occurrences, coincide with
the Zim SPI. The solid lines above and below the
x-axis demarcate the moderately wet and drought
categories, respectively. It is interesting to ob-
serve that ‘pure’ El Nino events coincide more
with rainfall surpluses than droughts, but when
accompanied by MAMJ Darwin, the coincidences
with droughts become predominant. Likewise
‘pure’ MAMJ Darwin events coincide with more
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Fig. 4. Zim SPI relative to pure’
El Nino ‘pure’ MAMIJ Darwin
and co-occurrence events. The
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occurred during the period 1901—
2000. Negative values of Zim SPI
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Table 2. Cross tabulation of the event composites with their respective Zim SPI nominal class. (Note that other events have been

added to account for other unspecified events)

Darwin high  El Nino  ‘Pure’ ‘Pure’ Co-occurrences  Other  Century

phase phase Darwin  El Nino events  total
Extreme drought 5 3 2 0 3 2 7
Severe drought 1 2 0 1 1 1 3
Moderate drought 6 3 4 1 2 2 9
Slight drought 4 3 2 1 3 6 12
Normal dry 8 4 4 0 4 8 16
Normal wet 2 2 1 1 0 15 17
Slightly wet 2 4 1 3 1 12 17
Moderately wet 1 1 1 1 0 8 10
Severely wet 0 0 0 0 0 3 3
Extremely wet 0 0 0 0 0 6 6
Total deficits 24 15 12 3 13 19 47
Century total events 29 22 15 8 14 63 100
Seasonal deficits/total events (%)  83% 68% 80% 38% 93% 30% 47%

droughts. The most important observation here
is that during the occurrence of these events,
whether in isolation or otherwise, it is extremely
rare for corresponding Zim SPI values to exceed
the slightly wet threshold. Only two barely ex-
ceed the moderately wet threshold (see Fig. 4).
A more detailed analysis is presented with the
aid of Table 2. Here, the performance of the three
events is clearly illustrated as well as the super-
iority of MAMJ Darwin over El Nino. MAMJ
Darwin, in general, has 83% coincidences with
seasonal rainfall deficits of the century. Similar
calculation with El Nino shows that only 68% of
the El Nino years coincide with seasonal rainfall
deficits. It is interesting to note that co-occurrences
of the two events have overwhelming coincidences
with seasonal rainfall deficits, with 13 out of 14
(93%) events. Nevertheless, the suppression of the
seasonal rainfall total for the remaining co-occur-
rence event is evident as it is classed only within
the slightly wet category. On the other hand, the
independent El Nino has a low coincidence rate
of 3 out of 8 (38%) with seasonal rainfall deficits.

As far as linking the seven extreme droughts of
the century is concerned, these ‘pure’ El Nino
events seem not to be ralated. They do not coin-
cide with any (0%) extreme droughts during
the century. Two droughts coincide with ‘pure’
Darwin, three with co-occurrences and the re-
maining two with yet unspecified events. Once
again, co-occurrences are dominant with ‘pure’
El Nino being the least influential. Table 2 shows
these events along with their corresponding Zim
SPI nominal classification.

In order to assess the average seasonal perfor-
mance during the three events, event composites
are constructed for ‘pure’ El Nino, ‘pure’ Darwin
and co-occurrences. Table 3 shows the mean
values of the Zim SPI during the respective event
composites as well as their nominal classifica-
tion. It can be seen that the co-occurrence event
composite has the moderate drought, followed by
‘pure’ Darwin with slight drought. On average
the ‘pure’ El Nino event composite has a small
negative value (close to zero), which is classified
as normal dry.

Table 3. Composites for ‘pure’ MAMJ Darwin, ‘pure’ El Nifo and co-occurrence events during the 20™ century showing the

mean Zim SPI classification

Number of seasons
in the composite

Event composite

Mean Zim SPI Mean Zim SPI classification

‘Pure” MAMJ Darwin 15
‘Pure’ El Nino 8
Co-occurrence 14

—0.54 Slight drought
—0.02 Normal dry
—0.84 Moderate drought
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We also investigated the sensitivity of this
approach to the precise index of ENSO used to
define the phases. We checked with the Nino 3.4,
Nino 3, as well as the multi-variate ENSO index
(http: / /www.cdc.noaa.gov /people/klaus.wolter/
MEI/) and concluded that the results are largely
insensitive to the precise ENSO index. Analysis
of the opposite phase relationships with ENSO
and MAM]J Darwin are beyond the scope of this
study as we are only interested in seasonal rain-
fall deficits.

