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ABSTRACT: We use the Weather Research and Forecast model and estimate anthropogenic heat (AH) fluxes based on
fine-scale energy consumption data for Sydney, Australia, to investigate the effects of urbanization on temperature. We examine
both the impact of urban canopy effects (UCE) and AH which in combination causes the urban heat island effect. Sydney’s
urban heat island (UHI) varies from —1 to >3.4 °C between day and night and between seasons. UHI intensity is highest at
night and an urban cool island is often experienced during the day. UCE contributes 80% of the UHI during summer nights
because of the release of stored heat from urban infrastructure that has been absorbed during the day. During the day for UCE,
the reduced net radiation and greater heat storage by urban infrastructure combine to slightly cool. In contrast, AH contributes
90% of the UHI during winter nights because it does not dissipate into the higher levels of the boundary layer efficiently. The
opposite applies during summer nights and during daytime in both summer and winter where heat mixes effectively into the
atmosphere. Our results show contrasting impacts of UCE and AH by time of day and time of year and point to major simulation

biases if only one of these phenomena is represented, or if their seasonal contributions are not accounted for separately.
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1. Introduction

The urban heat island (UHI), a phenomenon in which
temperatures are higher in urban areas than in surround-
ing rural areas, represents a significant human-induced
change to local and regional climate (Oke, 1982). UHI is
mainly attributed to a perturbation to the surface energy
balance following the conversion of natural land to urban
land (Taha, 1997). Urban surfaces tend to: reduce evapora-
tive cooling because of less vegetation; experience greater
heat storage due to buildings and other artificial materials;
release anthropogenic heat (AH) due to energy consump-
tion; and alter absorbed radiation due to modifications
to albedo (Oke, 1982; Taha, 1997; Kusaka and Kimura,
2004).

Global energy consumption has experienced rapid
growth in the last few decades (IEA, 2015). Consumed
energy is released into atmosphere as waste heat (or AH),
including the energy released from the use of electricity,
natural gas and liquid fuel as well as metabolic respiration.
AH was equivalent to 15.8 TW globally in 2006 (Zhang
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et al., 2013), increasing to 17.5TW in 2010 (Hu et al.,
2015). AH emissions can affect temperatures at regional
scales. For example, climate model results indicate that
AH may disrupt the normal atmospheric circulation and
could affect surface temperature at middle and high lati-
tudes in summer and winter over the Northern Hemisphere
(Chen et al., 2016). Zhang et al. (2013) suggest that AH
leads to remote surface temperature increases by up to
1°C in mid- and high latitudes in winter and autumn over
North America and Eurasia.

AH is concentrated in cities, which only account for
about 2% of land area but consume 60—85% of the world’s
energy (O’Malley et al., 2014). The AH flux in central
Tokyo has been calculated to exceed 400 W m~2 during
the day, with a maximum of 1590 W m? at 0900 (UTC+9)
in winter (Ichinose et al., 1999). Maximum AH values for
US cities range from 0.47 to 96.6 W m~2 calculated using a
top-down estimation method employing state level energy
consumption data (Sailor et al., 2015). The addition of AH
into the atmosphere can increase near-surface air tempera-
ture by ~1-2°C in summer and ~2-3 °C in winter (Ichi-
nose et al., 1999; Fan and Sailor, 2005; Feng et al., 2012).
AH, due to air conditioning (AC) alone, can lead to an
increase in air temperature of up to 2 °C in Paris (France)
(de Munck et al., 2013) and the Phoenix metropolitan area
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(USA) during summer (Salamanca et al., 2014). AH may
also increase the frequency and intensity of heat waves
(Li and Bou-Zeid, 2013). AH heating effects can also
increase the burden of heat stress for people in cities as
heat waves and extreme temperatures lead to high mortal-
ity (Fouillet et al., 2006; Porfiriev, 2014) and increases in
hospital admissions (Oudin Astrom et al., 2011; Vaneck-
ova and Bambrick, 2013). Investigations of the contribu-
tion of AH on UHI have been limited to relatively few
cities and countries due to the scarcity of AH data (Sailor
et al., 2015). The impact of AH on UHI has been explored
for cities in North America (Fan and Sailor, 2005; Sala-
manca et al., 2014), Japan (Ichinose et al., 1999), China
(Lu et al., 2016; Meng and Dou, 2016; Xie et al., 2016)
and Europe (Iamarino et al., 2012; de Munck et al., 2013;
Bohnenstengel et al., 2014). It is noteworthy that AH in
urban areas may become larger in the future as countries
become increasingly urbanized, with the global population
projected to reach 70% urban by 2050 (Moriarty and Hon-
nery, 2015).

In modelling urban climate the Weather Research and
Forecast (WRF) model (Skamarock e al., 2008) is widely
used. If WRF is coupled with the urban canopy module
(UCM) it can utilize a default AH profile. The WRF-UCM,
with the default AH profile, has been used quite widely to
examine urban climates (Wang et al., 2013; Chen et al.,
2014) although it is noteworthy that some studies still
ignore AH (Zhang et al., 2010; Wang et al., 2014). In
a series of studies, Evans eral. (2014), Argiieso et al.
(2014) and Argiieso et al. (2015) explored Sydney’s urban
climate using WREF, but did not include AH due to the
lack of available data. Indeed, the relative contribution
of AH and the urban canopy effects (UCE) on the UHI
remains unknown for Sydney (Australia), largely due to
the lack of AH data. In this study, we address this issue
by deriving new profiles of AH, and then quantify the
relative contribution of UCE and AH on the UHI intensity
for Sydney.

