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ARTICLE INFO ABSTRACT

Keywords: Rising summer heat and more frequent and intense heatwaves impact countless metropolitan regions, including
Heatwaves Greater Sydney, Australia. An analysis of historic air temperature measurements (1859-2020) reveals a notable
Microclimate

increase in the number of ‘hot’ (>35 °C) days during austral summers. While in the first 120 years of records 351
hot days were identified, 478 hot days were recorded during 2000-2020 alone. Trajectories of summer heat until
2060 indicate that maximum air temperatures in Western Sydney could be > 35 °C during 160 days.

A second, more granular analysis compared air temperature measurements recorded at 274 urban microsites
during the summers of 2019 and 2020 with measurements of official weather stations in Central and Western
Sydney. Results revealed that the number of hot (>35 °C), extreme (>40 °C), and ‘catastrophic’ (>45 °C) heat
days was markedly greater than those reported by official weather stations. Underreporting of heat was greatest
across the Local Government Area (LGA) of Cumberland, where data loggers recorded 32 hot and 15 extreme
heat days, compared to 7 hot and 1 extreme heat day recorded by the nearest official station. Based on empirical
measurements, a set of novel ‘heat risk’ maps identify suburbs and regions inside LGAs where underreporting of
summer heat is high. Findings indicate that communities across Greater Sydney are exposed to more frequent
and more intense heat than previously reported. Underreporting of local urban heat results in lower preparedness
and thus higher risk of harm to urban populations of Greater Sydney and likely many other metropolitan regions.

Weather stations
Western Sydney

1. Introduction

As the planet warms, the frequency, intensity and duration of
extreme heat events has increased in many areas around the world
(Jyoteeshkumar Reddy et al., 2021) and is expected to increase further
in the coming decades (IPCC et al., 2023). Extreme heat events in cites
causes a rise in public health risks (Marinaccio et al., 2019) and leads to
increased rates of mortality and morbidity (Madrigano et al., 2015;
Khatana et al., 2022). In 2022, India, Pakistan, the USA, China, and
Europe all recorded extreme heat events, with an estimated 61,672
heat-related deaths in Europe alone (Ballester et al., 2023). Widespread
and long-lasting extreme heat events were also recorded during the
summer of 2023 across large parts of the northern hemisphere. These
two consecutive hot summers impacted billions of people, making it
clear that extreme heat is now a reality even in countries that tradi-
tionally have cooler climates such as the United Kingdom and Canada.
Heat-related mortality will rise in the future unless steps are taken to
protect people from thermal extremes (Vicedo-Cabrera et al., 2021),

especially those that have high heat vulnerability including the elderly,
sick, frail, and very young (Zanobetti et al., 2013; Lu et al., 2021). As the
global human population is living increasingly urban lifestyles, a refined
understanding of intra-urban patterns of heat is needed to assist local
populations better adapt to extreme heat conditions.

Measurement of urban heat that is most relevant to human-health
outcomes usually focusses on canopy-layer air temperatures (Li et al.,
2024) and compares differences between urban and non-urban areas to
quantify heat island effects. Intensities of canopy-layer urban heat island
(CLUHI) effects of 6-7 °C have been recently reported for Bangkok,
Thailand (Marks and Connell, 2023), and 7-9 °C in the Angul-Talcher
region in India (Singh et al., 2023). Observations of CLUHI effects
have traditionally used meteorological weather station networks
embedded in cities. There are two main problems with using these
networks for urban heat studies: first, they are limited to a very small
number of stations inside a city (e.g., six stations used in Lecce, Italy by
Donateo et al., 2023); and second, they must, according to the World
Meteorological Association (2018), be located in an open area away
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from the built environment. Thus, meteorological measurements may
not represent the complexity of finer-scale temperature variability
across the various microclimates in the canopy layer (Stewart and Oke,
2012), leading to an inability of measurements to monitor heat where
people live and work (Li et al., 2024). More recently, these problems
have been overcome through application of meteorological measure-
ment networks with a higher density where sensors are embedded into
the urban landscape. For example, the CLUHI effect was quantified using
a network of 17 sensors located on building rooftops in Rome, Italy
(Cecilia et al., 2023), and by 60 sensors in Dijon, France (Richard et al.,
2021). Higher levels of data granularity have also been achieved in some
major cities through networks such as the HiSAN in Tainan, Taiwan
(Chen et al., 2024), and the Extended METROS in Tokyo, Japan (Honjo
et al., 2015), where networks of up to 200 sensors collect highly
spatiotemporal CLUHI effect data.

Increasing the spatial resolution of empirical measurements of near-
surface urban air temperatures even more is possible when accessing
crowd-sourced data from citizen weather stations (CWS). This relatively
novel approach uses data packages from third-party providers. For
example, in Zurich, Switzerland, data from 634 CWS were used to model
urban air temperatures during an extreme heat event in June 2019
(Zumwald et al., 2021). A research team in Sydney, Australia, used
empirical measurements from 492 CWS to elucidate the influence of
geography and dominant urban typologies on microclimates (Potgieter
et al., 2021). Both studies highlight that specific statistical procedures
are required to improve reliability of crowd-sourced weather data, yet
in-situ observations at fine scales remain scarce (Gubler et al., 2021).
Besides methods using empirical data, CLUHI effects and variation of
near-surface air temperatures can also be predicted with high spatial
resolution using numerical simulations (Yin et al., 2024), computational
fluid dynamics (e.g., Back et al., 2023) and models based on Temporal
Fusion Transformer neural networks (Zhu et al., 2024).