3.4 Linking MAMJ Darwin SLP anomalies
and Zim SPI to the tropical 10 SSTs

In this section we analyse the correlation coeffi-
cient patterns for Zim SPI and MAMJ Darwin
SLP anomalies with respect to SOND SST data
for the tropical Indian and Pacific regions. We
specifically selected for analysis the averaged
period of SOND so as to coincide with the per-
iod when the IOD and ENSO are at their peak
(e.g. Yamagata et al., 2003). Consequently, the
link, which has been missing between MAMIJ,
Zim SPI and the tropical 10 SSTs, becomes
apparent.

Figure 5a and b show a simple correlation
structure of Zim SPI with SSTs in the Indian and
Pacific regions that resembles closely the IOD and
ENSO in their respective basins. Another way of
interpreting the results is that the rainfall anoma-

lies of southern Africa are related significantly to
the two phenomena. In other words, rainfall def-
icits are associated with the warming of the west
10 and east Pacific as well as cooling of the east
I0. One can conclude that IOD events occur as
part of ENSO as postulated by Banquero-Bernal
et al. (2002). As a result, one concern immedi-
ately emerges; whether IOD is independent from
ENSO in its influence. This debate is beyond the
scope of this work. Of importance here is that,
MAMIJ Darwin and Zim SPI map significant cor-
relation coefficients of IOD and ENSO-like pat-
terns with the SOND averaged SSTs in the 10
and Pacific, respectively. Hence, MAMJ Darwin
can predict to some extent, the IOD as well as
ENSO.

We also note that the correlation coefficient
values are higher over the IOD than over the
ENSO SST region in the Pacific. Both MAMIJ
Darwin and Zim SPI have higher significant cor-
relation coefficient (above 95% significant level)
values that are by far more extensive over the
western region of the 10 than over the eastern
region. However, the magnitude of the correla-
tion coefficients in the 10 is generally higher for
the MAMJ Darwin SLP anomalies than for Zim
SPI. Therefore, it may now become highly prob-
able that the MAMJ Darwin SLP anomalies are
linked to the Zimbabwe seasonal rainfall vari-
ability through processes taking place in the trop-
ical 10, especially the western region.

18E 75E 132E 171W

Fig. 5. Correlation coefficient
patterns for Zim SPI (a) and
MAMIJ Darwin SLP anomalies

ﬂil (ﬂ N,
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(b) with SOND SST data for
the region of the Pacific and 10
(1951 to 2000). Threshold corre-
lation coefficient values of +0.37
and £0.27 are statistically sig-
nificant at the 99% and 95% con-
fidence levels, respectively, using
a two-tailed #-test. Note that the
dipole SST pattern in the IO is
clearly visible
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3.5 Temporal stability of the Darwin anomalies
and ENSO during the 20™ century

In this section we investigate the temporal sta-
bility of Darwin pressure anomalies and ENSO
during the century. This is crucial should devel-
oping a better predictive scheme become neces-
sary. Since any predictive scheme depends on the
stability of the empirical relationship of the pre-
dictor and the predictand over time, we evaluate
the temporal stability of the association of Zim
SPI with the SOI and MAMJ Darwin. We notice
that the most probable factor which could have
affected these relationships significantly over the
century is the well-documented 1976 climate shift
(Trenberth, 1990; Graham, 1994; Terray, 1994;
Wang, 1995; Trenberth and Hoar, 1996; Behera
et al., 2005) in which there were significant SST
increases found in the tropical oceans including
the 10. Therefore, we initially look at how this
shift affected the SOI and Darwin SLP in their
individual capacity before investigating the ef-
fects on their relationships with Zim SPIL.
Figure 6a shows the time series of MJJA and
SOI and illustrates that the climate shift has si-

25

multaneously affected the structure and evolution
of ENSO whereby more El Nino and fewer La
Nina events occured than in the pre-climate shift
period (see more negative SOI anomalies in
Fig. 6b), (Trenberth, 1990; Trenberth and Hoar,
1996; Clark et al., 2000; Behera et al., 2005).
Darwin responded by having higher positive pres-
sure anomalies of unprecedented levels for the
century (which are clearly visible in Fig. 6a) with
only two events of negative pressure anomalies
after the shift.

