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Introduction

The relationship between high temperatures and human 
health has been widely documented throughout the globe 
(as reviewed in Basu and Samet 2002). High temperatures 
and humidity lead to discomfort and stress, which decreases 
productivity (Epstein & Moran 2006) as well as altering power 
consumption (e.g. Huisman 2008). In more extreme cases, 
long periods of extreme temperatures drastically increase 
mortality, with heat waves the most significant weather-
related cause of death in the USA (Changnon et al. 1996), 
with tens of thousands of deaths associated with heatwaves 
in Europe (Vandentorren et al. 2004) and Russia during the 
last decade. In Australia, a heatwave during 2009 caused 374 
excess deaths in Melbourne, an increase of 64 per cent in 
mortality, and 50–150 excess deaths in Adelaide, associated 
with temperatures 12–15 °C above normal (QUT 2010). 
 One issue with extreme heat and heatwave analysis is in 
the definitions used, which can vary considerably between 
countries due to different heat tolerances, but also between 
studies in the same country. In Sydney, increases in mortality 
have been identified for maximum temperatures above 32 °C 
(Hu et al. 2008), or mean daily temperatures above 30 °C in 
Melbourne (Loughnan et al. 2010), although high humidity 
may also influence the human heat response (e.g. Epstein & 

Moran 2006). The definition may also depend on the purpose 
of the study, with indicators of severe heatwaves in studies 
of heatwave mortality likely to be rare events, with lower 
applicability for trend or correlation analysis. 
 The most common heatwave definitions are sustained 
periods of high maximum temperatures. The threshold 
temperature can be a constant threshold such as 35 °C 
(e.g. Hansen et al. 2008); a constant anomaly such as 5 °C 
above the monthly average temperature; or the 90th, 95th or 
99th percentile for the region (e.g. Tryhorn & Risbey 2006, 
Khalaj et al. 2010). However, Loughnan et al. (2010) identified 
three-day average temperatures exceeding 27 °C as the best 
predictor for increased hospital admissions in Melbourne. 
Other, more complicated methods have also been suggested, 
based on the longest run above a temperature threshold 
or warmest three day period (Tryhorn & Risbey 2006), 
accounting for acclimatisation due to accumulated heat 
(Nairn et al. 2009), or heatwave indices designed specifically 
for monitoring purposes rather than impacts (e.g. Trewin 
2009). 
 The majority of studies investigating climatic influences 
on extreme heat have focussed on the El Niño – Southern 
Oscillation (ENSO). Relationships between ENSO and 
summer maximum temperatures have been consistently 
identified in eastern Australia (e.g. Nicholls et al. 1996; Power 
et al. 1998; Jones and Trewin 2000), with correlations with 
SOI in the Sydney region between –0.30 and –0.45. Variation 
in rainfall between ENSO states explains part of this 
correlation; however, partial correlations with SOI holding 

Corresponding author address: Acacia Pepler, New South Wales Climate 
Section, Bureau of Meteorology, P.O. Box 413, Darlinghurst NSW 1300
email: a.pepler@bom.gov.au

High temperatures and humidity are known to significantly impact human health 
and wellbeing across Australia, although few studies have investigated the local-
ised climatology of such events. In this paper, a number of indices of extreme heat 
and humidity are investigated in Sydney, Australia, providing an overview of the 
frequency and trends of such events across the city. Although summer average 
temperatures have consistently increased over the past fifty years, no statistically 
significant trend is observed for extreme temperatures and heatwaves in Sydney, 
with interannual variability a stronger influence on such events. In particular, hot 
days and nights are most likely to occur during El Niño years, but also where local 
sea surface temperatures are anomalously warm, which is most common during 
La Niña years. The relative importance of local and global variations in sea surface 
temperatures for air temperatures in Sydney is an interesting area for future re-
search, particularly with respect to the strong warming trend observed in coastal 
sea surface temperatures around Australia.



