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Each year of the 120-year period 1871-1990 has been charac-
terised as having an El Niiio (EN) and/or a Southern
Oscillation Index minimum (SO) and/or warm (W) or cold (C)
water anomalies in equatorial eastern Pacific sea-surface tem-
peratures.

Unambiguous ENSO events, defined as those where El
Niiio existed and both SO and W occurred in the May to
August period, showed a very good association with wide-
spread droughts in Australia. Ambiguous ENSOW events,
defined as those where El Nifio existed but SO and W were out-
side the May to August period, were sometimes associated with
widespread droughts or floods, but were mostly associated with
droughts in some parts and floods in others. A similar conclu-
sion applied to other events involving one or more of EN, SO
and W, and also to non-events (none of EN, SO, W or C). Cold
(C) events were mostly associated with widespread floods, but

a few were associated with droughts.

Introduction

Rainfall in different parts of Australia is highly variable.
Total annual rainfall may vary from as low as 250 mm
to as high as 1800 mm, while the maximum rainfall may
occur in different seasons in different parts. The sea-
sonal cycles and long-term trends have been studied by
several workers (see Srikanthan and Stewart (1991) and
references therein). Many authors have studied El
Nifio/ Southern Oscillation relationships with Australian
rainfall, for example McBride and Nicholls (1983),
Nicholls (1984, 1988), Nicholls and Wang (1990) and
Ropelewski and Halpert (1987, 1989) to mention only a
few. For southeastern Australia, Wright (1988a,b) stud-
ied relationships between Victorian rainfall and the SO
index. Evans and Allan (1992) found significant differ-
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ences between the composites for the structure of the
monsoon and tropical cyclone activity in the
Australasian region for ENSO and anti-ENSO years.

El Nifios are warm-water episodes occurring in some
years along the Peru-Ecuador coast. The episodes
appear first in November-December (hence the term El
Nifio, meaning ‘The Child’, a reference to the birth of
Jesus Christ), and by January-February are still devel-
oping or have already developed. In succeeding
months, eastern equatorial Pacific sea-surface tempera-
tures (SST) also rise. By the end of the year, the El Nifio
usually peters out.

Another atmospheric phenomenon associated with
the El Nifio is the Southern Oscillation: the pressure see-
saw between Tahiti and Darwin. The pressure differ-
ence (Tahiti minus Darwin) attains its lowest values dur-
ing El Nifio years. Thus, the term ENSO implies simul-
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taneity of occurrence of El Nifio, a minimum of
Southern Oscillation Index and warm Pacific SST.
Hence, to study ENSO relationships, workers have used
any one of these indices: e.g. El Nifios (Rasmusson and
Carpenter 1983; Ropelewski and Halpert 1987), SO
index (Shukla and Paolino 1983; Kiladis and Diaz 1989;
Ropelewski and Halpert 1989) or warm water events in
the eastern equatorial Pacific (Khandekar and Neralla
1984; Mooley and Paolino 1989). However, these phe-
nomena are not always simultaneous. Deser and
Wallace (1987) noticed that El Nifio events sometimes
occurred in advance of, or subsequent to, major negative
swings of the Southern Oscillation. Hence, we have
examined these events for the last 120 years and charac-
terised each year as having an El Nifio (EN), and/or
Southern Oscillation Index minimum (SO), and/or east-
ern equatorial Pacific SST maximum (warm event W) or
minimum (cold event C) or none of these (non-event).
The following combinations were noticed: ENSOW,
ENSO, ENW, ENC, EN, SOW, SOC, SO, W, C and non-
events. In this paper, we examine whether deficit and
excess rains in different parts of Australia were related
in any preferential way to any of these types of years.

Data

Australian rainfall data were available from different
sources. Lavery et al. (1992) used a high-quality 191-
station set after an extensive search of station documen-
tation. Using cluster analysis, ten clusters of stations
were identified with discrete geographical patterns and
essentially no overlap (Nicholls and Lavery 1992). From
each cluster, the station showing the highest correlation
between its annual precipitation variations and those of