The strength of MAMJ Darwin SLP anomalies
decreased until the mid 1970s when a sudden rise
ensued. This may be in conjunction with a shift
to a cooler state in the tropical western Pacific
after the 1976 climate shift. This discontinuity in
the trend is confirmed by the least squares linear
trend imposed on the period prior to and after the
climate shift. The first period shows a negative
trend while the latter illustrates a jump to a no-
ticeably higher mean as well as a conspicuous
reversal in trend to positive. The effects of this
climate shift seem not to be that apparent for
the MJJA SOI time series (Fig. 6b). However,
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the SOI values seem to have been lower after the
climate shift than during the earlier part of the
record with the post-shift mean clearly below
the century average (Fig. 6b).

3.6 Stability of the statistical association
of Zim SPI with ENSO and MAMJ Darwin

We have shown that the climate shift has affected
the trends of MAMJ Darwin as well as the SOI
differently. Therefore we need to investigate how
this has influenced the statistical association of
Zim SPI with the SOI and MAMJ Darwin SLP
anomalies separately. We use a five-decade sliding
window of the respective correlation coefficients
to investigate the stability of these relationships
during the century.

The magnitude of both correlations, Zim SPI-
ENSO and Zim SPI-MAMJ Darwin, over the
century coincides at 0.3. However, the 51-year
sliding correlation coefficient values for the two
pairs of association are not stable as they exhibit
relatively wide temporal variations during the
century (Fig. 7). The time evolution of these re-
lationships brings out well, among others, the
noticeable effect of the 1976 climate shift. The
moving correlation values show the significant
relationship (above 95% significant level) be-
tween SOI and Zim SPI that has been observed
for the greater part of the 20™ century, appear to
have been diminishing, especially in the recent
three decades (see negative trend line for SOI).
At the same time the association with MAMIJ
Darwin SLP anomalies has suddenly become pre-

0.45

dominantly significant during the last three dec-
ades (Fig. 7). This is most probably due to the
effect of the observed climate shift.

The Zim SPI-MAMIJ Darwin relationship has,
for the first time during the century, closely
matched the Zim SPI-SOI relationship following
the climatic shift and has essentially maintained
that trend up to the end of the century (Fig. 7).
Note that the dominant correlation of Zim SPI
with JJAS SOI over that of Zim SPI with MAMJ
Darwin pressure anomalies does not show ENSO
superiority in influencing droughts. The Zim SPI-
MIJJA SOI higher correlations only captures phase
relationships that are relatively stronger for both
positive and negative phases. Zim SPI-MAM]J
Darwin correlations appear to be weaker because,
as mentioned earlier, the Zim SPI is partic-
ularly sensitive to only one phase of the MAMJ
Darwin pressure anomalies. It is only the rarely
occurring positive extremes of MAMIJ Darwin
pressure anomalies that are closely related to sea-
sonal rainfall deficits but the negative extremes
do not show any particular influence on seasonal
rainfall excesses. This is the reason, which has
prompted further investigation, for checking the
corresponding amplitude variations, despite hav-
ing performed the correlation analysis.

However, the climate shift seems to have im-
proved the phase relationships by strengthening
the general Zim SPI association with MAMJ
Darwin pressure anomalies. At the same time,
the climate shift appears not to have significantly
altered the association of the Zim SPI with the
SOI. While these relationships are susceptible to
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Fig. 7. 51-year sliding correlation
coefficients between Zim SPI and
ENSO index (SOI, solid line) and
those between Zim SPI and MAMJ
Darwin (dashed; to be multiplied
by —1) during the period 1901-
2000. Least squares linear trend
lines have been added to show the
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decadal changes, the least squares linear trend on
the two series show a noticeable rising trend for
the Zim SPI-MAMIJ Darwin relationship and a
falling trend for the Zim SPI-SOI trend (Fig. 7).

The climate shift is seen here to have altered
significantly the relative correlation structures
between Zim SPI and MAMIJ Darwin but is not
that obvious for the Zim SPI and ENSO. This is
consistent with our observation that the climate
shift is mainly reflected by pressure rise at Darwin
rather than the SOI itself. Todd and Wallace
(2003) also reached similar conclusions by notic-
ing that the resulting lower values of the SOI in
the past few decades were the result of pressure
at Tahiti that has not fallen as noticeably as the
rise in Darwin SLP pressure.