232   Australian Meteorological and Oceanographic Journal 61:4 December 2011

rainfall constant were between –0.15 and –0.30 during 
summer (Jones & Trewin 2000), suggesting some additional 
influence, possibly related to changes in cloud cover and 
humidity or alterations in wind patterns. 
 Some influence of ENSO on extreme daily temperatures 
has also been identified (e.g. Nicholls et al. 2005, Chambers & 
Griffiths 2008), with correlations around 0.30 with NINO3.4 
on the eastern coast. However, few studies have investigated 
the relationship between ENSO and extended hot spells or 
humidity, although Williams and Karoly (1999), in a study 
on fire weather, found a decrease in the average minimum 
relative humidity in SE Australia during El Niño years. Other 
factors of interest such as the Indian Ocean have been less 
investigated in terms of temperature influences in Australia. 
The Indian Ocean Dipole (IOD) can be represented by the 
Dipole Mode Index (DMI, Saji et al. 1999) or the more recent 
Tri-Pole index (Timbal & Hendon 2010) created to encompass 
all tropical modes of variability relevant to the climate of 
southeastern Australia. With respect to rainfall, the eastern 
seaboard of Australia has been identified as a separate entity 
from the rest of southeastern Australia (Timbal 2010) and the 
effects of DMI and Tri-Pole index may be less important than 
the direct influence of ENSO in this region. Local sea surface 
temperatures (SSTs) in the Australian region will also be 
investigated, as they are expected to have a strong influence 
on temperatures in coastal locations such as Sydney.
 This paper investigates the influence of ENSO and other 
key climatic indices in Australia on extreme temperature, 
humidity, and extended heatwaves in Sydney. Following a 
discussion of the methodology used, the climatology of high 
temperature and humidity days will be discussed for three 
Sydney stations, including any significant trends. This is 
followed by a discussion of the influence of ENSO on both 
the frequency and seasonality of such events. Finally, the 
relationship between temperatures and other key climate 
influences such as local SSTs and wind patterns will be 
investigated, followed by conclusions. 

Data and methodology

The Sydney basin extends from the coast in the east to 
the Great Dividing Range in the west, with a strong east–
west gradient in climate. To identify the impact of this 
spatial variability on results, three Bureau of Meteorology 
synoptic stations are discussed in this paper (Fig. 1). Sydney 
Observatory Hill, near Sydney Harbour, has humidity 
records since 1955 and reliable temperature records since 
the establishment of a Stevenson screen in 1918. This is 
complemented by Richmond RAAF, which has consistent 
temperature records since 1954, although 3 pm temperature 
and humidity data is only 70 per cent complete between 
1960 and 1963, so only data since 1964 is used for humidex. 
This station is located 50 km to the northwest of Sydney 
CBD, on the border between the Sydney basin and the Blue 
Mountains. These are supplemented by Williamtown RAAF, 
a coastal station to the north of Sydney near Newcastle, with 

data from 1950. In all cases the raw station data has been 
used, with site-specific inhomogeneities not investigated in 
this paper.
 For the purposes of this study, a year is defined as the July–
June period beginning in the year given; i.e. 2009 refers to the 
year between July 2009 and June 2010. Data from January 
1960 to February 2011 is used, giving fifty years of annual 
data and 51 years of spring and summer. ‘Hot days’ were 
defined by daily maximum temperatures (TMAX) above 35 °C, 
with ‘warm nights’ defined by minimum temperatures (TMIN) 
above 24 °C. Daily mean temperatures (TMEAN) exceeding 27 
°C were also used, where the mean is the average of the daily 
maximum and subsequent minimum as per Loughnan et al. 
(2010), reflecting a decreased capacity for overnight heat 
loss. High humidity days were defined as days with 3 pm 
dewpoint temperatures (TD) exceeding 20 °C, an indication of 
available moisture independent of temperature.
 Apparent temperature indices combine the effects of 
humidity and temperature to give an indication of thermal 
(dis)comfort. Although the apparent temperature is the 
official measurement for discomfort used by the Bureau 
of Meteorology, the Canadian humidex (Masterton & 
Richardson 1979) will be used in this study, which has a 
correlation of 0.95 with apparent temperature and performs 
comparatively well for high temperature situations (Quayle 
& Doehring 1981). This index was chosen to avoid the need 
for wind data, which has low reliability in older records and 
is unavailable at Observatory Hill after 1992.
 The humidex (H) is defined by H = T + 0.5555 x (e – 10), 
where T is the 3 pm air temperature and e is the 3 pm 
vapour pressure in hPa, a measure of absolute humidity. 
This is generally treated as a unitless quantity. As the data 
used begins prior to the advent of daylight saving time, the 
collection time of the 3 pm data during summer has changed; 

