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Figure 2. Location of 45 long-term rainfall stations from SEA used in this study. The nine stations to the east of the grey dashed vertical line
represent eastern NSW. The period in which rainfall records began at each station is also shown: before 1860 (asterisk), between 1860 and 1869
(diamond), between 1870 and 1879 (square) and between 1880 and 1899 (triangle). Further station details are given in Table I. Locations of
historical Sydney rainfall stations used to develop an extension of the region’s rainfall record back to 1832 are shown in the inset. Details of

these stations are given in Table II.
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Figure 3. Number of rainfall stations from the Australian Bureau of
Meteorology network in SEA (solid line) and eastern NSW network
(dashed line) with more than 10 months of data for each May–April

year from 1850–2008.

and Parramatta (Saunders, 2004) and amateur meteorol-
ogist William Stanley Jevons, who was keen to learn
more about the climate of Australia (Williams, 1984;
Nicholls, 1998). Jevons lived in the Sydney suburbs of

Petersham and Double Bay (Figure 2 inset) while work-
ing at the Sydney branch of the Royal Mint, and recorded
daily rainfall amounts as well as other meteorological
data (Nicholls, 1998). Historical information was studied
extensively to identify the precise location of the obser-
vations as well as any changes to instrumentation and
exposure. Note that a data gap exists between January
1839 and March 1840, when observations ceased at the
Parramatta Observatory but official observations had not
yet begun at Port Jackson.

Rainfall across the Sydney region displays large spa-
tial variability, with high values recorded on the coast and
a general decrease in rainfall further inland (Australian
Bureau of Meteorology, 2012). Simply combining the
rainfall data from each historical Sydney rainfall sta-
tion would lead to erroneous step changes in the
record depending on the location of the station. To
assess the relationship between the stations, the aver-
age monthly difference in rainfall between each histor-
ical station and Sydney’s Observatory Hill was calcu-
lated for 1900–2008 using the AWAP gridpoint data
closest to each station. The differences in the gridpoint
rainfall data were then added to the historical rainfall
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Table I. Rainfall stations used to develop the SEA drought and wet year index, 1860–2008. Stations used to develop the eastern
NSW drought and wet year index over the same period are indicated in bold. Station records that were adjusted as part of the

homogenisation process are asterisked.

Station
number

Station name State Start year End year

18070 PORT LINCOLN SA 1866 2001
19036 PORT AUGUSTA POST OFFICE SA 1860 1961
21011 BURRA (KOORINGA) SA 1859 1963
22020 WALLAROO SA 1864 2008
23000 ADELAIDE WEST TERRACE SA 1839 1978
23307 KAPUNDA SA 1861 2008
23733 MOUNT BARKER SA 1861 2008
23747 STRATHALBYN* SA 1861 2008
24503 BLANCHETOWN SA 1868 1990
26020 MOUNT GAMBIER POST OFFICE* SA 1861 1973
26025 PENOLA POST OFFICE* SA 1861 2008
26026 ROBE COMPARISON* SA 1861 2008
40101 IPSWICH QLD 1870 1992
40214 BRISBANE REGIONAL OFFICE QLD 1859 1993
41103 TOOWOOMBA* QLD 1869 2006
41111 WARWICK POST OFFICE QLD 1865 1983
43030 ROMA POST OFFICE QLD 1870 1991
44022 CHARLEVILLE POST OFFICE QLD 1874 1958
47053 WENTWORTH POST OFFICE NSW 1868 2008

Eastern NSW subset
56002 ARMIDALE (RADIO STATION 2AD) NSW 1858 1996
61014 BRANXTON (DALWOOD VINEYARD) NSW 1863 2008
61055 NEWCASTLE NOBBYS SIGNAL STATION NSW 1862 2008
63004 BATHURST GAOL NSW 1858 1982
66062 SYDNEY (OBSERVATORY HILL) NSW 1858 2008
67054 WINDSOR THE PENINSULA NSW 1861 1915
70009 BUKALONG STATION* NSW 1858 2008
70023 COOMA LAMBIE STREET NSW 1858 1981
70037 GOULBURN NSW 1858 1966
72001 ALBURY NSW 1859 1961
74128 DENILIQUIN (WILKINSON ST) NSW 1858 2008
75048 SWAN HILL (MURRAY DOWNS)* VIC 1865 1996
81003 BENDIGO PRISON VIC 1862 1991
84016 GABO ISLAND LIGHTHOUSE VIC 1859 2008
86071 MELBOURNE REGIONAL OFFICE VIC 1855 2008
86131 YAN YEAN VIC 1856 2008
87046 SCOTSBURN (MOUNT BONINYONG) VIC 1857 2008
89000 ARARAT POST OFFICE* VIC 1862 1968
90015 CAPE OTWAY LIGHTHOUSE* VIC 1862 2008
90070 PORTLAND* VIC 1857 2008
91049 LAUNCESTON (PUMPING STATION) TAS 1883 1962
91094 STANLEY POST OFFICE* TAS 1868 1994
94030 HOBART BOTANICAL GARDENS TAS 1841 2008
94045 MOUNT NELSON TAS 1871 1974
94052 PORT ARTHUR TAS 1871 1979
95003 BUSHY PARK (BUSHY PARK ESTATES) TAS 1874 2008

values to compile a monthly timeseries that approxi-
mates Observatory Hill rainfall from 1832–2008. The
annual totals of the reconstructed historical Sydney rain-
fall series were in very good agreement with a previous
unpublished study (Williams, 1984) developed using a
different method (r = 0.95 over the 1832–1859 period of
overlap).