1.1. Heat in greater sydney

Heatwaves in Australian cities have already increased in frequency,
intensity, and duration (Trancoso et al., 2020; Adnan et al., 2022). Like
the global trend, it is predicted that in the coming decades, extreme heat
events in Australia will occur more often (Steffen et al., 2019; Hughes
et al., 2020). Across Greater Sydney - an area of ~12,000 km? and home
to 6 million people - maximum, minimum, and mean air temperatures
were markedly higher between 2001 and 2016 than in the preceding 30
years (Livada et al., 2019). On January 4, 2020, the LGA of Penrith in
Sydney was the hottest place on earth, reaching 48.9 °C (Bureau of
Meteorology, 2021), and similarly extreme heat events and trends are
predicted to continue and accelerate in the coming years (Melville-Rea
and Verschuer, 2022).

Heat in Sydney is strongly influenced by complex synoptic weather
patterns, which are influenced by topography, rainfall patterns, and the
coastal location (He et al., 2020; Yun et al., 2020). Typically, during
summer, afternoon sea breezes keep the eastern parts of Sydney cool,
but the built-up environment of the city prevents these breezes from
reaching central or western parts of Greater Sydney. This results in high
spatiotemporal variability of air temperatures across the city (Yenneti
et al., 2020) and makes inland settlements of Greater Sydney naturally
hotter than the eastern coastal suburbs. Rapid and widespread trans-
formation of open vegetated space to sprawling settlements in western
areas further amplifies baseline warming and the risk of urban over-
heating and extreme heat events (Khan et al., 2021). Heatwaves in
inland settlements of Greater Sydney tend to be longer and more intense
than in areas closer to the coast (He et al., 2020; Santamouris et al.,
2017; Sadeghi et al., 2018; Steffen et al., 2019). For example, Kong et al.
(2023) showed that mean air temperatures in Parramatta (Central
Sydney) were up to 3.2 °C hotter than those in the Sydney Central
Business District during a heatwave in 2020. Therefore, health outcomes
of the aging population in the inland region are expected to be severely
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impacted by increasing heat (Gee and Gissing, 2021).
1.2. Heat preparedness

Increases in morbidity and mortality due to extreme heat are largely
preventable if effective public health interventions (Bassil and Colet,
2010) and cooling strategies (Chaston et al., 2022) are implemented.
Preparedness is key for enabling emergency services to respond to future
extreme heat events and keep people safe. Demand for space cooling
dramatically increases during extreme heat events and is most pro-
nounced in urban areas. In Sydney, the 2020 heatwave caused an in-
crease in cooling degree hours of 60% (Li et al., 2023), which placed
significant strain on electricity grid. This in turn increases the risk for
blackouts with serious negative impacts on public health (Stone Jr.
et al., 2023). Equally important is public broadcasting of potential heat
risks to support vigilance of carers and local communities. Recognition
of this has led to the development of numerous heatwave early warning
systems, which are being implemented around the world to improve
heat resilience in cities (Kotharkar et al., 2022).

The Australian Bureau of Meteorology (BoM) defines a heatwave as
an event “when the maximum and the minimum temperatures are un-
usually hot over a 3-day period at a location” (sensu Bureau of Meteo-
rology, 2022a). The Heatwave Service for Australia (Bureau of
Meteorology, 2022b) is responsible for notifying local emergency ser-
vices and health authorities in the days leading up to predicted heat-
wave events that are classified as ‘low intensity’, ‘severe’, or ‘extreme’.
The Heatwave Service relies on predictive modelling, which in turn
requires air temperature data collected from official meteorological
weather station networks. Across Greater Sydney, this network consists
of 23 stations. It has been reported that the current network of stations
lacks the spatial density required to detect thermal variation at a local
(intra-urban) scale (Muller et al., 2013; Pfautsch et al., 2023). As pre-
viously mentioned, these official weather stations are sited according to
standards of the World Meteorological Organisation (WMO), wherein
stations are purposely located in open spaces unobstructed by tall trees,
human-made surfaces, and buildings (WMO, 2018). Such locations are
difficult to find in dense urban areas (Potgieter et al., 2021), meaning
that a small number of weather stations are used to represent large,
highly heterogeneous areas (Muller et al., 2013; Bahi et al., 2020). Air
temperatures recorded by official weather stations can be significantly
lower than those collected in densely populated urban areas (Yenneti
et al., 2020). Thus, it is likely that urban populations are regularly
exposed to more extreme air temperatures than reported. The magni-
tude of discrepancies between the official measurement network and
ambient air temperatures experienced by the population has not been
quantified for Greater Sydney. The potential effectiveness of a heat
warning system for Greater Sydney is therefore limited, and under-
reporting of heat could put vulnerable individuals and even entire local
populations at risk during current and future extreme heat events.

1.3. Aim of this study

The aim of this study was to quantify the severity of underreporting
of high air temperatures across diverse urban landscapes in Central and
Western Sydney using empirical data. Here we define Western Sydney as
the area of Greater Sydney that is located to the west, south, and north of
the City of Parramatta. This definition is commonly used by urban
planners and economists when distinguishing eastern from western
Sydney. This research compared air temperature data from official
weather stations and their deviation from measurements collected at
nearly 300 locations across four LGAs during summer. While climate
gradients and the extent of urban overheating across Grater Sydney has
been documented (e.g., Yenneti et al., 2020; Khan et al., 2021;
Melville-Rae and Verschuer, 2022; Ulpiani et al., 2022; Kong et al.,
2023), here we focus on the extent and associated risks of under-
reporting high and extreme air temperatures. The consequence of this
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underreporting would be that predictive heat modelling to issue public
warning messages could be insufficient to protect urban populations
from heat-related risks.