Fig. 1 Study area, with key locations marked.
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however, analysis with hourly data between 1993 and 2010 
found a change in humidex of less than one per cent between 
2 pm and 3 pm data, with consequently little impact on the 
frequency of very high values.
 Humidex values of over 30 are associated with discomfort, 
with great discomfort experienced at values above 40; 35 is 
the threshold used in this study. Imminent heat stroke is 
likely at humidex values above 54. This threshold was nearly 
surpassed on one occasion in the dataset, with a humidex 
of 53.9 recorded in Richmond on 20 February 1998, while 
the maximum humidex was just 47 at Observatory Hill 
(6 February 1973). However, the 3 pm humidex may not 
represent the highest value recorded on a day, with higher 
maximum humidex values observed using high-resolution 
data during a heatwave in February 2011.
 The heatwave definitions used in this study are typically 
based on periods of high heat lasting three or more days for 
consistency with previous studies (e.g. Loughnan et al. 2010, 
Nairn et al. 2009), and include:
1. three-day periods with TMAX exceeding the 90th percentile 

of TMAX for the station between 1961 and 1990; 
2. three-day running mean temperatures exceeding 27 °C 

(Loughnan et al. 2010); 
3. three-day periods with TMIN exceeding 20 °C; and
4. three-day periods with H exceeding the 90th percentile 

for the station between 1961 and 1990. 
 The Nairn et al. (2009) Excess Heat Factor (EHF) index 
was also investigated, a new index which seeks to represent 
the extremity of individual heatwaves. This provides a three-
day anomaly in (°C)2 compared to both the historical 95th 
percentile of mean temperature, a measure of intensity, and 
the average temperature over the preceding thirty days 
to account for acclimatisation. The number of days with 
positive EHF, the number and length of continuous events, 
as well as the annual maximum daily and accumulated EHF 
will be considered.
 Key climatic indices including NINO3.4, DMI, and the 
Timbal & Hendon (2010) Tri-Pole index have been calculated 
using the HadISST dataset between 1960 and 2010. This is 
based on the Hadley Centre/UK Meteorological Office SST 
analyses from 1870 to 2010 interpolated on a 1° by 1° grid 
(Rayner et al., 2006). Three local SST indices were also derived 
from the same dataset. The first is a Coral Sea temperature 
index, representing the Australian pole of ENSO, calculated 
as the SST anomaly in a region between 5° and 25°S and 150° 
and 170° E. The second is an East Australian Seaboard (EAS) 
index, representing anomalous SSTs in the region off the 
New South Wales coast between 25° S and 35° S and 150° E 
and 160° E. 
 Finally, a local SST gradient index was defined to better 
represent the anomalous strength of the EAS in coastal New 
South Wales relative to temperatures further west, while 
minimising the impacts of long-term signals by focusing 
on relative anomalies. This index was defined as the zonal 
difference in SST over the region 25°S – 35°S between the 
regions 150°E – 155°E and 155°E – 160°E, with positive 

values indicating relatively warmer conditions off the New 
South Wales coast. Throughout the paper, correlations are 
statistically significant at the 95 per cent level when r values 
exceed ±0.28 (N=50).

Climatology

Temperatures on the coast are generally lower during the 
day and higher at night than in western suburbs of Sydney, 
with average annual maximum temperatures 1.5 °C lower at 
Observatory Hill than Richmond but minimum temperatures 
3 °C warmer. This is particularly true during summer months, 
when Richmond has average maximum temperatures of 29 
°C, compared to 26 °C in the city (Table 1). Average 3 pm 
dewpoint temperature is also 1.5 °C higher at Observatory 
Hill than at Richmond, although high humidex days are 
also more common in the warmer west. These temperature 
variations are strongly linked to distance from the coast, 
with warm ocean temperatures helping to increase humidity 
and maintain heat overnight, while the cooling influence of 
the sea breeze moderates daily maxima.
 Between 1960 and 2009, summer mean maximum 
temperature at Observatory Hill increased by 0.2 °C 
per decade, with a smaller trend of 0.1 °C per decade at 
Richmond. An increasing trend in minimum temperatures 
of 0.2 °C per decade is also observed at Observatory Hill but 
not Richmond, with similar increases in average humidex 
and overnight means, but no substantial trend in 3 pm 
average dewpoint temperatures. These trends are slightly 
stronger in spring, reaching 0.3 °C per decade for mean 
maximum temperatures at Observatory Hill. 
 Attribution of the stronger trends in the city is difficult, 
as trends may be influenced by variations in the urban heat 