2.4. Palaeoclimate reconstructions

Gergis et al. (2012) recently developed a 206-year rain-
fall reconstruction for SEA (henceforth referred to as

G12) using annually resolved palaeoclimate data from
12 natural proxies in the Australasian region. The G12
reconstruction used an innovative Monte Carlo approach
to verify and calibrate the palaeoclimate data with
SEA instrumental rainfall, producing an ensemble of
10 000 reconstructions of SEA rainfall from 1788–1988.
The median of the G12 annual (May–April) rain-
fall reconstructions was used to assess the relationship
between the palaeoclimate reconstruction and the eastern
NSW drought and wet year index for the overlapping
1788–1988 period.
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Table II. Details of rainfall stations used to develop the long-term Sydney rainfall record, 1832–2008. Elevations are given to the
nearest metre.

Station
(observer)

Latitude
(◦S)

Longitude
(◦E)

Elevation
(m)

Observation period Source

Parramatta (several) −33.82 151.00 15 January 1832–December
1838

Australian Bureau of
Meteorology (station
066046)

April 1842–December 1844
June 1857–November 1865
February 1871–April 1876
January 1886–December

1960
Port Jackson (Edward

Peacock)
−33.83 151.28 73 April 1840–November 1855 NSW Government Gazette

(Peacock, 1840–1855)
Petersham (WS Jevons) −33.89 151.15 26 July 1855–February 1857 Sydney Magazine of Science

and Art (Jevons, 1858)
Double Bay (WS Jevons) −33.87 151.24 3 February 1857–June 1858 Sydney Magazine of Science

and Art (Jevons, 1859a)
Observatory Hill

(several)
−33.86 151.21 39 July 1858–present Australian Bureau of

Meteorology (station
066062)

To examine the relationship between the eastern NSW
rainfall and ENSO, we use the Gergis and Fowler (2009)
ENSO event chronology for 1788–2002. The chronology
uses percentile-based thresholds to separately identify El
Niño and La Niña events from 15 palaeoclimate and
documentary records. The palaeoclimate records include
coral luminescence data from Australia’s Great Barrier
Reef, which indicate variations in freshwater run-off
from north-eastern Australia (Hendy et al., 2003). Spatial
correlation analysis (not shown) revealed low correlations
between the rainfall in eastern NSW and the rainfall on
the north-eastern Australian coast (Pearson’s correlation
coefficient r ≈ 0.3), so any autocorrelation between the
ENSO chronology and the Eastern NSW drought and wet
year due to the inclusion of the Great Barrier Reef data
was considered low. We also use a modified version of
the Unified ENSO proxy (UEP, McGregor et al., 2010),
which combines nine global ENSO reconstructions and
excludes records used in G12. The data from one ENSO
reconstruction, Braganza et al. (2009), has been removed
from the UEP, and is examined separately in Section 3.5.
as a Pacific-basin wide ENSO index for the 1788–1977
period of overlap.

2.5. Developing a ‘pseudo documentary’ drought and
wet year index using instrumental rainfall data

To combine the documentary drought and wet year
index with instrumental rainfall observations and create
a continuous index of rainfall variation for eastern NSW,
it was necessary to classify each year of the instrumental
record as wet, normal or dry. Normalised Precipitation
Anomalies (NPAs) were calculated using May–April
years relative to a common 1910–1950 base period for
each rainfall station shown in Figure 2 using Equation (1):

NPA = (R − R1910−1950) × (σR 1910−1950)
−1 (1)

where R1910–1950 is the 1910–1950 mean rainfall and
σ R, 1910–1950 is the 1910–1950 standard deviation of
annual rainfall.

The NPAs for each station were then ranked separately.
Years with an NPA greater than the 70th percentile were
counted as wet for that station, while years with an NPA
below the 30th percentile were counted as dry. A year
was classified as wet or dry for the region if at least 40%
of the stations with data available were in agreement.
This threshold is similar to that of Fenby and Gergis
(2012), which required 40% of the documentary sources
to identify as year as wet or dry for it to be classified
as such. Each year of the instrumental rainfall data was
given an index value of 1 (wet), 0 (normal) or –1 (dry)
to develop ‘pseudo documentary’ indices of wet and dry
years for all quantitative rainfall data. This process was
also applied to the 45-station network to build a drought
and wet year index of SEA for 1860–2008.

Droughts and wet years for Sydney and G12 were
identified using a slightly less stringent threshold of the
65th (35th) percentile, because using a higher (lower)
threshold resulted in many wet and dry years known
from the instrumental record (e.g. the WWII drought and
the 1970s wet period) being identified as normal. For
G12, this is likely to reflect the well-known issue of loss
of variance associated with palaeoclimate reconstructions
and the higher skill of the SEA rainfall reconstruction
to capture decadal rather than inter-annual variations
(Gergis et al., 2012).

We use the chi-square test of independence to deter-
mine the significance of the agreement between drought
and wet year indices developed using each data source.
Each year was put in one of the nine possible cate-
gories of agreement between two indices of interest (wet
according to both indices, wet according to index 1 and
normal compared to index 2, etc.) and counted. The
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Figure 4. Spatial correlations between May–April annual rainfall anomalies (with respect to 1910–1950) of the eastern NSW area-average and
the 0.25◦ × 0.25◦ SEA AWAP rainfall grid, 1900–2008. The area-average is calculated using gridded AWAP rainfall data (left) and the nine-
station observational network for eastern NSW (right). NSW state boundaries are overlaid in dashed grey and eastern NSW is outlined in solid

grey. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

counts were compared to the expected frequency of co-
occurrence assuming independence (Read and Cressie,
1988). The chi-square test statistic was then calculated
using Equation (2):

X 2 =
9∑

i=1

(Oi − Ei )
2

Ei
(2)

where X 2 is the chi-square test statistic, Oi is the number
of years in category i , Ei is the expected number of
years in category i , assuming independence. We also
use the Binomial sign test (Wilks, 2011) to calculate the
significance of the number of years in direct agreement
between the indices.