2. Materials and methods
2.1. Study areas

This work focussed on four LGAs in the Greater Sydney Basin, New
South Wales, Australia (Fig. 1). The regional climate across the Basin is
humid/sub-tropical (Cfa in the Koppen climate classification). Summers
are typically hot and humid: winters are mild and dry. The summer
season lasts around 4 months each year (late November to late March),
with average daily maximum air temperatures above 25 °C. January is
usually the hottest month, with daily maximums above 26 °C and
minimums of around 20 °C (Weather Spark, 2022). During summer
days, a natural temperature gradient exists from the coastal region in the
east where the air is cooler to the inland western region where it is
warmer. Based on long-term observations (1900-2012), mean annual
precipitation across the Basin is 951 mm, with substantial spatial vari-
ation (Herron et al., 2018). The coastal and southern regions of the basin
generally receive much higher rainfall per year (>1 300 mm) than the
west and northwest (<700 mm).

The selected LGAs represented two central areas where the density of
urban infrastructure is increasing (Cumberland and Parramatta), as well
as two areas in the far west and southwest of Greater Sydney where
large-scale greenfield development is rapidly changing the composition
of the urban fringe zone (Penrith and Campbelltown). The associated
population growth across the central and western regions of metropol-
itan Sydney has been remarkably high over the past decade and is ex-
pected to continue for many years (Table S1).
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2.2. Bureau of Meteorology air temperature data

Daily maximum air temperature (Th,x) data for the interval from
1859 to the end of 2020 were obtained for the official weather stations
that were inside or closest to the four LGAs in Sydney’s central and
western regions (Table S2). The LGA of Parramatta was represented by
the weather station in Parramatta North, and the LGA of Cumberland
was represented by the weather station at Sydney Olympic Park. Like
previous studies of the natural thermal gradient spanning east-west
across Greater Sydney (e.g., Santamouris et al., 2017; Ulpiani et al.,
2021), we also used the weather station at Observatory Hill in eastern
Sydney as a comparison (Fig. 1). This weather station captures the
weather conditions as Sydney’s Central Business District (CBD) and is
referred to as Sydney CBD from here on.

The temperature thresholds we used were adopted from BoM climate
extreme analyses (http://www.bom.gov.au/climate/change/about/ext
remes.shtml), which are based on temperatures relevant to human
physiology. A maximum air temperature of 35 °C is the limit considered
safe for humans (Sherwood and Huber, 2010), and heat stress is
considered ‘extreme’ at temperatures above 40 °C (Asseng et al., 2021).
From this, any day where Tp,x was >35 °C was counted as a ‘hot’ day,
Tmax >40 °C was an ‘extreme heat’ day, and Tpax >45 °C was a ‘cata-
strophic’ day.

Using these temperature thresholds, results from daily maximum air
temperature data obtained were used to analyse historic trends (from
1859 to 2020) and contemporary changes throughout the two hottest
decades within record (2000-2020). From the data recorded by the
official weather stations between 2000 and 2020, we calculated the
number of hot and extreme heat days in summer (November-March)
along the east-west transect in Greater Sydney using linear correlation
models (Table 1). We determined the model equations based on the
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Table 1

Details for regression models used to estimate the possible number of hot (Trax >35 °C and extreme heat days (Tmax >40 °C) for five location in Greater Sydney. The
models were based on the number of hot and extreme heat days recorded by Bureau of Meteorology weather stations during summer (November—March). As the decade
2010-2020 was the hottest ever recorded, two time intervals were used, namely 2000-2020 and 2010-2020. Significance of the relationship between year and the
number of hot or extreme heat days was set at p > 0.1 (*), >0.05 (*), >0.01 **). Abbreviations: DF = degrees of freedom, RSE = residual standard deviation, CBD =
Sydney CBD, represented by the weather station at Observatory Hill, OLY = Olympic Park, PAR = Parramatta, CAM = Campbelltown, PEN = Penrith.

Timax Time interval Location DF RSE F-statistic slope intercept R? p-value
>35°C 2000-2020 CBD 19 2.76 7.39 0.27 1.70 0.28 0.014*
OLY 4.97 1.76 0.24 8.77 0.09 0.200
PAR 6.10 2.10 0.32 10.6 0.10 0.164
CAM 7.47 4.08 0.54 11.49 0.18 0.058°
PEN 9.38 7.20 0.91 13.84 0.28 0.015*%
2010-2020 CBD 9 2.58 10.60 0.80 0.93 0.54 0.001%**
OLY 5.37 1.41 0.61 8.71 0.14 0.265
PAR 6.54 2.81 1.04 8.91 0.24 0.128
CAM 8.01 3.61 1.45 11.09 0.29 0.089°
PEN 8.96 7.89 2.40 13.15 0.47 0.02*%
>40 °C 2000-2020 CBD 19 0.68 1.26 0.03 0.22 0.06 0.276
OLY 1.59 3.54 0.11 0.77 0.16 0.075°
PAR 2.10 1.29 0.09 1.53 0.06 0.271
CAM 2.28 3.35 0.15 1.49 0.15 0.083°
PEN 3.60 7.99 0.37 1.35 0.30 0.011*
2010-2020 CBD 9 0.78 1.22 0.00 1.22 0.12 0.299
OLY 2.01 1.09 0.20 1.25 0.11 0.324
PAR 2.57 0.55 0.18 1.82 0.06 0.476
CAM 2.49 0.85 0.22 2.60 0.09 0.382
PEN 3.62 6.40 0.87 1.58 0.42 0.032*