Table 1. Average conditions at Sydney weather stations 
(1960–2009)

Observatory 
Hill

Richmond Williamtown

Summer average 
TMAX

26.0 29.1 27.8

Summer average 
TMIN

19.0 17.1 17.6

Summer average 
TD

16.1 14.7 16.6

Summer average 
Humidex

29.4 31.6 31.4

Days TMAX
> 35 °C

3.3 15.6 9.4

Days TMEAN 
> 27 °C

4.9 11.8 10.2

Days TMIN 
> 20 °C

39.6 15.3 20.1

Days TD > 20 °C 16.8 10.7 24.8

Days H > 35 11.0 30.2 28.6
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island effect, increased influences of any warming in ocean 
temperatures nearer the coast, or potentially through data 
inhomogeneities at individual sites. Williamtown RAAF, an 
aerodrome near Newcastle which is less impacted by the 
urban heat island effect than Sydney sites,  was also included  
to help identify the extent to which changes are driven by 
coastal conditions. This site has intermediate characteristics 
between Observatory Hill and Richmond (Table 3). Despite 
the theoretically weaker urban effect, trends in average 
maximum temperatures are stronger at this site, reaching 
0.4 °C per decade, although trends in minima are similar to 
Richmond at 0.1 °C per decade. 
 No statistically significant trends are observed in the 
frequency of hot days and heatwaves during this period at 
Richmond, with weak increases of 1.2 days with TMAX  > 30 °C 
per decade. Trends are similarly weak at Williamtown, with 
an R2 value of 0.11 (statistically significant at the 95 per cent 
level) observed for the frequency of warm nights TMIN > 20 
°C, increasing by 2.1 days per decade (Fig. 2). The highest 
frequency of warm days at this station is in the year 1997–
98. Warm nights are also the only heat criteria for which a 
statistically significant trend is observed at Observatory 
Hill, with the frequency of nights above 20 °C increasing by 
five days per decade (R2 0.25). There is also an increase of 
1.1 days per decade in the longest consecutive number of 
days exceeding this threshold, with statistically significant 
trends in both summer and spring. This strong increase 
in warm minima is suspected to be linked to warming sea 
surface temperatures, which have increased by 0.1 °C per 
annum in the EAS region between 1961 and 2009, and have a 
correlation of +0.72 with summer minimums at Williamtown, 
and +0.61 at Observatory Hill, but may also be enhanced by 
the urban heat island effect.
 The lack of statistically significant trends in hot days 
or heatwaves despite the increasing trend in average 
temperatures is of interest. This is in part due to the higher 
variability in extremes than averages, making discernment of 
trends more difficult, particularly for events that occur only 
once or twice per year. In addition, strong decadal variations 
have occurred during the time period of interest, with an 
increased frequency of high dewpoint and humidex days in 

the wet 1970s at all stations, potentially masking any longer 
term trends in the data. Nonetheless, at this stage it appears 
interannual variability has a stronger influence on these 
extreme heat indices than any longer-term fluctuations, with 
the climatic influences on such variations thus the focus of 
this paper. 

Influence of the El Niño – Southern Oscillation

NINO3.4, the SST anomaly in a region in the Pacific defined 
between 5°N and 5°S and between 170 °W and 120 °W, 
has been identified as the index that best represents the 
influence of ENSO on the Australian climate (e.g. Wang & 
Hendon 2007). This is also true for temperatures in Sydney 
during the period, with consistently stronger correlations 
using NINO3.4 than the Southern Oscillation Index (SOI) or 
Multivariate ENSO Index (MEI), although improvements are 
small. The June–November average NINO3.4 (e.g. Power et 
al 1998) is used in this study for comparisons with conditions 
during the July–June year, which has a stronger influence 
on temperatures than when summer NINO3.4 is used. ENSO 
state was defined for individual years by the Bureau of 
Meteorology declarations (as listed at http://www.bom.gov.
au/climate/enso/enlist/index.shtml), with fourteen El Niño, 
twelve La Niña, and twenty-four Neutral years during the 
period 1960–2009, and summer and spring 2010 falling in an 
additional La Niña year.
 The correlation between summer average maximum 
temperature and the average NINO3.4 in the preceding 
June–November is positive across New South Wales (Fig. 
3), with strongest correlations in the Sydney and central 
coast region and in the northeast of the State. Using station 
data, NINO3.4 was found to have moderate correlations 
with the average maximum temperature in summer at all 
stations, with El Niño summers 1.3 °C warmer than La Niñas 
at Richmond. Changes were smaller near the coast, with El 
Niño summers 0.4 °C warmer than La Niñas at Observatory 
Hill and 0.6 °C warmer at Williamtown. 
 Correlations were stronger for the number of hot days, 