3. Results and discussion

3.1. Spatial coherence of SEA rainfall anomalies

The 45-station and gridded AWAP area-averages were
highly correlated (r = 0.95), suggesting that the 45-
station area-average is an excellent approximation of
rainfall in both SEA and eastern NSW. The nine-
station eastern NSW area-average was also highly cor-
related with the AWAP area-average of the same region
(r = 0.90). The eastern NSW area-averages from both
datasets additionally showed high spatial correlations
with rainfall across north-eastern SEA, and a weaker
relationship towards the southwest. This is plotted in
Figure 4. Although the AWAP gridded data area-averages
gave slightly higher correlations than the area-averaged
station data, the general spatial correlation patterns of
both datasets are similar, and were found to be highly
significant across much of the region (correlation coeffi-
cients of r = 0.5–0.8 for a large areas of SEA). The corre-
lation coefficient between the eastern NSW area-average
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Figure 5. Spatial correlations between rainfall anomalies (with respect
to 1910–1950) of the 0.25◦ × 0.25◦ AWAP rainfall grid and the G12
rainfall reconstruction across SEA, 1900–1988. NSW state boundaries
are overlaid in dashed grey. This figure is available in colour online at

wileyonlinelibrary.com/journal/joc

rainfall and the historical Sydney rainfall over the
1860–2008 period was r = 0.72.

Spatial correlations between the SEA area-average
calculated from the AWAP rainfall grid and the G12
reconstruction over 1900–2008 are shown in Figure 5.
The highest correlations between the reconstruction and
the AWAP rainfall grid occur over the inland and southern
areas of SEA, with a weak relationship apparent on the
east coast including the Sydney region. G12 displayed
statistically significant correlations with the SEA station
area-average for the 109-year period of overlap (r = 0.53
over 1900–2008 period).
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Table III. Wet, dry and normal years for eastern NSW identified using documentary sources (1788–1860 for dry, 1788–1840 for
wet, italic font) and a nine-station instrumental network (1860–2008, plain font).

Wet (71) 1788, 1793, 1796, 1797, 1804, 1805, 1808, 1816, 1829, 1830, 1831, 1836, 1839, 1840, 1860, 1863, 1864,
1866, 1869, 1870, 1872, 1873, 1874, 1879, 1886, 1889, 1890, 1891, 1892, 1893, 1900, 1903, 1913, 1916,
1917, 1920, 1921, 1925, 1930, 1933, 1934, 1947, 1949, 1950, 1951, 1952, 1954, 1955, 1958, 1959, 1960,
1961, 1962, 1963, 1966, 1969, 1970, 1971, 1973, 1974, 1975, 1976, 1978, 1983, 1987, 1988, 1989, 1991,
1998, 1999, 2007

Normal (69) 1789, 1792, 1794, 1795, 1799, 1800, 1801, 1806, 1807, 1812, 1817, 1818, 1819, 1820, 1821, 1822, 1823,
1825, 1832, 1833, 1834, 1841, 1843, 1844, 1846, 1847, 1848, 1850, 1851, 1852, 1853, 1854, 1855, 1856,
1859, 1867, 1876, 1877, 1878, 1882, 1884, 1887, 1897, 1899, 1910, 1911, 1912, 1914, 1923, 1927, 1931,
1937, 1940, 1943, 1945, 1948, 1953, 1967, 1972, 1977, 1981, 1984, 1985, 1993, 1995, 1996, 2001, 2004,
2006

Dry (81) 1790, 1791, 1798, 1802, 1803, 1809, 1810, 1811, 1813, 1814, 1815, 1824, 1826, 1827, 1828, 1835, 1837,
1838, 1842, 1845, 1849, 1857, 1858, 1861, 1862, 1865, 1868, 1871, 1875, 1880, 1881, 1883, 1885, 1888,
1894, 1895, 1896, 1898, 1901, 1902, 1904, 1905, 1906, 1907, 1908, 1909, 1915, 1918, 1919, 1922, 1924,
1926, 1928, 1929, 1932, 1935, 1936, 1938, 1939, 1941, 1942, 1944, 1946, 1956, 1957, 1964, 1965, 1968,
1979, 1980, 1982, 1986, 1990, 1992, 1994, 1997, 2000, 2002, 2003, 2005, 2008

3.2. Droughts and wet years in eastern NSW,
1788–2008

Table III shows the droughts and wet years identified for
eastern NSW from 1788–2008 using the documentary
chronology (1788–1859) and the nine-station eastern
NSW rainfall network (1860–2008). The documentary
and instrumental indices disagree during a 3-year over-
lap from 1858–1860 when six of the nine eastern NSW
stations have data available. The instrumental data clas-
sified all 3 years as wet, while the documentary records
suggests that 1858 was dry. These discrepancies may
highlight issues associated with subjective accounts from
limited geographic regions in the documentary record.
Another factor could be an extremely wet month or two
occurring within a relatively dry period. This would lead
to the instrumental record suggesting normal or wet con-
ditions, while documentary accounts report generally dry
conditions.

An examination of monthly rainfall data for the
year 1858 (not shown), revealed that eastern NSW
was dominated by widespread dry conditions, apart
from several individual months during October–February
which were wetter than average in Sydney, Bathurst
and Armidale. As such, for the development of our
1788–2008 eastern NSW drought and wet year index, the
documentary classification of dry was taken for 1858. As
the documentary classifications for above-average rainfall
years cease in 1840, 1859 and 1860 were taken as wet
years, as defined by the instrumental data.

Figure 6 shows the droughts and wet years identified
from the historical Sydney rainfall compared with our
new eastern NSW drought and wet year index. A chi-
squared test of independence reveals a statistically sig-
nificant relationship [X 2(7, N = 177) = 98.0, p < 0.005],
with the majority of wet and dry years in Sydney agreeing
with wet and dry years in eastern NSW. A total of 114 of
the 177 overlapping years are in agreement (statistically
significant using the Binomial sign test, p < 0.005) and
only 4 years in direct disagreement (i.e. one index says a
year is wet while the other says it is dry). These results

remain largely unchanged, and still highly statistically
significant, if Sydney is removed from the eastern NSW
nine-station network (not shown). The main difference
appears to be a drought in the Sydney region seen in the
instrumental rainfall observations during the 1840s and
1850s that was not completely captured in the documen-
tary chronology, possibly due to missing data for the wet
phase of the chronology from 1841–1860 (Table III).