the whole cluster was chosen as the cluster's representa-
tive. Details of the representative stations are given in
Table 1(a) and shown in Fig. I(a) reproduced from
Lavery and Nicholls (1994), who also give the annual
precipitation amounts (April-March) which we have
used for our analysis. Besides the data for these ten rep-
resentative stations, Dr Nicholls kindly provided average
data for six regions (Fig. 1(a)); Tasmania (TAS), Victoria
(VIC), New South Wales (NSW), Queensland (QUE),
South Australia (SAL) and Western Australia (WAU).
Srikanthan and Stewart (1991) have presented an
analysis of extensive Australian rainfall data. After scru-
tinising data for many Bureau of Meteorology rainfall
stations, they selected 69 rainfall stations and grouped
these into eight climatic regions based on the seasonal
rainfall pattern. The stations and regions are shown in
Fig. 1(b) (also, see Table 1(b) for details). Thus, we have
the time series from these eight divisions (Fig. 1(b)),
time series for the six divisions of Nicholls (Fig. 1(a))
and the 10 representative locations (Fig. 1(a)): a total of
24 time series. For each series, a plot of annual values
was made, their 11-point (11-year) running means were
obtained and plotted on the same graph and the devia-
tions (d) from the 11-year running means were consid-
ered for analysis. The reasons for choosing an 11-year
period are, firstly, that Srikanthan and Stewart (1991)
have used this period for smoothing Australian rainfall
series, and secondly because ENSO phenomena operate
on a time-scale of a few (two to five) years and these are
adequately isolated by subtracting trends of longer terms
such as 11-year running means. Subtracting the series
overall mean would be inappropriate, especially if the
series have long-term (up or down) trends. In that case,
deviations in the latter half would be all positive or all
negative and would create a false impression that ENSO

Table 1(a). Description of clusters and representative stations (Lavery and Nicholls 1994).

Cluster number Number Representative station
and name of Stations

Station name Lat. Long. Elev.

(South) (East) (m)
1. Eastern New South Wales 10 Leura Post Office 33°42 150°21 975
2. Western Australia 29 Dowerin (Doodarding Well) 31°01 117°12 295

3. Southeastern Queensland 18 Gatton-Lawes . 27°33  152°20 94
4. South Australia 40 Brownlow Post Office 34°15 139°16 210
5. Tasmania 17 Carrick 41°33  147°00 150
6. Northeastern Australia 19 Winton Post Office 22°23  143°02 185
7. South Western Australia 12 Mount Barker (Kendenup Post Office) 34°29  117°38 262

8. South Coast W. Australia 04 Albany (Cape Riche) 34°36  118°44 40

9. Victoria 27 Canary Island 35°58  143°51] 88
10. Inland New South Wales 15 Peak Hill Post Office 32°43 148°11 267
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Table 1(b).

Description of eight climate regions (Srikanthan and Stewart 1991).

Symbol Region Number Approximate
of stations

Latitudes Longitudes
(ST) Summer Rainfall (Tropical) 11 10°-24°S 122°-150°E
(SST) Summer Rainfall (Subtropical) 8 24°-32°S 147°-153°E
) Uniform Rainfall (Temperate) 13 30°-38°S 141°-153°E
(AS) Summer Rainfall (Arid) 10 20°-31°8S 115°-145°E
(AN) Non-Seasonal/Winter Rainfall (Arid) 4 28°-33°S 115°-145°E
(WH) Winter Rainfall, Moderate to Heavy (Temperate) 7 29°-35°S 115°-118°E
(WM) Winter Rainfall, Mainly Moderate (Temperate) il 32°-40°S 136°-145°E
(TAS) Winter Rainfall, Tasmania (Temperate) 5 40°-43°S 144°-147°E

Fig. 1(a) Locations of the six major regions and ten repre-
sentative stations (1-10) in Australia (Lavery and
Nicholls 1994).
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Fig. 1{b) Locations of the eight major regions and 69 sta-
tions in Australia (Srikanthan and Stewart 1991).
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is related to negative or positive rainfall. For each loca-
tion, a standard deviation, G, was calculated for the devi-
ations (d). Positive and negative values within 0.50
were designated as (+) and (-). Values between +0.5 and
+1.06 were considered as mild floods (open triangles in
later Figs 3 to 5) and those exceeding +1.0c were con-
sidered as severe floods (full triangles). Values between
-0.5 and -1.0c were considered as mild droughts (open
circles) and those below -1.00 were considered as severe
droughts (hatched big circles).