Fig. 2 Trends in hot days (> 35°C) and warm nights (> 20°C) 
at Williamtown RAAF between 1960–1961 and 2009–
2010

Fig. 3 Correlations between June–November NINO3.4 and 
summer average maximum temperatures across 
Australia, 1960–2009. Note that correlations are posi-
tive in most cases. Courtesy of the National Climate 
Centre, Australian Bureau of Meteorology, Mel-
bourne, Australia.
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greater than +0.50 at both Sydney and Richmond and +0.46 
at Williamtown. All seven years with at least six hot days at 
Observatory Hill were associated with positive NINO3.4 (Fig. 
4), although the highest frequency was during the neutral 
year 1979–80. Hot days were more than twice as frequent at 
Observatory Hill during El Niño years (Table 2), while both 
Richmond and Williamtown had at least 70 per cent more hot 
days in El Niño years with 19.9 and 11.0 hot days respectively, 
compared to just 10.7 and 6.5 in La Niña years (not shown). 
 The correlation between NINO3.4 and the frequency of 
hot spells of TMAX at or above the 90th percentile was weaker 
than for the number of hot days, particularly at Observatory 
Hill, with only a slight increase in events during El Niño 
years and highest frequency during neutral year 2005. In 
comparison, mean temperature heatwaves were more than 
twice as likely in El Niño years than La Niñas at all three 
stations. Positive EHF heatwaves were also slightly more 
likely and longer in duration during El Niño years than La 
Niñas at all three stations; however, one of the most severe 
EHF heatwaves on record occurred during the La Niña 
summer of 2010–11, resulting in both El Niño and La Niña 
summers having higher maximum EHF values than neutral 
years.
 Correlations between summer average dewpoints and 
minimum temperatures and NINO3.4 were statistically 
insignificant at all three stations, with a decrease in the 
frequency of days with high dewpoints in El Niño years 
at Richmond. Consequently, the relationship between 
ENSO and high humidex days is weaker than for high 
temperatures. Interestingly, extended periods of warm 
minima at Observatory Hill were least common during 
neutral years at Observatory Hill (Table 2), which was not 
observed at Richmond or Williamtown.
 ENSO could be expected to have a stronger influence on 
warm temperatures in spring, where the rainfall influence 
is stronger. This is not observed at Observatory Hill, with 
only slightly more warm days > 30 °C in El Niño springs than 
in La Niñas, with hot days least common in neutral years. 
In comparison, ENSO continues to influence the frequency 
of hot days in Richmond (Table 3) and Williamtown during 
spring, with more than twice as many days of TMAX  > 35 °C 
or TMEAN  > 27 °C in El Niño springs.

Other climatic indices

Several other sea surface temperature-based indices have 
been associated with changes in rainfall in Australia, although 
little information exists on corresponding relationships with 
temperatures. The most important of these is the Indian 
Ocean Dipole (IOD) (Saji et al. 1999), which is represented 
by the Dipole Mode Index (DMI). This was found to have 
correlations of 0.2–0.3 with rainfall in New South Wales 
during June–October (Risbey et al. 2009), although 
relationships were weak on the east coast and during the 
summer months. The Timbal & Hendon (2010) Tri-pole index 
was also investigated, which incorporates both ENSO and 
the IOD to account for the major SST–climate relationships 
in Australia, as well as local SSTs in the Coral Sea and off the 
New South Wales coast. 
 The June–November DMI generally has a low influence on 
both average temperatures and warm days in Sydney, with 
no correlations statistically significant at the 95 per cent level 

Fig. 4  Annual (July–June) frequency of hot days at Sydney 
Observatory Hill vs. June–November NINO3.4. R2 val-
ue is 0.26.