During the overlapping period between the doc-
umentary index and the historical Sydney rainfall
(1832–1859), there are no direct disagreements, and ten
cases where both classify a year as wet, dry or normal.
Considering that the majority of the documentary sources
came from the Sydney region (Fenby and Gergis, 2012),
we conclude that it is reasonable to use the wet years
identified using the historical Sydney instrumental
rainfall data (described in Section 2.3.) as a proxy for
wet conditions in the 1841–1860 period missing from
the wet phase of the documentary chronology. This
results in the years 1841, 1844, 1846 and 1859 being
added as wet years to the eastern NSW drought and wet
year index and this was used in all subsequent analysis.

A comparison of the eastern NSW drought and wet
year index to the broader SEA index for the overlapping
1860–2008 period (shown in Figure 6) reveals a non-
uniform distribution of agreement that is statistically
significant using a chi-squared analysis, even though only
85 of the 149 overlapping years are in direct agreement
(not significant using the Binomial sign test, p > 0.5).
However if the SEA drought and wet year index is
recalculated with the nine-eastern NSW stations removed
(not shown), the agreement between the two is not sig-
nificantly different from a random distribution and only
60 of the 149 overlapping years are in direct agreement.
This suggests that the eastern NSW drought and wet
year index cannot be used to represent rainfall variation
across all of SEA, a result also clear from Figure 4.

On the other hand, the relationship between the NSW
rainfall area-average and the eastern NSW drought and
wet year index (not shown) is statistically significant
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Wet and dry years, 1788–2008
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Figure 6. Drought and wet year indices calculated using five different datasets for 1788–2008: a nine-station network in eastern NSW (Eastern
NSW, 1788–2008), Sydney rainfall values (Sydney, 1832–2008), a 45-station network in SEA (1860–2008), a median south-eastern Australian
palaeoclimate rainfall reconstruction (G12, 1788–1988) and the levels of Lake George, where a rise of 0.3 m or more is classified as wet, and
a drop of 0.3 m or more, or a dry lake, is classified as dry (Lake George, 1816–1989). Years refer to May–April (i.e. 1788 refers to May
1788–April 1789). A positive bar denotes a wet year and a negative bar indicates a dry year. Wet and dry years for eastern NSW identified using
the nine-station rainfall network are plotted in dark grey (1860–2008), while those classified using documentary data are plotted in light grey
(1788–1859). Note that 1841, 1844, 1846 and 1859 have been classified as wet in the eastern NSW drought and wet year index, in accordance
with the Sydney drought and wet year index (black bars). Sydney rainfall anomalies (mm), SEA normalised precipitation anomalies (NPA), the
median G12 rainfall reconstruction (mm) and year-to-year difference in Lake George levels (m) are plotted over the corresponding drought and

wet year index. Years with no data are marked with a cross.

using the Binomial sign test (p < 0.005), with 98 of the
149 years between 1860–2008 in direct agreement, i.e. a
dry year in the eastern NSW drought and wet year index
corresponded to a negative rainfall anomaly in the NSW
rainfall area-average, and a wet year corresponded with a
positive rainfall anomaly. This confirms the results seen
in Figure 4 that our eastern NSW drought and wet year
index is in fact a good proxy for rainfall variations across
the state of NSW.

3.3. Verifying the eastern NSW drought and wet year
index with independent rainfall proxies

3.3.1. Lake George, 1816–1989

As discussed in Part 1 (Fenby and Gergis, 2012),
water levels of Lake George in south-eastern NSW
have been recorded since 1816 (Russell, 1887; Jacobson
et al., 1991) providing a valuable NSW rainfall proxy
for the pre-1900 period. To quantify how well the
eastern NSW drought and wet year index agrees with an
independent rainfall proxy within the region, estimated
year-to-year changes of Lake George water levels are also
compared with the eastern NSW drought and wet year
index in Figure 6. Note that quantitative Lake George
water levels are unavailable so were approximated from

measurements given in previous studies (Russell, 1887;
Jacobson et al., 1991) and should be considered a relative
rather than absolute measure of historical lake level
fluctuations. A rise of 0.3 m or more in Lake George
was considered a wet year, while a fall of 0.3 m or more
was considered a dry year. Years in which the lake was
empty were also classified as dry.

The relationship between the Lake George classi-
fications and those for eastern NSW is statistically
significant using the chi-squared test statistic [X 2(7,
N = 174) = 22.4, p < 0.005] although only 76 of the 174
overlapping years are in direct agreement (not signifi-
cant using the Binomial sign test, p > 0.5). The highest
agreement between the drought and wet year index and
Lake George levels is observed during periods of drought,
often accompanied by falls in lake levels or a dry lake.
The agreement is not as strong between wet years and
rises in lake levels, particularly during the 1960s–1970s,
and at the end of the Federation Drought. As discussed by
Fenby and Gergis (2012), the lower correlations between
rising lake levels and wet years may reflect groundwa-
ter recharging and an associated lag in the surface water
levels and could also indicate the role of other processes
that influence lake levels, such as evaporation rates (Jones
et al., 2001).
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Eastern NSW and G12 reconstruction
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Figure 7. Eastern NSW drought and wet year index compared to the median G12 rainfall reconstruction (1788–1988). Grey bars represent the
drought and wet year index of Eastern NSW (1788–2008), while black outline bars represent years classified as wet or dry using the median
G12 rainfall reconstruction (1788–1988). A positive bar denotes a wet year and a negative bar indicates a dry year. The median G12 rainfall
reconstruction is also plotted (dashed line) as anomalies (mm) relative to a 1900–1988 base period. The agreement between indices is not

statistically significant using the chi-squared test for independence [X2(7, N = 201) = 12.8, p > 0.05].