Fig. 2. Location of microclimate temperature loggers (white dots) in four Local Government Areas (LGAs) in Central and Western Sydney. (A) Cumberland, (B)
Parramatta, (C) Campbelltown, (D) Penrith. Boundaries of LGAs are shown as solid lines and their colour matches those in Fig. 1. Locations of the nearest official
weather stations are also shown as coloured dots.
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number of potential hot and extreme heat days recorded between the
summer seasons of 1999,/2000 (Scenario 1) or 2009/2010 (Scenario 2)
and 2019/2020. Models for all five locations (i.e., Sydney CBD, Olympic
Park, Parramatta, Campbelltown, and Penrith) had positive intercepts
and their slopes increased from eastern to western locations. Relation-
ships were used to estimate the anticipated number of hot and extreme
heat days for 2030, 2040, 2050, and 2060.

For this study, the following simplified heatwave definition was
adopted: three or more consecutive days where Tpyax >35 °C. We
interrogated data from the five BoM weather stations together with
custom-made air temperature loggers (see Section 2.4. for details) for
the frequency, duration, and intensity of heatwaves recorded between
2000 and 2020.

2.3. Microsite analyses

This study used custom-made air temperature loggers, designed and
manufactured at Western Sydney University. Each air temperature
logger (ATL) consisted of a water-resistant, single-use temperature
sensor (Tempmate S1 V2, Imtec Messtechnik, Heilbronn, Germany) and
a reflective weather shield that protected the sensor from direct solar
radiation. Technical information and calibration of the device is pub-
lished elsewhere (Pfautsch et al., 2023). The accuracy of the sensor was
0.5 °C and temperatures were recorded every 10 min at 0.1 °C
resolution.

ATLs were used to record near-surface air temperature at 274
microsites between 1 January and February 28, 2019 across the LGAs of
Parramatta (n = 48), Cumberland (n = 79) and Campbelltown (n = 72),
and from 1 January to February 29, 2020 across Penrith (n = 75).

The ATLs were installed approximately 2.5-3.5 m above ground
level on branches of trees or light poles in public spaces. Previous ana-
lyses showed that there is no detectable effect on measurements if ATLs
are installed in the sun or shade (Pfautsch et al., 2023). All locations
were identified by projecting a rectangular grid on the area covered by
the LGA. An ATL was placed on the nearest tree or pole at each grid
intersection. Grid distances varied with the area covered by the LGA
(Fig. 2).

In the LGA of Parramatta, Cumberland and Penrith, a single ATL was
installed near official weather stations to be used for quality control of
measurements. Correlation analyses of data from ATLs against those
recorded by official weather stations yielded coefficients of determina-
tion >0.98 (see Pfautsch and Rouillard, 2019a, b; Pfautsch et al., 2020,
2023), indicating very high accuracy of the ATLs. The Mean Absolute
Error of these correlations ranged from 0.54 to 1.50 and their Root Mean
Squared Error from 0.79 to 1.83 (details are provided in Table S3). To
further evaluate the comparability of measurements from ATLs against
data recorded by official weather stations, we analysed how frequent
ATLs recorded temperatures above or below weather station data,
applying the +0.5 °C range of the sensor’s accuracy. These analyses
utilised measurements collected at official weather stations and ATLs at
3pm. The distinct time point allowed direct comparisons of 226 ATLs
against three weather stations (Olympic Park, Campbelltown and Pen-
rith). The weather station at Parramatta did not record 3pm measure-
ments. Location metadata for all microsites is provided in Table S4.

The loggers recorded a total of 2,299,248 air temperature measure-
ments during the study period. Data from ATLs were used to count the
number of hot, extreme heat, and catastrophic days as described above
for BoM data. The resulting data were used to visualise the discrepancy
between the number of hot days reported by ATLs versus those reported
by official weather stations for each of the four LGAs. ‘Heat risk’ maps
with spatially interpolated data were created using the leaflet R package
(version 2.2.2) and the ESRI World Imagery open-source background
map. The interpolation procedure used inverse distance weighted (IDW)
interpolation method (gstat function in gstat R package), using a mini-
mum of 10 and a maximum of 12 neighbouring measurement points.
The procedure yields continuous raster data for an LGA that is processed
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(interpolate function in terra R package) to generate a map layer at res-
olution of 20 pixels (rast function in terra R package).

2.4. Statistical analyses

Regression analyses were used to investigate historic, contemporary,
and future trends of the number of hot and extreme heat days across
Greater Sydney. Related statistical analyses were conducted using the Im
function in the stats package of R (Version 3.6.0; R Foundation for Sta-
tistical Computing, Vienna, Austria). A t-test was used to evaluate the
relationship between the hot and extreme heat days recorded between
1859 and 2020. Regression analyses were also used to interrogate the
relationship among data recorded by BoM stations and ATLs when BoM
stations recorded daily Tpax >35 °C.