For characterising the years, plots of the Southern
Oscillation Index (SOI) and equatorial eastern Pacific
SST were used as shown in Fig. 2. The four panels (1, 2,
3, 4) refer to 1870-1901, 1901-1931, 1931-1961 and
1961-1991 and in each panel the top curve is for the
Southern Oscillation Index (SOI), obtained by Wright
(1977) from a Principal Component Analysis (PCA) of
seasonal mean pressure at eight locations Cape Town,
Bombay, Djakarta, Darwin, Adelaide, Apia, Honolulu
and Santiago. This index is available for 1851-1974.
However, Chen (1982) recommended a simpler index,
that is, (T) Tahiti (18°S, 150°W) minus (D) Darwin
(12°S, 131°E) mean sea-level pressure difference (T-D),
available in Parker (1983) for 1935-1983 and further
from meteorological data reports. We found that the 12-
monthly running means of (T-D) and the Wright SOI
were very well correlated and a regression equation could
be obtained to convert one to the other. In Panel 4 of Fig.
2, the SOI values for 1974 (marked by vertical line)
onwards are the equivalent values obtained from (T-D).

The next two plots in each panel of Fig. 2 show the
SST index of Wright (1984) for the eastern equatorial
Pacific (6°N-6°S, 180-90°W) and a similar index given
in Angell (1981, and further private communication).
These two are very similar to each other and supplement
each other during intervals of missing data. Finally, El
Nifio data were obtained from Quinn et al. (1978, 1987),
who designate El Nifio years as those during the January
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Fig. 2 Plots of 12-monthly running means of Southern
Oscillation Index (SOI) and sea-surface temper-
atures in equatorial eastern Pacific (SST) for
1871-1991 (Panels 1-4) and the characterisation
of each year as having El Nifio (EN) and/or SOI
minima (SO) and/or warm (W) or cold (C)
Pacific SST (rectangles). For years having El
Nifio, the symbols above the rectangles indicate
strength (S=Strong, M = Moderate, W = Weak)
of the El Nifio. SOI minima and SST maxima are
shown in black and SST minima are shown
hatched.
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of which the El Nifio had already developed or was
developing. They also mention the strength of the El
Nifios based on the temperature anomaly at the Peru-
Ecuador coast (>2.9°C, strong S; 2.0-2.9°C, moderate
M; <2.0°C, weak W). In Fig. 2 the rectangles indicate
the final characterisation of the year (EN, SO, W, etc.).

Whenever an El Nifio (EN) exists, the symbols S, M or

W at the top of the rectangle indicate the El Nifio
strength. The minima of the SOI plots and the maxima
of the SST plots are shaded black and it is gratifying to
note that most of these occur in years having El Nifios,
though some do not, as pointed out by Deser and
Wallace (1987). Years without rectangles are non-
events.

ENSO relationships

During 1871-1990 (120 years), there were 46 years hav-
ing El Nifios. Of these, there were 30 years of the
ENSOW type. These could be divided into two groups;
16 unambiguous ENSOW events when El Nifio existed
and SOI minima (SO) and SST maxima (W) were near
the middle of the calendar year, and 14 ambiguous
ENSOW when El Nifio existed but SOI minima (SO)
and SST maxima (W) were in the early or late part of the
calendar year (not in the middle). Figure 3(a) shows the
rainfall characteristics for the 16 unambiguous ENSOW
events for the 24 time series. In the six broad regions
(Tasmania, Victoria, New South Wales, Queensland,
Central Australia and West Australia) each has at least
one SS (Srikanthan and Stewart) regional series, (TAS,
WM, U, SST, ST, AS, NA, WH), at least one Nicholls
(N) regional series (TAS, VIC, NSW, QUE, SAL, WAU)
and at least one of the Nicholls (N) representative sta-
tions (1-10). The sequence from left to right is so
arranged as to start from Tasmania and move north-
wards and anti-clockwise, ending in Western Australia.

In Fig. 3(a) and all others, data for the SS series are
longer (1871-1989). Hence, for events before 1910,
only eight columns corresponding to SS (TAS, WM, U,
SST, ST, AS, NA, WH) are filled. For 1910 onwards,
data were available for all the 24 series. Even a casual
glance shows that Fig. 3(a) for unambiguous ENSOW
has many symbols representing negative deviations (-)
and mild and severe droughts (open and hatched cir-
cles). It has many more such symbols than does Fig.
3(b) for ambiguous ENSOW and Fig. 3(c) for other
types of events involving El Nifio (EN). As quantita-
tive measures, the pairs of numbers at the end of each
row indicate the numbers of series showing positive and
negative deviations. For example, for the 1918
ENSOW event of Fig. 3(a), the fraction (3/21) means
that three series showed positive deviations (+ or trian-
gle) and 21 series showed negative deviations (- or cir- °
cle). Thus, negative deviations predominated. The frac-
tion of negatives (21/24 = 0.88) can be termed as DWI
(Drought Widespreadness Index) and is given in the last
column. Its distribution for the 16 unambiguous
ENSOW is shown later in Fig. 6(a) Panel 1, where 14
events have more than 60 per cent regional coverage and
from these, nine events have better than 80 per cent cov-
erage. However, two glaring exceptions are: (a) 1930
when 16 series had positive deviations and only eight
had negative deviations (DWI = 0.33); and (b) 1905
when, out of the eight series for which data were avail-
able, four showed positive deviations and four showed
negative deviations (DWI = 0.50).