3.3.2. Palaeoclimate reconstructions, 1788–1988

Figure 7 compares the G12 SEA rainfall reconstruction
with the eastern NSW drought and wet year index over
the 1788–1988 period. Only 80 of the 201 years are in
agreement (not significant using the Binomal sign test,
p > 0.05). These results are to be expected considering
the low correlations between southern SEA–biased G12
and eastern NSW shown in Figure 5. While a statistically
significant non-uniform relationship is seen between the
G12 and SEA drought and wet year indices for the
overlapping 1860–1988 period (see Figure 6), only 70
of the 129 overlapping years are in direct agreement (not
significant using the Binomal sign test, p > 0.05).

Given the spatial differences in the rainfall signal rep-
resented by the eastern NSW drought and wet year index
(Figure 4) and G12 (Figure 5), it is perhaps unsurprising
that the results do not agree well. The most notable
difference between the records occurs during the 1820s,
when the rainfall reconstruction identifies a significant
wet period while the documentary record predominately
reports drought conditions (see Fenby and Gergis, 2012).

These discrepancies are likely to reflect the reduced
skill in capturing the full magnitude of inter-annual
rainfall reported by Gergis et al. (2012) and a Sydney

region bias in the availability of documentary material.
It may also reflect true geographical differences in
the rainfall signal between eastern and southern SEA.
For example, when a negative phase of the Indian
Ocean Dipole (IOD) mode coincides with ENSO neutral
conditions, a pattern of low rainfall anomalies during
June–October is seen in contemporary eastern Australia,
and positive rainfall anomalies across southern Australia
(Meyers et al., 2007; Risbey et al., 2009b). During these
periods the Sydney region appears to experience negative
rainfall anomalies while southern SEA experiences very
wet conditions. Historical research is currently underway
to investigate this likelihood of simultaneously wet and
dry conditions in different parts of SEA over the early
19th century.

3.4. Drought and wet years in eastern NSW,
1788–1899

Given that the majority of Australian rainfall studies
begin in 1900 (Murphy and Timbal, 2008; Risbey
et al., 2009b) when the Australian-wide rainfall datasets
commence (Lavery et al., 1997; Jones et al., 2009),
here we focus on lesser-known droughts and wet years
experienced within eastern NSW over the 1788–1899
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period. Figure 6 compares the rainfall variations indi-
cated by the five drought and wet year indices considered
in this analysis. This information is also given in tabular
format in Appendix S1. The newly developed eastern
NSW drought and wet year index reconstructs 24
drought periods during the pre-1900 period. Ten of
these dry periods last two years or more (1790–1791,
1802–1803, 1809–1811, 1813–1815, 1826–1828,
1837–1838, 1857–1858, 1861–1862, 1880–1881 and
1894–1896). The most pronounced dry period occurs
from 1809–1815, with a normal rainfall year occurring
in 1812. This matches the G12 rainfall reconstruction
from 1810–1813, suggesting that this significant event
may warrant further historical study using primary
source materials (Fenby and Gergis, 2012) and that
palaeoclimate data may only be able to detect high
magnitude events on interannual timescales in SEA.

A major Australian dry period referred to as the
Federation Drought is reported to have occurred from
1895–1902 in SEA (Ummenhofer et al., 2009; Verdon-
Kidd and Kiem, 2009). Although work is underway by
the BoM to extend Australia’s rainfall record (Trewin
and Fawcett, 2009; Timbal and Fawcett, 2012), the exact
nature of the Federation Drought is still poorly described
from instrumental observations. The extensions to the
SEA rainfall record presented in this study suggest that
drought years in eastern NSW occurred in 1894–1896,
1898, and 1901–1902. Following the wet year of 1903,
a protracted dry period in the region is reported from
1904–1909. This confirms independent reports from
historical studies that indicate significant societal impacts
in eastern Australia from 1895 well into the first decade
of the 20th century (Garden, 2009, 2010).

Figure 6 reveals 19 previously undescribed wet events
that occur during the pre-1900 period. Nine of these wet
periods last two or more years (1796–1797, 1804–1805,
1829–1831, 1839–1840, 1859–1860, 1863–1864,
1869–1870, 1872–1874 and 1889–1893). The wet
years of 1804, 1805 and 1808 correspond to a pluvial
in G12 rainfall reconstruction spanning the 1804–1808
period. This period contains dramatic accounts of severe
flooding on the Hawkesbury River in the Sydney region,
culminating in the ‘Great Flood’ of March 1806 which
caused extensive infrastructure damage and agricultural
losses that brought the colony of NSW to the brink of
famine (Fenby and Gergis, 2012). The years 1829–1831
also match the wet event reconstructed by G12 over
the 1828–1830 period and an increase in Lake George
levels in 1831. The late 19th century in eastern NSW is
largely dominated by two notable wet periods spanning
1869–1874 and 1889–1893, corresponding well to a
recent analysis of SEA rainfall since 1865 (Timbal and
Fawcett, 2012) as well as palaeoclimate and historical
sources (Garden, 2009; Gergis et al., 2012).

3.5. Eastern NSW rainfall–ENSO relationship

Next we compare our results to three ENSO recon-
structions outlined in Section 2.4. to examine the

relationship between eastern NSW rainfall and ENSO
since European settlement. A statistically significant
non-uniform distribution is found when we compare
ENSO events identified by Gergis and Fowler (2009)
with the eastern NSW drought and wet year index over
the 1788–2001 overlapping period, shown in Figure 8.
To align with the peak biological anomalies that often
span two calendar years, the May–April year of the
drought and wet year index (t = 0) is compared to the
following calendar year of the Gergis and Fowler (2009)
ENSO index (t + 1). Similar but slightly weaker results
were also found when comparing the May–April rainfall
year with the equivalent calendar year of the ENSO
index (not shown). Only 101 of the 214 overlapping
years are in direct agreement (i.e. a dry year occurred
at the same time as El Niño, normal rainfall occurred
during a neutral ENSO phase and a wet year occurred in
La Niña year), however Figure 8 shows a marked bias
towards wet years occurring during La Niña events and
dry years being recorded during El Niño events.