Table 2. Average annual frequency/intensity of extreme tem-
peratures and heatwaves in El Niño, La Niña and Neu-
tral July–June years at Observatory Hill (1960–2009).

ENSO El Niño Neutral La Niña

Days TMAX 
> 35 °C 

4.4 3.5 1.8

Days TMEAN 
> 27 °C 

5.9 5.3 3.1

Days TMIN 
> 24 °C 

1.0 0.5 0.8

Days TD 
> 20 °C 

16.9 16.4 17.4

Days Humidex 
> 35

11.5 11.6 9.3

3 days TMAX 
> 90th percentile

3.9 3.4 3.1

3-day average 
TMEAN > 27 °C

1.0 0.8 0.4

3 days 
TMIN > 20 °C

5.4 4.3 5.5

3 days Humidex 
> 90th percentile

4.4 4.5 4.8

Days with 
positive Excess 
Heat Factor

14.4 12.9 10.9

Table 3. Average spring frequency/intensity of extreme tem-
peratures and high EHF in El Niño, La Niña and Neu-
tral years at Richmond (1960–2010).

ENSO El Niño Neutral La Niña

Days TMAX > 35 °C 4.5 2.4 1.8

Days TMIN > 20 °C 0.7 0.6 0.5

Days TD > 15 °C 9.8 11.3 14.0

Days with positive 
Excess Heat Factor

1.0 0.5 0.3
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at any station. Sydney Observatory Hill additionally showed 
no statistically significant correlations between spring DMI 
and temperatures. However, correlations between spring 
DMI and the spring frequency of warm days TMAX > 30 °C 
reached +0.36 at Richmond and +0.38 at Williamtown, 
similar in magnitude to correlations with NINO3.4. This 
was associated with a 50 per cent increase in the number 
of spring warm days TMAX > 30 °C at both Richmond and 
Williamtown in the fourteen years with spring DMI > 0.2 
compared to the thirteen years with spring DMI < –0.2. 
These results are consistent with the low influence of DMI on 
rainfall during the summer months when hot days are most 
frequent, while positive DMI and dry weather is associated 
with some increase in warm days during spring.
 As a result of the weak influence of DMI during summer, 
the Timbal & Hendon (2010) Tri-Pole Index, incorporating 
both ENSO and the IOD, has typically weaker correlations 
during the July–June year than for NINO3.4 alone. This is 
a surprising result, as the inclusion of the Indian Ocean 
and local Coral Sea SSTs is expected to better represent 
the impacts on Australian climate, as Timbal & Hendon 
(2010) identified for rainfall. This further demonstrates the 
difference in climate patterns between the eastern seaboard 
and the rest of eastern Australia, as discussed in Timbal 
(2010).
 The influence of local SSTs was also investigated, starting 
with summer temperature anomalies in the Coral Sea. 
Despite their expected strong response to ENSO variability, 
SSTs in the Coral Sea have a relatively weak relationship 
with temperatures in Sydney, particularly in Richmond. The 
only correlations observed with summer Coral Sea SSTs that 
were significant at the 95 per cent level were for summer 
average TMAX and TMIN along the coast: +0.34 at Williamtown 

and +0.40 at Observatory Hill. These correlations are 
suspected to be a statistical artefact of the concurrent 
warming of Coral Sea SSTs by 0.1 °C per decade during this 
period of rising average temperatures. This was confirmed 
by detrending both datasets, with statistically significant 
correlations only observed between detrended summer 
SST anomalies in the Coral Sea and Observatory Hill mean 
minimum temperatures at just +0.31.
 In comparison, local SSTs along the east Australian 
seaboard (EAS) had a very strong influence on temperatures 
at coastal stations (Table 4). Detrending data at Observatory 
Hill had little impact on results, so the original anomalies are 
used for analysis. At Observatory Hill, the average maximum 
temperature in the thirteen years with summer EAS 
anomalies > 0.4 °C was 0.8 °C higher than during the eight 
years with summer EAS anomalies < –0.4 °C, associated with 
an increase from 2.1 to 3.7 days with TMAX > 35 °C. A stronger 
increase of 1 °C was observed at Williamtown, with 11.2 hot 
days where EAS > 0.4 °C compared to 7.9 with EAS < –0.4 °C.
 The influence of sea surface temperatures on minimum 
temperatures and high humidex values was particularly 
strong (Fig. 5), with an increase in average TMIN at 
Observatory Hill of 0.7 °C between negative and positive 
EAS years, consistent with triple the frequency of days 
with TMIN > 24 °C or H > 35, as well as more than twice as 
many three-day heatwaves with TMIN > 20 °C or TMEAN > 27 
°C. Similarly, Williamtown recorded more than double the 
frequency of days with TMIN > 20 °C and both minimum and 
mean temperature heatwaves in years with anomalously 
warm summer EAS SSTs.
 This influence is stronger than observed for ENSO, 
particularly for changes in average temperatures, suggesting 
that local SSTs are a more important factor for the New 