To illustrate the response of each series to the 16
unambiguous ENSOW, the pairs of numbers at the bot-
tom of Fig. 3(a) are the numbers of positive and nega-
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Fig. 3 Rainfall deviations (+, -, positive and negative 0
to 0.5 o; triangles and circles, mild floods and
droughts 0.5-1.0 o; full triangles and big hatched
circles, severe floods and droughts, exceeding
1.0 o) for the 24 time series, that is, eight divi-
sions (SS-TAS, WM, U, SST, ST, AS, NA, WH) of
Srikanthan and Stewart (1991), six divisions
(N = TAS, VIC, NSW, QUE, SAU, WAU) and ten
representative stations (N, 1 to 10) of Lavery and
Nicholls (1994), for (a) unambiguous ENSOW,
(b) ambiguous ENSOW and (c) other types of El
Nifo events. Pairs of numbers at the bottom of
the columns show the numbers of (positive/nega-
tive) deviations in each column and the next row
shows the Drought Response Index DRI = (nega-
tive/total) deviations i.e. fraction of negatives.
Pairs of numbers at the end of each row show the
numbers of (positive/negative) deviations in each
row (total 24) and the last column shows the
Drought Widespreadness index DWI = (nega-
tive/total) deviations, i.e. fraction of negatives.
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tive deviations. For example, for SS-TAS (Srikanthan
and Stewart series for Tasmania) of Fig. 3(a), (2/14)
means that two events showed positive deviations (+ or
triangles) and 14 events showed negative deviations (-

or circles). Thus, negative deviations predominated.
The fraction of negatives (14/16 = 0.88) can be termed
as DRI (Drought Response Index) and is given at the
bottom of each column. Its distribution for the 24 series
is shown in Fig. 6(b), Panel 1 for the 16 unambiguous
ENSOW. As can be seen, most of the series have more
than 70 per cent (11 or more out of 16 or 8 or more out
of 11) events showing negative deviations. The worst
response seems to be that of N (VIC and QUE) i.e. the
average series for Victoria and Queensland of Nicholls,
for which DRI is only 0.55 and, out of the 11 ENSOW
for which data were available, five showed positive
deviations and six showed negative deviations. We sus-
pect that these regions are too large and do not have
homogeneous characteristics.

Figure 3(b) refers to the 14 ambiguous ENSOW
events. While many (-) and circles are seen, there are
also many (+) and triangles. The second panels of each
of Figs 6(a) and (b) show the DWT and DRI distributions.
Panel 2 of Fig. 6(a) shows a very broad distribution,
implying mixed performance. For example, the 1919
event gave a large DRI (0.96) but 1983 gave a very low
DRI (0.17) and showed positive deviations in 20 series
against negative deviations in only four series. In Panel
2 of Fig. 6(b), the distribution is concentrated around
DRI = 0.50, implying that for almost all series, approxi-
mately half of the 13 or 14 events showed positive devi-
ations. Thus, ambiguous ENSOW events do not seem to
be invariably associated with widespread droughts.

Figure 3(c) refers to 16 events where El Niiio (EN)
was involved but not of the ENSOW type. The third
panels of each of Figs 6(a) and 6(b) show the DWI and
DRI distributions. In panel 3 of Fig. 6(a), the distribu-
tion of DWI is very broad and EN and ENC seem to
have very low DWI values, indicating the greater effect
of C (more positive deviations) rather than of EN. Panel
3 of Fig. 6(b) shows a DRI distribution concentrated
near 0.50, implying almost equal occurrences of posi-
tive and negative deviations, but for some regions, all
values were positive (DRI = 0).