3. Results
3.1. Heat recorded by Bureau of Meteorology weather stations

3.1.1. Historic air temperature records

The historic records of maximum daily air temperatures from the five
weather stations indicate that the number of hot and extreme heat days
has increased in the recent past (Fig. 3A). Given the lack of weather
station locations in the central and western region of Greater Sydney
until the late 1960s and early 1970s, it is not surprising that the number
of hot and extreme days remains relatively low for the first 119 years
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Fig. 3. Hot (Thax >35 °C) and extreme heat (Tpax >40 °C) days across the
Greater Sydney Basin. (A) Historic weather data showing the total number of
days per year where air temperatures were >35 °C (circles) and >40 °C (dots)
for each calendar year between 1859 and 2020. The data were recorded at the
five locations listed in Table S2. The dashed lines indicate curvilinear fits, and
their respective coefficient of determination is shown; (B) Relationship between
the number of hot and extreme heat days. The dashed line indicates the
curvilinear fit and the coefficient of determination is shown; asterisks indicate
the relationship was highly significant (p < 0.0001).
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(1859-1978). During this time, maximum air temperatures at Sydney
CBD reached >35 °C on 351 days and >40 °C on 32 days before the first
major heat events in southwestern Sydney were recorded with 23 hot
days and 7 extreme heat days in a single year (1979 at Campbelltown).
In the following two decades (1980-1999), the number of hot and
extreme heat days was greater than those recorded during the previous
120 years (311 hot days; 48 extreme heat days). The first two decades of
the 2000s were even hotter, with 478 hot and 115 extreme heat days.
Correlation analyses showed that the relationship between hot and
extreme heat days was highly significant (p > 0.001) and positive
curvilinear, indicating a greater increase in extreme heat days compared
to the number of hot days (Fig. 3B).

3.1.2. Heat during 2000-2020

Based on the data from BoM weather stations, the two decades be-
tween 2000 and 2020 were the hottest ever recorded in Greater Sydney,
and the decade from 2010 to 2020 was hotter than the previous one. The
number of hot, extreme heat, and catastrophic days increased at all five
weather stations (Table 2). The trend for less extreme heat in eastern
Sydney compared to western and southwestern Sydney prevailed. The
number of hot, extreme heat, and catastrophic days, and the number of
heatwaves increased from Sydney CBD in the east to Penrith in the west
during both decades. Also, heatwaves lasted longer and had higher Tpax
during 2010-2020 compared to 2000-2009 (Table 2). At Penrith, the
frequency of heatwaves increased from 21 to 26 days, the duration of the
longest heatwave increased from 6 to 9 days, and the mean maximum air
temperature during heatwaves increased 1.4 °C from 40.8 °C to 42.2 °C.
Similar, yet less intense trends, were also found for Campbelltown and
Parramatta.

Heat also intensified at the cooler reference location in eastern
Sydney. For example, the number of extreme heat and catastrophic days
recorded at Sydney CBD doubled between 2000-2009 and 2010-2020
(Table 2). Catastrophic heat was recorded for the first time ever in the
Sydney CBD on January 18, 2013 (45.8 °C) and at Olympic Park on
January 4, 2020 (47.1 °C) in the 2010-2020 interval. In comparison,
until the end of 2020, not a single heatwave had ever been recorded at
this location. Across Greater Sydney, heat records were broken at the
end of an extreme heatwave on January 7, 2018, where maximum air
temperatures reached catastrophic levels in Penrith (47.3 °C), Parra-
matta (45.0 °C), and Campbelltown (45.7 °C). These temperature re-
cords were exceeded only 2 years later: on January 4, 2020, a
temperature of 48.9 °C was recorded at the Penrith BoM station. All
other stations except Observatory Hill recorded catastrophic Tpax on the
same day (Olympic Park: 47.1 °C, Parramatta: 47.0 °C, Campbelltown:
46.2 °C).

3.1.3. Heat forecast 2030-2060

Based on the period spanning 2000-2020, the number of hot days
measured per year at Observatory Hill could increase from 10 in 2030 to
18 in 2060 (Fig. 4A). During the same time interval in Penrith, the

Table 2
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number of hot days could increase from 56 to 100 (Fig. 4A), and the
number of extreme heat days rise from 13 to 24 (Fig. 4C). The antici-
pated number of hot days per year could more than double at most lo-
cations and for most decades (Fig. 4B). The ‘worst case scenario’
indicated that in 30-40 years, central and south-western Sydney
(Olympic Park, Parramatta, Campbelltown) might experience 13-16
days of extreme heat every year, and western Sydney (Penrith) could see
55 days per annum where T« is > 40 °C (Fig. 4D).

3.2. Heat recorded at microsites

During January and February, ATLs across the 226 locations in
Cumberland, Campbelltown and Penrith recorded 3pm air temperatures
greater 0.5 °C than measurements recorded by official weather stations
for 30 days and lower than 0.5 °C during 14 of the measurement in-
tervals of 59 (2018/19) and 60 days (2019/20). For the remaining 16
days, measurements of ATLs fell within the +0.5 °C temperature
threshold of 3pm air temperatures recorded by the official weather
stations. The large proportion of days where measurements were
recorded outside the threshold for accuracy as per the manufacturer of
the ATLs provides confidence that the low-cost loggers did record valid
data.

Tmax across each of the four LGAs varied among microsites. Indi-
vidual absolute Tp,x recorded by ATLs on the single hottest day in
January and February showed that temperatures varied as much as 8 °C
across an individual LGA. An in-depth analysis of this variability is
provided in the Supplementary Materials. Here, the focus is on identi-
fying and quantifying the issue of underreporting of Tp,x by BoM
weather stations in urban locations.