Table 4. Correlations between summer SSTs off the East Australian Seaboard and annual (July–June) temperature indices at Syd-
ney Observatory Hill (1960-2009), for both the original datasets and using detrended data. Correlations significant at the 95 
per cent level are italicised.

Observatory Hill Observatory Hill
Detrended

Williamtown Richmond

Summer average TMAX 0.61 0.58 0.58 0.46

Summer average TMIN 0.74 0.70 0.72 0.15

Days TMAX > 35 °C 0.28 0.25 0.30 0.24

Days TMEAN > 27 °C 0.39 0.36 0.37 0.26

Days TMIN > 20 °C 0.62 0.55 0.64 0.34

Days TMIN > 24 °C 0.39 0.35 0.22 0.16

Days TD > 20 °C 0.42 0.53 0.34 0.39

Days Humidex > 35 0.50 0.47 0.50 0.48

3 days 
TMAX > 90th percentile

0.34 0.32 0.30 0.17

3-day average 
TMEAN > 27 °C

0.27 0.23 0.32 0.21

3 days TMIN > 20 °C 0.63 0.58 0.43 0.19

Days with positive 
Excess Heat Factor

0.37 0.32 0.41 0.26
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South Wales coast than broader climatic teleconnections. 
Correlations between local SSTs and high temperatures 
were generally insignificant at Richmond, suggesting the 
effect is primarily coastal. Nonetheless, Richmond also had 
more than twice as many high dewpoint days TD > 20 °C in 
positive EAS years (correlation +0.39), as well as 70 per cent 
more high humidex days (correlation +0.48). 
 Correlations were weaker during spring, although 
correlations between EAS SSTs and average temperatures 
at Observatory Hill were +0.43 for maxima and +0.65 for 
minima. A moderate correlation of +0.39 was also observed 
between the June–November mean SSTs in the EAS region 
and average minimum temperatures in the following 
summer, although the influence on extreme heat indices 
and maximum temperatures was insignificant. However, 
between 1870 and 2010 the correlation between spring and 
summer SSTs in the EAS region is very strong at +0.74, with 
warm spring SSTs tending to persist into summer, suggesting 
this index may have some potential for prediction of warm 
summers. 
 The SST gradient between coastal and offshore waters 
also had positive correlations with Sydney air temperatures, 
although generally weaker than observed for local SST 
anomalies. Interestingly, SST gradients had stronger lag 
correlations than with either EAS or Coral Sea SSTs, with 
some strong relationships between the June–November 
average gradients and the annual (July–June) frequency of 
warm days and nights at both Observatory Hill (Table 5) and 
Williamtown. Relationships are again weaker at Richmond, 
with the only significant correlation observed for the number 
of days with high mean temperatures, suggesting the coastal 
SSTs only influence temperatures in coastal parts of the city.
 These early results suggest that a combination of the 
El Niño – Southern Oscillation and coastal sea surface 
temperatures may allow some added ability to predict the 
occurrence of warm summers in terms of both average 
temperatures and warm days. This cannot be attributed to 
the impact of ENSO on local SSTs, as the correlation between 
June–November NINO3.4 and June–November EAS is 
–0.12, slightly opposing influences, while the correlation 

between June–November NINO3.4 and local SST gradients 
is statistically insignificant at +0.23, with an average annual 
EAS anomaly of +0.1 °C in El Niño years and +0.0 °C in La 
Niña years. 
 A crude analysis of the influence of the combination of SST 
gradients and ENSO on temperatures was investigated by 
comparing the average frequency of events at Observatory 
Hill between positive and negative gradient years for each 
ENSO state. In the majority of cases, years with positive 
SST gradients had more high temperature days than when 
gradients were negative, regardless of ENSO state, with the 
highest frequency of warm days occurring in El Niño years 
with positive SST gradients. This separation method also 
identified a particularly strong impact of SST gradients on the 
numbers of warm nights and EHF heatwaves, with average 
annual frequencies increasing by 30 per cent and 40 per cent 
respectively in years with positive SST gradients regardless 
of ENSO state. Further research should investigate the extent 
to which this index influences temperatures in the broader 
coastal region, although the applicability of the index may 
vary depending on the SST dataset used for derivations. 