4. Conclusions and recommendations

The MAMIJ Darwin is an earlier and more skill-
ful predictor of Zimbabwean droughts than the
JJAS SOI, which is traditionally used during
Southern African Regional Climate Outlook For-
ums (SARCOFs) for the SADC countries. Thus,
this finding has clear implications for the impor-
tance of Darwin pressure anomalies in southern
African seasonal drought forecasting efforts. It is
quite apparent from this work that the previously
assumed authority of El Nino in influencing
droughts of eastern southern Africa failed to
show up in this regard. We seem to have success-
fully challenged this widely accepted view by
proposing the influence of MAMJ Darwin SLP
anomalies instead.

The changes in MAMJ Darwin SLP anomalies
have proved to be more important in their asso-
ciation with Zimbabwe droughts than the vari-
ability of ENSO itself. In the absence of ENSO,
the MAMJ Darwin SLP anomalies can still pro-
vide much of the skill in drought forecasts for
southern Africa. However, this skill collapses with
the exclusion of MAMJ Darwin years. Therefore,
it is possible that the atmospheric circulation
anomalies induced by the impact of MAMJ
Darwin SLP anomalies is connected to prime
atmospheric processes that exert a much more
marked influence on southern African droughts
than the idealised remote ENSO forcing from
the Pacific.

The proposition of yet another climate mode is
supported by the mere demonstration that both

the MAMJ Darwin SLP anomalies and Zim SPI
are significantly correlated to the IOD. With this
knowledge, it is now arguable that the more se-
vere droughts being experienced over southern
Africa in recent years can still be attributed to
ENSO in the global perspective and not essentially
to the events of the adjacent tropical IO SSTs. This
is further supported by the observed significant
modifications of the association between Zim
SPI and MAMJ Darwin SLP anomalies due to
the climate shift of 1976, which largely changed
the IO SST background. It has apparently made
the Zim SPI-MAMJ Darwin relationship more
significant in recent decades but has not signifi-
cantly changed the Zim SPI-ENSO relationship.

El Nino alone, without prior occurrence of
MAMIJ Darwin, has proved to be ineffective in
influencing the more severe droughts during the
century. On the other hand, the influence on sub-
normal rainfall is significantly enhanced during
co-occurrences. Thus, MAMJ Darwin influences
Zimbabwe seasonal rainfall on its own and ap-
parently strengthens the influence of the El Nino
on droughts in co-occurrences. Therefore, in pre-
vious work, the role of El Nino in influencing
southern African droughts was largely amplified
by the numerous co-occurrences with the MAMJ
Darwin events. It would appear that with this
knowledge what matters most in the prediction
of the droughts over central southern Africa is no
longer the traditional El Nino signal, but the evo-
lution of MAMIJ Darwin events. Thus, the pre-
dictability of severe droughts solely based on the
El Nino state with no prior knowledge of the
Darwin pressure anomalies would not yield any
better skill.

In view of the increasing correlation between
Zim SPI and MAMJ Darwin SLP anomalies, it
may be worth examining the possibility of using
it for the climate prediction process of southern
African rainfall deficits. With a longer lead-time
than ENSO, MAMJ Darwin can be used as a
potential simple predictor to determine the prob-
ability of the occurrence of droughts four months
on or to the onset of the rainfall season. The con-
sistent and skillful simple prediction of droughts
for the century long data cannot be a product of
chance. This may provide an opportunity to pre-
dict seasonally averaged drought conditions for
southern African at longer lead-times. While a
skillful forecast of this type is of marginal use
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to the individual farmer, it would be of significant
value to national planners and decision-makers. It
is important to note that, combining ENSO and
MAMIJ Darwin SLP anomalies offers improved
statistical drought predictions over those based
solely upon one of these two climate events.

However, it is necessary to substantiate the
current findings as well as to understand the phys-
ics behind the evolution of MAMJ Darwin pres-
sure anomalies and how other processes enhance
or supress it, using Global Circulation Models.
These may provide the link with IOD as well.
Other droughts that are neither related to the
MAMIJ Darwin SLP anomalies nor to ENSO also
need to be investigated in a bid to assess their
predictability. All in all, these results reinforce
the importance of investigating the physical exis-
tence /non-existence of non-ENSO processes that
are directly linked to drought occurrence in
southern Africa.
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