Underreporting of the number of hot and extreme heat days by BoM
weather stations was widespread, and there was not a single day when
all microsites were either recording the same Tpax Or lower Tpyax than the
BoM stations. Underreporting was most pronounced across Cumberland
where the BoM station recorded Tpax >35 °C for 7 days in January and
February in 2019, while the ATLs recorded Tmax >35 °C for 32 days
(Table 3). At this LGA, the number of extreme heat days was 15 times
greater than what the BoM weather station had recorded. The weather
station at Parramatta did not record a single extreme heat day, whereas
the ATLs recorded seven such days. Extreme heat days at Campbelltown
were 5 times more frequent at the microsites compared to the closest
BoM weather station (Table 3). In Penrith, the number of days when
extreme heat and catastrophic Tp,.x were recorded were similar at the
microsites and the weather station during January and February 2020
(Table 3). At all LGAs, the ATLs captured more frequent and longer
lasting heatwaves compared to the BoM weather stations. For the ma-
jority of LGAs, the longest heatwave (Tpax >35 °C) was 5 days but the
heatwave at Campbelltown lasted for 10 consecutive days (21-31
January 2019; Table 3).

Subtracting the number of days where individual ATLs recorded Tax
>35 °C from those when the reference BoM stations recorded Tpax

Metrics of extreme heat across the Greater Sydney Basin during the past two decades. The number of days where maximum air temperature was >35 °C (hot days),
>40 °C (extreme heat days) and >45 °C (catastrophic heat days) recorded by five Bureau of Meteorology weather stations are shown for each decade. The number of
heatwaves (#¥HW) for each decade is provided with the longest duration of a single heatwave (consecutive days where Tp,,x was >35 °C) in parentheses. Also shown are
the mean maximum air temperatures for all heatwaves (mean HW T,y (1 standard deviation)) and the absolute maximum air temperature (abs Tp,ay) recorded in
that decade. Stations are listed from east (top, coastal) to west (bottom, inland): CBD = Sydney CBD, represented by the weather station at Observatory Hill, OLY =

Olympic Park, PAR = Parramatta, CAM = Campbelltown, PEN = Penrith.

2000-2009 2010-2020

>35°C >40°C >45°C #HW mean HW Tpay  abs Thax >35°C >40°C >45°C #HW mean HW Ty abs Thax

(n) (n) (n) (n) [§9) [§9) (n) (n) ) (n) [§9) [§9)
CBD 37 4 0 0 (0) - 44.2 61 9 1 0(0) - 45.8
Oly 113 16 0 34) 38.4 (£2.5) 44.7 129 27 1 2(3) 38.8 (£3.1) 47.1
PaR 139 23 0 9(4) 40.3 (£2.3) 44.8 161 31 3 8 (6) 41.1 (2.7) 47.0
Cam 163 26 1 12 (5) 40.6 (£2.1) 45.0 208 41 5 18 (7) 41.3 (£2.6) 46.4
Pen 213 45 3 21 (6) 40.8 (£2.3) 46.0 293 75 7 25(9) 42.2 (£2.7) 48.9
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Fig. 4. Potential summer heat forecast across Greater Sydney. Number of hot (Tpax >35 °C, A, B) and extreme heat (T >40 °C, C, D) days per year predicted for
the next four decades based on measurements from five official weather stations spanning (A, C) 2000-2020 and (B, D) 2010-2020. Location of weather stations is
ordered from east (left, coastal) to west (right, inland). Data from the weather station at Observatory Hill is used to represent Sydney CBD. The number of days is

shown above each bar.

Table 3

Differences in maximum air temperatures (Thax) between Bureau of Meteorology (BoM) weather stations and air temperature loggers (ATLs). Data was recorded during
January and February 2019 (Cumberland, Parramatta, Campbelltown) and 2020 (Penrith). HW = heatwave. Note: Data for hot and extreme heat days were aggregated
based on measurement days and will vary from those that are aggregated using individual loggers.

Parameter Cumberland Parramatta Campbelltown Penrith

BoM ATLs BoM ATLs BoM ATLs BoM ATLs
Absolute Tpay (°C) 40.2 45.2 39.2 43.0 40.9 44.8 48.9 52.0
Days >35 °C (n) 7 32 12 26 16 32 12 23
Days >40 °C (n) 1 15 0 7 3 15 6 8
Days >45 °C (n) 0 1 0 0 0 2 2
Min/max # of microsites (n) where Tpa.x > BoM station - 25/75 - 8/37 - 14/64 - 7/58
Number of HW (n) 0 4 1 3 2 3 1 3
Duration of the longest HW (consecutive days) 0 5 3 4 4 10 4 5

>35 °C (presented as ‘A Number of days’, Fig. 5) revealed novel patterns
of the risk of underreporting summer heat across LGAs of Central and
Western Sydney. In the LGAs of Cumberland (Fig. 5A) and Parramatta
(Fig. 5B), underreporting of heat was widespread across western suburbs
like Greystanes, Pemulwuy, Toongabbie or Wentworthville whereas
eastern suburbs like Auburn, Eastwood and Olympic Park, were less
prone to this risk. In the LGA of Parramatta, several measurement lo-
cations even had negative A values, indicating that ATLs had recorded
fewer hot days than the official weather station. The number of hot days
recorded by ATLs was also lower at the northern and southern ends of
the LGA of Campbelltown (Fig. 5C) and the densely populated central
section of the LGA of Penrith (Fig. 5D). The lowest number of hot days
was recorded near Jinga Pools in the Dharawal National Park, southeast
of Campbelltown (A = —10). In contrast, the individual location with
the largest number of unreported hot days (A = 21) was in Smithfield at
the southwestern end of the Cumberland LGA where it was surrounded
by three large industrial estates.