Conclusions

There is a significant amount of variation between the 
climates of eastern and western Sydney. Although 
humidity is higher near the coast, extreme temperatures 
and heatwaves are more likely in western Sydney, even 
where heatwaves are defined as three days exceeding the 
90th percentile of maximum temperature or humidex for 
the location. This variation is most significant during the 
summer months, with the gap narrowing in spring. No 
significant trend is observed in extreme temperatures or 
heatwaves between 1960 and 2009 despite the observed 
increases in average temperatures. This suggests that the 
extreme heat and heatwave indices used in this study may 
be more strongly influenced by interannual variability than 
by underlying trends, with significant variance in frequency 
between years. However, some increase in the number of 
warm nights has been observed over the last century at both 

Fig. 5  Annual (July–June) average minimum temperature 
at Sydney Observatory Hill vs. annual EAS anomaly. 
R2 value is 0.35.

Table 5.  Correlations between annual (July–June) tempera-
ture/humidity indices at Sydney stations and June-
November SST gradients off northern New South 
Wales (1960–2009). Correlations significant at the 95 
per cent level are italicised.

ENSO Observatory 
Hill

Richmond

Summer average TMAX 0.29 0.22

Summer average TMIN 0.38 0.16

Days TMEAN > 27 °C 0.16 0.33

Days TMIN > 24 °C 0.30 -0.06

3-day average TMEAN > 27 °C 0.29 0.20

Days with positive 
Excess Heat Factor

0.32 0.24
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Sydney Observatory Hill and Williamtown, consistent with 
warming of SSTs in the Australian region.
 As a strong influence of ENSO has been observed on 
Australian temperatures in previous studies, this was 
considered the most likely climate signal to have a substantial 
impact on hot days and heatwaves in Sydney. This was 
confirmed through correlation analysis, with extreme 
temperatures and heatwaves significantly more likely during 
El Niño years under various definitions, particularly in the 
less-urban stations of Richmond and Williamtown. The 
influence of ENSO on the frequency of high humidex values 
was consistently weaker than for high temperatures, likely 
related to a slight tendency towards higher dewpoints in La 
Niña years. 
 Other sea surface temperature indices in the Australian 
region were also investigated as to their impact on 
temperatures in Sydney. Despite strong influences on 
New South Wales rainfall, the Indian Ocean Dipole had 
little impact on annual temperatures and extremes—likely 
a consequence of the typical decay of this system during 
the summer and autumn months when temperatures are 
highest. As a consequence of this, the Timbal & Hendon 
(2010) Tri-pole index, incorporating both the IOD and ENSO, 
generally had a weaker relationship with temperatures than 
observed using the NINO3.4, despite the improvements 
offered for rainfall in New South Wales. However, the DMI 
does influence the frequency of warm days in spring, to a 
similar extent to NINO3.4, particularly at less-urban stations. 
Interestingly, temperatures in the Coral Sea had a very 
weak relationship with air temperatures in Sydney after 
detrending of data, despite expectations that the local pole 
of ENSO would be most significant on Australian climate.
 Finally, the influence of local sea surface temperatures on 
Sydney temperatures was examined. Warm temperatures 
off the east Australian seaboard were strongly associated 
with above-average temperatures, particularly for average 
temperatures and warm minima at the coast. June–
November SST gradients off the eastern seaboard also 
weakly influence summer temperatures in Sydney and 
Williamtown. This cannot be attributed to ENSO, as the 
relationship between ENSO and SST gradients is very weak, 
with warm temperatures off eastern Australia more likely 
during La Niña years. Consequently, some improvement 
in predictability may be possible through a combination 
of these influences, with positive SST gradients seeming to 
particularly enhance the likelihood of warm days during El 
Niño years. However, further research is needed into the 
extent of this influence. 
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