No significant relationship was identified between
either the UEP or the Braganza et al. (2009) multiproxy
index and the eastern NSW or SEA drought and wet year
indices (not shown). The correlations between the eastern
NSW and SEA rainfall area-averages and the UEP were
also not significant (–0.1 and –0.08, respectively). These
results are in line with the low correlation seen between
observational ENSO indices and modern coastal NSW
rainfall (Risbey et al., 2009b).

Given the weak relationships noted above, it is valu-
able to compare our results to an early study by Nicholls
(1988) that used secondary source compilations pro-
vided by Jevons (1859b) and Warren (1948) to assess
the relationship between eastern Australian drought and
El Niño events over the 1788–1841 period. Nicholls
(1988) identified 26 drought years, 11 of which do
not correspond to the results shown in Table III. Dis-
crepancies occur in the years 1796–1797, 1799, 1804,
1817–1818, 1819–1820, 1823, 1829 and 1839. Of these,
five years (1796–1797, 1804, 1829, 1839) are classi-
fied as wet in Figure 8. The remaining six discrepancies
(1799, 1817–1818, 1819–1820, 1823) are classed as nor-
mal rainfall years in our eastern NSW drought and wet
year index. The majority of these years were identified
as minor droughts by Nicholls (1988) and, in the case
of the years 1799, 1804 and 1839, were classified as
droughts using data from early in the calendar year. As
such, the May–April year definition used in this analy-
sis may account for some of the discrepancies identified
with Nicholls’ (1988) drought years.

Nicholls (1988) also reports a statistically signifi-
cant relationship between Australian drought and El
Niño years identified from South American documen-
tary records over the 1788–1841 period (Quinn et al.,
1978; Hamilton and Garcia, 1986), concluding that the
relationship between El Niño and Australian drought has
existed for at least two centuries. The results of this study,
which makes use of updated ENSO reconstructions that
incorporate both El Niño and La Niña events (Braganza
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Figure 8. Eastern NSW drought and wet year index compared to the Gergis and Fowler (2009) ENSO reconstruction for the following year,
1788–2001. The May 1788–April 1789 year of the eastern NSW drought and wet year index, for example, was compared to the calendar
year of 1789 in Gergis and Fowler (2009), to align with the peak biological signal of the ENSO event associated with the May–April rainfall
year. Eastern NSW wet and dry years are plotted as per Figure 7. Years that are associated with weak ENSO events as defined by Gergis and
Fowler (2009) are given a value of +1 for La Niña events and –1 for El Niño events. Moderate events are given a value of ±2, strong events
a value of ±3, very strong events a value of ±4, and extreme events a value of ±5. If a year was classified as both El Niño and La Niña, the
stronger magnitude was used for classification. If a year was classified as both El Niño and La Niña and was of equal magnitude, the year was
classified as El Niño event due to higher confidence in the El Niño phase. The agreement between drought and wet year index and ENSO index

is statistically significant using the Chi-squared test for independence [X2(7, N = 214) = 22.2, p < 0.05].

et al., 2009; Gergis and Fowler, 2009; McGregor et al.,
2010), suggests a weaker relationship between ENSO and
eastern NSW rainfall over the 1788–1982 period than
previously reported.

This confirms recent work by Gergis et al. (2012)
that concluded the relationship between ENSO and SEA
rainfall has not remained stable over the past two
centuries. The palaeoclimate study presents evidence
for a robust relationship with high SEA rainfall and
ENSO over the 1840–1988 period, but reports a notable
breakdown in the relationships in the late 18th–early 19th
centuries (Gergis et al., 2012). No significant changes
were found in the relationships between the eastern
NSW drought and wet year index and any of the ENSO
reconstructions when examining 1788–1840 compared to
the 1841–2008 period (not shown). These results may be
a combination of the weak relationship between ENSO
and the climate on the eastern seaboard of Australia
and noted asymmetries in the ENSO–Australian rainfall
relationship (Power et al., 1999). It is also likely that
deficiencies in the wet phase of the documentary record

(see Section 2.1.) may hamper the ability of our index to
adequately capture high rainfall associated with La Niña
events in the region.

The documentary and instrumental rainfall observa-
tions used to develop the eastern NSW drought and wet
year index suggest a fluctuating relationship between
ENSO and SEA rainfall variations over the past 220
years. It is possible that other climate modes such as the
IOD or Southern Annular Mode (SAM) exerted greater
influence on SEA climate variability during the 1830s
and 1840s; the period containing the coolest tempera-
ture anomalies of the last 1000 years in the Australasian
region (Gergis et al., 2012; Gergis et al., in review).
A weakened relationship between ENSO and Australian
rainfall has previously been noted during the 1920–1950
period (Kestin et al., 1998), while decadal variations in
the strength and influence in the Australian region of the
IOD and SAM have also been identified in the 20th
century (Abram et al., 2008; Nicholls, 2010; Verdon-
Kidd and Kiem, 2009). SAM in particular has become
increasingly positive over recent years, although this has
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been linked with large-scale warming rather than natu-
ral low-frequency fluctuations in atmospheric circulation
(Hendon et al., 2007; Nicholls, 2010).

While these and other recent studies using instru-
mental records have investigated the role of the Indian
and Southern Oceans in influencing Australian rain-
fall variability (Meneghini et al., 2007; Risbey et al.,
2009b; Ummenhofer et al., 2009; Ummenhofer et al.,
2011), there are limited multi-century studies that assess
the relationship between regional Australian rainfall and
large-scale circulation features using palaeoclimate data
(Hendy et al., 2003; van Ommen and Morgan, 2010;
Lough, 2011; Gergis et al., 2012). A long-term study
of the interaction between circulation modes like ENSO,
IOD and SAM on SEA climate variability over past cen-
turies would offer considerable insight into the nature
of Australian drought variability under pre-industrial and
anthropogenically forced conditions (Gergis et al., 2012).
While the investigation of multi-decadal fluctuations in
large-scale Southern Hemisphere circulation modes and
regional Australian climate variations is beyond the scope
of this study, it will be the focus of future work.