On days where Tp,x recorded by BoM stations was >35 °C (n = 47),
half of the microsites (49%) in each LGA recorded higher T,x. On these
days, mean AT, was +4.0 °C (+1.2 (+£1 Standard Deviation) and the
relationship of T, between the BoM and ALT measurements was linear
and highly significant (p < 0.001) (Fig. 6). The largest single difference
of 6.9 °C was measured on January 18, 2019 in Cumberland, where the
closest BoM weather station at Olympic Park recorded Tpax of 37.6 °C
and the ATL recorded 44.5 °C.

4. Discussion
4.1. Impacts of heat in Western Sydney

Summer heat across Greater Sydney and especially Western Sydney
has increased markedly in recent history and is likely to increase further
in the coming decades. We showed that based on the trends of the past
two decades, the number of hot (maximum air temperature >35 °C) and
extreme heat (maximum air temperature >40 °C) days could more than
double in the next three to four decades. Local populations of Western
Sydney could experience entire summers (December to February) where
maximum air temperature would be at or above 35 °C every day, leading
to growing heat stress (Vargas Zeppetello et al., 2022). We recognise
that the approach we have taken contains large uncertainty as several
regressions to extrapolate the number of hot and extreme heat days from
the past two decades into the future were not statistically significant.
However, several regressions yielded highly significant relationships, all
with positive slopes and intercepts that point towards increasing heat. It
could be argued that our results may even underestimate the number hot
and extreme heat days, when the exposure to heatwaves in the Sydney
Region was predicted to increase 52-fold by 2 100 using the
RCP8.5-SSP5 pathway (Nishant et al., 2022). These predictions should
be of great concern to health services, land managers, policy makers,
and the wider public, as the positive relationship between heat and cost
to the public health system is well established (Tong et al., 2021). The
construction sector and private households will also be impacted.
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Fig. 5. ‘Heat risk’ maps. The risk of underreporting heat, represented by the differential (A) in the number of days where ATLs recorded Tp.x >35 °C compared to
those from of BoM stations. Positive values indicate that ATLs recorded more hot days, negative values indicate ATLs recorded fewer hot days than official weather
stations. (A) Cumberland, (B) Parramatta, (C) Campbelltown, (D) Penrith. Boundaries of LGAs are shown as solid lines and their colour matches those in Fig. 1.
Locations of ATLs are shown as circles and the nearest official weather stations are shown as coloured dots. See Material and Methods section for details of the spatial

interpolation procedures used.

Economical modelling has indicated that extreme heat and associated
expenses from deteriorating public health, rising cooling electricity
needs, and losses in productivity across Western Sydney are currently
costing businesses and the public AU$1.44 billion, rising to AU$5.94
billion by 2050 (Kernaghan, 2024).

The population of Western Sydney has been growing rapidly over the
past two decades and this trend is predicted to continue. In 2023, around
2,734,000 residents lived in the region, and the population growth is
estimated to be 1.64% annually for the next 15 years or more (NSW
Government, 2022). Census data from the Australian Bureau of Statistics
indicated that the population across Western Sydney is not only growing
rapidly, but that it is also aging. It is thus reasonable to expect that more
extreme heat will also lead to higher mortality in the elderly population
(Coates et al., 2014) in Western Sydney. We note that our approach did
not include effects on summer air temperatures that would likely orig-
inate from population growth and associated land use change. These
relationships should be investigated in scenario models that assess the
impact of urban development on regional climate (e.g., Zhou and Chen,
2018; Liu et al., 2024). Such studies are emerging, linking microclimatic
variation of near-surface air temperatures to satellite-based data prod-
ucts that can be used to quantify thermal effects of land use change and
progressing urbanisation (e.g., Chen et al., 2024; Burger et al., 2024),
representing highly relevant information for a region like Central and
Western Sydney where large-scale urban development will continue for
decades.

A development that may impact local populations more broadly is

the declaration of ‘priority growth areas and precincts’ by the State
Government (see https://www.planning.nsw.gov.au/plans-for-your-a
rea/priority-growth-areas-and-precincts). Many of the areas where
urban development is concentrated are in parts of Western Sydney that
historically have the warmest summers. According to our analyses, areas
of intense urban development will be exposed to increasingly adverse
summer conditions in the coming decades. Kong et al. (2023) demon-
strated that a 2020 heatwave in Sydney amplified surface urban heat
island intensity at night by approximately 4 °C, and the impact was
greater in urban areas than in rural areas. This important factor should
be taken into account by urban planners when designing new de-
velopments (Peng et al., 2022; Ibsen et al., 2022), and heat mitigation
techniques should be incorporated wherever possible. For example, in-
clusion of urban green and blue spaces (e.g., Imran et al., 2019; Geor-
gescu et al., 2024) together with appropriate building design that uses
wide eaves, light-coloured roofs (Bartesaghi-Koc et al., 2021) and
optimal thermal insulation will assist in protecting people from extreme
heat events in the future. A 1 °C increase in daytime temperature during
an extreme heat event can increase mortality by 7.9% (Anderson and
Bell, 2011), thus, even small reductions in intra-urban air temperature
can have a positive effect in protecting people from heat-induced health
problems.