Thus in Fig. 3, which refers to events involving El
Nifios with all types of combinations, unambiguous
ENSOW stand out prominently as best associated with
droughts, notable exceptions being 1905 and 1930. In
Figs 3(a) and 3(b), some events are marked as I and II.
These are the first and second years of double events
where ENSOW occurred in consecutive years; 1877-78,
1918-19, 1925-26, 1930-31, 1940-41, 1957-58 and
1982-83. For those years marked I, the DWI was 0.71,
0.88,0.83,0.33,0.71, 1.00, 1.00, yielding an average of
0.78+0.21 and for those years marked II, the DWI was
0.43, 0.96, 0.58, 0.33,0.67, 0.33 and 0.17, yielding an
average of 0.49+0.24. Thus, there is a tendency for the
years marked I to have more widespread droughts than
those marked II . Four other double events (1873-74,
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1896-97, 1899-1900 and 1911-12) involved El Nifios of
some kind (not ENSOW) in successive years and had
DWIs of 0.67, 1.00, 0.88, 0.88 for the years marked I
(average 0.86), and 0.83, 0.63, 0.38, 0.63 for the years
marked Il (average 0.62), again showing a larger DWI
for the years marked I. This could be a possible useful
indicator, though glaring exceptions like 1930-31 (DWI
=0.33,0.33) or 1918-19 (DWI = 0.88, 0.96) can occur.

Figure 4(a) shows the results for events not involv-
ing EN but SO and/or W. All types of responses to
droughts seem to be involved. Panel 4 of Fig. 6(a)
shows the DWI distributions. Whereas some events
favoured more than 60 per cent drought spread, some
others favoured excess rains. Among these, three were
W and one SO, all expected to favour droughts. Only
one was SOC, where the effect of C rather than SO
could have prevailed. It seems that solitary events of W
or SO type do not necessarily result in droughts. Panel
4 of Fig. 6(b) shows the DRI distribution. Whereas 17
series show ratios exceeding 0.60, six series show
ratios near 0.50 (almost half the number of events
showing positive deviations) while one series (N -
Queensland) shows a preponderance of positive devia-
tions (DRI = 0.31).

An interesting way to check whether the above
results are really ENSO relationships would be to com-
pare them with the non-events. Figure 4(b) shows the
results and panel 5 of Figs 6(a)and 6(b) show the distri-
butions of DWI, DRI for 22 non-events. For DWI,
panel 5 of Fig. 6(a) shows a very broad distribution,
indicating that widespread droughts (1881, 1901) or
widespread floods (1978, 1989) could occur without any
relation with ENSO. Panel 5 of Fig. 6(b) shows the DRI
distribution as fairly narrow and centred around 0.50,
indicating that during non-events, most of the series
show a roughly equal number of events having positive
and negative deviations.

Finally, Fig. 5 shows the results for 36 events of
purely C type. (Events associated with EN or SO i.e.
ENC, SOC have already been shown in Figs 3(c) and
4(a).) Here, as expected, many symbols are (+) or tri-
angles, indicating a preponderance of positive devia-
tions. However, negative deviations are not lacking.
Panel 6 of Figs 6(a) and 6(b) shows the DWI, DRI dis-
tributions. As seen in panel 6 of Fig. 6(a), about 18 out
of the 36 events have DWI ratios below 0.30, i.e. less
than 30 per cent (7 out of 24) of the rainfall series have
negative deviations and more than 70 per cent (17 out
of 24) have positive deviations. However, for the other
18 events, approximately half (12 or more) of the
series have negative deviations. This is very discon-
certing. The worst case is 1922 when only two series
showed positive deviations and 22 series showed neg-
ative deviations. Panel 6 of Fig. 6(b) shows the DRI
ratios which are fairly concentrated around 0.30 i.e.

Fig. 4 Same as Fig. 3, for (a) events involving SO, W
and (b) Non-events.
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many series have a larger proportion of events with
positive deviations.

For statistical testing, the non-event distributions in
Panel 5 should be considered as those unrelated to EN,
SO, W or C i.e. random. When a ¥2-test was applied,
distributions in Panel 1, Panel 4 and Panel 6 were found
to be significantly (99 per cent level) different from
those of Panel 5; but distributions in Panels 2 and 3 were
not significantly different. Thus, unambiguous ENSOW
and some SO-involving events (mostly SOW) were sig-
nificantly associated with droughts but other events
involving EN and SO (including ambiguous ENSOW)
were not well associated with droughts. The cold events
were associated with excess rains. But some cold events
were associated with droughts and some non-events
were associated with extreme rainfalls (floods and
droughts). Amongst the unambiguous ENSOW events,
very few were associated with excess rain.

So far, we have considered positive and negative
deviations of all sizes. In Figs 3,4 and 5, some events
are shown as circles and triangles, representing mild
and severe droughts and floods. Do these extreme