4. Conclusion

In part 1 of this study, Fenby and Gergis (2012) devel-
oped a documentary chronology of wet and dry years to
provide an opportunity for building an extended drought
and wet year index along with instrumental meteorologi-
cal observations back to first European settlement of Aus-
tralia in 1788. Despite the geographical biases identified
in this analysis, it is clear that historical documentary and
instrumental records play an important role in understand-
ing rainfall variations in SEA in the 1788–1860 period.
After identifying eastern NSW as the subregion of SEA
capable of providing a continuous rainfall record back to
1788, we combined documentary, historical instrumental
and Australian Bureau of Meteorology rainfall observa-
tions to develop an eastern NSW drought and wet year
index from 1788–2008.

We have identified 24 new drought events and 19 wet
periods during the 1788–1899 period. At this stage, it is
only possible to comment on the occurrence rather than
the magnitude of wet and dry years in the eastern NSW
subregion of SEA. Future work using primary source
material could greatly improve our description of the
exact duration, severity and societal impacts of rainfall
variability in SEA (see Fenby and Gergis, 2012).

The newly developed eastern NSW drought and wet
year index was compared to a range of historical rain-
fall and palaeoclimate records from the region over the
available period of overlap (see Figure 6). Although some
discrepancies were noted during the verification process
between the eastern NSW drought and wet year index
and long-term rainfall proxies, this study highlights the
importance of using a range of records in the recon-
struction of past climates. It is clear that data biases are
present in Australian historical material (Sydney region

of NSW) and palaeoclimate record availability (Tasma-
nian region, see Gergis et al., 2012). While some of
these biases may never be resolved (e.g. the geographical
distribution of historical settlements), we have demon-
strated that archival material has the potential to extend
our understanding of pre-20th century Australian climate
variations.

This study is the first of its kind in the Australasian
region to combine documentary, early instrumental and
modern meteorological rainfall observations using inter-
nationally comparable techniques (Brazdil et al., 2005),
a significant advance in historical climatology for the
region. The results presented in this study now provide an
opportunity for Australia to be included in cross-regional
drought comparisons from the Indo–Pacific regions of
Africa and South America (Nash and Endfield, 2008;
Neukom et al., 2009; Nash and Grab, 2010). For example,
discerning the connection between Australian and South
African drought periods reported during the early 19th
century may have implications for improving our dynam-
ical understanding of one of the most abrupt climate shifts
of the past 1000 years (Goodwin et al., 2004; Gergis
et al., in review).

This study confirms that SEA has experienced consid-
erable rainfall variability since first European settlement
in 1788. While it is clear that ENSO influences rain-
fall variability in the broader SEA region (Risbey et al.,
2009b), the signal recorded in the coastal NSW sub-
region is weak, most likely reflecting local orographic
rainfall effects associated with the mountains of the Great
Dividing Range and deficiencies in the wet phase of the
documentary record. This study reconfirms the conclu-
sion of Gergis et al. (2012) that the relationship between
ENSO and SEA rainfall has not remained stable over the
past two centuries.

Future studies are now needed to investigate the role
of regional circulation modes of the Indian, Southern and
Pacific Oceans on SEA climate over past centuries and
‘ground’ truth the results using both documentary and
instrumental data recovered from Australia’s invaluable
historical archives.
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Appendix A.  Drought and wet year indices calculated using five different datasets 

for 1788–2008: A nine-station network in eastern NSW (Eastern NSW, 1788–2008), 

Sydney rainfall values (Sydney, 1832–2008), a 45-station network in south-eastern 

Australia (SEA, 1860–2008), a median south-eastern Australian palaeoclimate rainfall 

reconstruction (G12, 1788–1988) and the levels of Lake George, where a rise of 0.3m 

or more is classified as wet, and a drop of 0.3m or more, or a dry lake, is classified as 

dry (Lake George, 1816–1989). Years refer to May–April (i.e. 1788 refers to May 

1788–April 1789). A wet year is marked by a black box, a dry year by a grey box and 

a year of normal year marked with a white box. Note that 1841, 1844, 1846 and 1859 

have been classified as wet in the eastern NSW drought and wet year index, in 

accordance with the Sydney drought and wet year index, as there is no documentary 

information for the wet phase of the eastern NSW rainfall index is available over the 

1841–1860 period. 

      
   = wet    = dry 
      
   = normal     = no data 
      
Year Eastern 

NSW  
Sydney  SEA  G12 Lake 

George 
1788 1     1   
1789 n     -1   
1790 -1     n   
1791 -1     -1   
1792 n     n   
1793 1     n   
1794 n     n   
1795 n     1   
1796 1     1   
1797 1     n   
1798 -1     n   
1799 n -1   
1800 n 

  
  

  
  n   

1801 n     n 
1802 -1     n 
1803 -1     n 

 



1804 1     1 
1805 1 1 
1806 n 1 
1807 n 1 
1808 1 1 
1809 -1 n 
1810 -1 -1 
1811 -1 -1 
1812 n -1 
1813 -1 n 
1814 -1 1 
1815 -1 n 

 

1816 1 n 1 
1817 n -1 1 
1818 n -1 1 
1819 n 1 1 
1820 n 1 1 
1821 n 1 n 
1822 n -1 n 
1823 n 1 -1 
1824 -1 -1 -1 
1825 n 1 -1 
1826 -1 1 -1 
1827 -1 n -1 
1828 -1 1 -1 
1829 1 1 n 
1830 1 1 n 
1831 1   n 1 
1832 n -1 1 n 
1833 n 1 -1 n 
1834 n -1 -1 -1 
1835 -1 n n -1 
1836 1 1 n -1 
1837 -1 -1 -1 -1 
1838 -1 n -1 1 
1839 1   -1 1 
1840 1 1 n n 
1841  1 -1 -1 
1842 -1 n -1 -1 
1843 n n n n 
1844  1 -1 n 
1845 -1 -1 -1 n 
1846  1 1 -1 
1847 n -1 1 -1 
1848 n -1 1 -1 
1849 -1 -1 1 n 
1850 n n   n 1 