When urban overheating coincides with extreme heat events, ther-
mal stress is amplified even further (Khan et al., 2021). Our work
extended previous analyses of the east-west air temperature gradient in
Greater Sydney (e.g., Melville-Rea and Verschuer, 2022), showing that
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the thermal gradient also applies in a southerly direction. Heatwaves in
the far west of Greater Sydney (i.e., LGA of Penrith) have been more
frequent, longer, and hotter during the last 15 years than in other LGAs
studied. Campbelltown in the southwest had also recorded more heat-
wave events of longer duration and greater intensity than Parramatta
and Cumberland in the central region, suggesting that the people living
in the western and southern parts of Greater Sydney are likely to be at
greater risk from heatwaves in the future. By contrast, there were no
heatwaves recorded in the CBD of Sydney between 2007 and 2021. Our
projection for extreme heat days for the Sydney’s CBD also showed no
increase of extreme heat days, though this prediction is admittedly
based on considerably large year-to-year variability in the number of hot
and extreme heat days.

Heatwave development and dissipation across Greater Sydney are
strongly influenced by two synoptic weather patterns - the build-up of
hot air from the north-west, and movement of cool air from a southern
cold front (Sadeghi et al., 2018; He et al., 2020; Pfautsch et al., 2020).
While the coastal suburbs experience cooling sea breezes that can reduce
the intensity and frequency of heatwaves, areas in the outer west and
south lack this natural cooling effect, resulting in more intense and
longer lasting heat events (Steffen and Hughes, 2012). Based on our
microclimate measurements, differences in maximum air temperature
during heatwaves in the CBD of Sydney compared to Western Sydney
were as high as 17 °C. These deviations demonstrate that BoM stations
underreport extreme heat experienced by local populations.

4.2. Recommendations

The broader recognition of potentially serious impacts of extreme
heat events on human health (Wang et al., 2022) has led to the devel-
opment and implementation of heat-health watch and early warning
systems to mitigate exposure in many countries (Issa et al., 2021). These
systems are vital for protecting human populations from the impacts of
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heatwaves and extreme heat events in the future (Kotharkar et al.,
2022). Such warning systems usually draw data from official weather
station networks within a city (Nitschke et al., 2016; Casanueva et al.,
2019). As detected in our study, if microclimatic variation across urban
landscapes is more widespread and greater in amplitude than previously
documented by official weather stations, two important issues arise.

First, local populations and businesses are prone to experiencing a
growing, yet undetected risk of exposure to the impacts of more hot and
extreme heat days. This, in turn, leads to an incapacity to issue warnings
and control the associated risks experienced by local populations and
businesses. At the local level, the combination of more heat and limited
preparedness represents a growing risk for public health (Ebi et al.,
2021) and work safety (Deshayes et al., 2024). It is thus recommended
that the urgent problem of underreporting of summer heat is addressed
immediately not only in Western Sydney, but in metropolitan regions
more broadly where urban densification and expansion intensifies
daytime heat and CLUHI effects (Chapman et al., 2017; Santamouris
et al., 2017). Here we presented novel ‘heat risk’ maps that identify
regions and suburbs where underreporting of summer heat is frequent.
Such maps, based on empirical measurements from microsites and
official weather stations, can be used to communicate the risk to gov-
ernment agencies as well as the public to improve heat preparedness and
focus resources to areas where interventions to mitigate summer heat
will be needed.

Second, in addition to the existing network of weather stations, it is
recommended that government authorities establish a network of
weather sensors in the most heat affected locations to capture weather
measurements at much higher granularity. Potential static and dynamic
solutions for such networks are discussed in the literature (e.g., Muller
et al., 2013; Meier et al., 2017; Song et al., 2022; Chen and Yang, 2022).

Human health and wellbeing do not depend only on air temperature.
Outcomes are influenced by other meteorological variables including
solar radiation, relative humidity, and radiant heat, which are often
overlooked (e.g., Casanueva et al., 2019; Baldwin et al., 2023). A
warming climate is increasing the amount of water vapour in the at-
mosphere by about 6-7% per degree or warming (Sherwood and Ram-
say, 2023). Predictions of spatial changes of relative humidity in
Australia vary, depending largely on underlying greenhouse gas emis-
sion scenarios, with some areas expected to become more, others less
humid (ARC Centre for Excellence in Climate Extremes, 2023). Studies
investigating the spatial variation of additional meteorological variables
would be useful, yet instrumentation for such studies is currently
missing at meaningful intra-urban scales. Another parameter that im-
pacts public health in cities is air pollution. A citizen-focussed sensor
network has been established across schools in Greater Sydney to
monitor heat and air pollution (Ulpiani et al., 2022), yet its granularity is
limited. However, it is initiatives like these that can act as foundational
projects for larger intra-urban monitoring and reporting networks.

5. Conclusion

Based on historical weather data and empirical measurements of
near-surface air temperature at several hundred locations across Central
and Western Sydney, we were able to show that the region is rapidly
warming. Forward trajectories of extreme heat events show that the
level of broadscale warming could lead to highly challenging conditions
for millions of people when extreme heat becomes commonplace in
summers during the next 30-40 years. We identified that intra-urban
heat is commonly underreported by the official weather stations
across Greater Sydney. We conclude that predictive heat modelling to
issue public warning messages will be insufficient to protect urban
populations from heat-related risks. Sensor networks with high granu-
larity can provide the necessary micrometeorological information and
novel visualisations of data recorded by these networks will assist in
communicating risks arising from unexpected heat exposure. At the
same time, it is important to develop effective adaptation strategies for
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cities and their communities. This applies to Greater Sydney and many
other metropolitan regions in Australia and elsewhere.
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