1851 n -1 -1 1 
1852 n -1 -1 1 
1853 n n n -1 
1854 n -1 n -1 
1855 n -1 -1 n 
1856 n n -1 -1 
1857 -1 -1 n -1 
1858 -1 n 1 -1 
1859  1  1 n 
1860 1 1 1 1 1 
1861 -1 -1 n 1 n 
1862 -1 -1 n n n 
1863 1 n 1 1 1 
1864 1 1 -1 -1 1 
1865 -1 -1 -1 -1 -1 
1866 1 1 n -1 -1 
1867 n n 1 n -1 
1868 -1 -1 n -1 -1 
1869 1 1 n 1 1 
1870 1 1 1 1 1 
1871 -1 -1 n n 1 
1872 1 1 1 1 1 
1873 1 1 n n 1 
1874 1 1 n -1 n 
1875 -1 -1 1 n n 
1876 n 1 n -1 -1 
1877 n 1 n -1 -1 
1878 n -1 -1 n 1 
1879 1 1 1 1 n 
1880 -1 -1 -1 1 -1 
1881 -1 n -1 -1 -1 
1882 n n n 1 -1 
1883 -1 -1 n -1 -1 
1884 n -1 n -1 -1 
1885 -1 n -1 -1 -1 
1886 1 n n n n 
1887 n n n n n 
1888 -1 -1 -1 -1 n 
1889 1 1 1 1 -1 
1890 1 1 1 1 1 
1891 1 1 1 -1 1 
1892 1 1 1 1 1 
1893 1 n 1 1 1 
1894 -1 -1 1 1 -1 
1895 -1 -1 -1 -1 -1 
1896 -1 n -1 -1 -1 
1897 n n -1 n -1 



1898 -1 -1 n 1 n 
1899 n 1 n -1 1 
1900 1 1 n 1 n 
1901 -1 -1 -1 n -1 
1902 -1 n -1 -1 -1 
1903 1 1 1 -1 n 
1904 -1 -1 -1 -1 1 
1905 -1 -1 n -1 n 
1906 -1 -1 1 n n 
1907 -1 -1 -1 n n 
1908 -1 n n 1 n 
1909 -1 -1 1 n n 
1910 n 1 1 1 n 
1911 n n -1 -1 n 
1912 n n n -1 n 
1913 1 1 -1 -1 n 
1914 n 1 -1 -1 1 
1915 -1 -1 n 1 1 
1916 1 1 1 1 -1 
1917 1 1 1 1 -1 
1918 -1 -1 -1 1 -1 
1919 -1 1 -1 -1 n 
1920 1 n 1 1 n 
1921 1 n n -1 n 
1922 -1 -1 -1 -1 n 
1923 n n 1 -1 n 
1924 -1 -1 n -1 1 
1925 1 1 -1 -1 -1 
1926 -1 n n n -1 
1927 n -1 n 1 -1 
1928 -1 n -1 1 n 
1929 -1 n -1 -1 n 
1930 1 n 1 n n 
1931 n n 1 n -1 
1932 -1 -1 -1 1 -1 
1933 1 n n n -1 
1934 1 1 1 n -1 
1935 -1 -1 -1 n -1 
1936 -1 -1 n -1 -1 
1937 n n n n -1 
1938 -1 -1 -1 n -1 
1939 -1 -1 n -1 -1 
1940 n n -1 -1 -1 
1941 -1 -1 -1 -1 -1 
1942 -1 -1 1 n -1 
1943 n 1 -1 1 -1 
1944 -1 -1 -1 -1 -1 



1945 n n 1 1 n 
1946 -1 -1 n n n 
1947 1 -1 1 1 1 
1948 n n n n 1 
1949 1 1 1 n 1 
1950 1 1 1 1 n 
1951 1 1 1 n n 
1952 1 1 1 -1 1 
1953 n n n 1 -1 
1954 1 1 n n -1 
1955 1 1 1 1 1 
1956 -1 -1 1 1 1 
1957 -1 1 -1 -1 -1 
1958 1 n 1 n 1 
1959 1 n n n n 
1960 1 1 1 1 n 
1961 1 1 -1 -1 n 
1962 1 1 1 1 n 
1963 1 1 n -1 n 
1964 -1 -1 n -1 -1 
1965 -1 1 -1 -1 -1 
1966 1 n n -1 -1 
1967 n n -1 -1 n 
1968 -1 -1 1 1 -1 
1969 1 1 n n n 
1970 1 n 1 1 n 
1971 1 1 1 1 -1 
1972 n 1 n -1 -1 
1973 1 1 1 1 -1 
1974 1 1 1 1 n 
1975 1 1 1 1 1 
1976 1 1 n -1 1 
1977 n -1 -1 -1 -1 
1978 1 n 1 1 n 
1979 -1 -1 -1 n n 
1980 -1 -1 -1 n -1 
1981 n -1 1 1 -1 
1982 -1 n -1 -1 -1 
1983 1 1 1 -1 1 
1984 n 1 n 1 n 
1985 n n n n -1 
1986 -1 n n n n 
1987 1 1 n -1 1 
1988 1 1 1 1 1 
1989 1 1 1 0 
1990 -1 -1 n 
1991 1 1 n 

 
 



1992 -1 -1 1 
1993 n n n 
1994 -1 -1 -1 
1995 n n n 
1996 n n n 
1997 -1 n -1 
1998 1 1 -1 
1999 1 n n 
2000 -1 -1 n 
2001 n 1 n 
2002 -1 -1 -1 
2003 -1 n -1 
2004 n -1 n 
2005 -1 -1 -1 
2006 n n -1 
2007 1 1 -1 
2008 -1 -1 -1 

  

 