2. Data and methods

In this study, WRF-UCM with one-way nesting and three
domains (50, 10 and 2 km resolution) (Figure 1(a)) was
used to investigate the effects of AH and UCE sepa-
rately. The AH profile used here is estimated with the con-
ventional inventory method, a top-down approach (Sailor
et al.,2015) based on the fine-scale of electricity consump-
tion of Sydney as well as the annual statistics of energy
consumption data for Australia separating vehicle fuel and
natural gas energy consumption.

2.1.

Urban land use intensity is classified into high (57% roof
space, 38% roads, 5% vegetation and bare soil), medium
(45% roof space, 45% roads, 10% vegetation and bare
soil) and low (25% roof space, 25% roads, 50% vege-
tation and bare soil) intensity development (Figures 1(b)
and (c)). The vegetation fraction is derived from monthly

Urban land cover intensity map
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satellite green vegetation fraction (Gutman and Ignatov,
1998), which varies with land cover type and seasons.
This land use dataset category was derived from multiple
sources, including the default WRF land use, the land use
map of the New South Wales Office of Environment and
Heritage (urban-OEH) as used by Argiieso et al. (2014),
and the urban land use intensity map which classifies the
urban areas into four types (low, medium, high and tall
buildings) according to population density (Jackson et al.,
2010). Any pixels identified as urban in urban-OEH or the
WRF default land use map were assigned as urban in a
merged urban base map. This treats urban as one type with-
out considering the land use intensity. As the urban canopy
model (WRF-UCM) separates urban into low, medium and
high according to land use intensity, the merged urban base
land cover was therefore separated into three urban types
according to the urban land use intensity maps from Jack-
son et al. (2010). This was achieved by merging the high
density and tall building districts, which were classified
by Jackson et al. (2010) as high intensity urban. The three
urban types were then overlain on the merged base map
from urban-OEH and WRF default. Any pixels included
in the merged urban map, but not defined as urban in map
of Jackson et al. (2010), were set to low urban land use
(Figure 1(c)). The population density for the high, medium
and low intensity regions of Sydney is 0.008, 0.005 and
0.002 person m~2 respectively sourced from the Australia
Bureau of Statistics (ABS, 2011), which was used in cal-
culating the AH.

2.2.  Anthropogenic heat from electricity consumption

Using historical electricity data from Sydney’s primary
network utility (Ausgrid) at 15 min resolution for 2007,
2008 and 2009, we associated the pixels in our study area
to the relevant electricity supply substation. The electric-
ity usage intensity of each substation is equivalent to the
electricity usage of the substation divided by the urban
area covered by the substation. The hourly profile of AH
caused by electricity consumption (AHe) for high, medium
and low urban intensity urban area is the average of elec-
tricity usage intensity for high, medium and low intensity
pixels (Figures 2(a) and (b)). In January (summer), the
greatest electricity consumption generally occurs during
the day (10 am—5 pm). In July (winter), consumption gen-
erally has both a morning peak morning (9 am) and another
evening peak. The two peak electricity consumption peri-
ods in July (winter) can be attributed to the high demand
of energy for heating in the earlier morning and evening
while the peak electricity usage during daytime in January
(summer) is due to the utilization of AC. The daily mean
of AHe is 3.0, 8.1 and 13.8 Wm™2 for low, medium and
high intensity area in January and 3.7, 9.1 and 15.6 W m~2
in July.

2.3.

Australia consumes 29.5 (billion cubic metres, or 10° m?)
natural gas per year with a population of around 23 mil-
lion (Vidas, 2014). Hence, Australians consumed an aver-
age 3.38m> person~' day~!' and the mean AHg is 1.46

Anthropogenic heat from natural gas consumption
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Figure 1. The domains and the density of the urban surface used by WRF. The large-scale domain is shown in (a) and is resolved at 50 km. Two
rectangles in (a) show the regions modelled at 10 km (larger rectangle) and 2 km (smaller rectangle). The smaller rectangle is shown in (b) which
shows the regions of land cover and land use. The dashed rectangle shows the region used for diagnostic and illustrative purposes in other figures and
using this region as shown in (c), (c) shows urban land cover as low, medium and high density. The dominant land cover type around Sydney is woody
savanna, savanna and evergreen broadleaf forest. The abbreviations of the land cover classes in panel (b) are as follows: ENF: evergreen needle leaf
forest, EBF: evergreen broad leaf forest, DBF: deciduous broad leaf forest, MF: mixed forest, CS: closed shrublands, OS: open shrublands, WS:
woody savannas, SA: savannas, GR: grasslands, PW: permanent wetlands, CR: croplands, CN: cropland/natural vegetation mosaic, BS: barren of
sparsely vegetated, UL: low intensity urban, UM: medium intensity urban and UH: high intensity urban.

KW person~! assuming that 1 m? of natural gas releases

3.73x 107 J. Given the population density of Sydney, and
assuming that Australian gas consumption is distributed in
a similar manner to population, the daily mean natural gas
consumption (AHg) is approximately 11.7 W m~2 for high,
7.3 Wm~2 for medium and 2.92 W m~2 for low intensity
urbanization. The hourly AHg profile (Figures 2(c) and
(d)) follows the hourly profile of electricity (Figures 2(a)
and (b)) assuming that the demand for natural gas shares a
similar profile as for electricity. This may lead to an under-
estimate in the mid-morning and earlier evening peak value
of AH from the consumption of natural gas associated with
heating and cooking. It also may lead to overestimate the
gas consumption during summer daytime because natural

© 2017 Royal Meteorological Society

gas is not used to cool as electricity to drive AC. However,
our estimates are a useful step forward relative to the use of
a constant value of AH from natural gas as used by Sailor
et al. (2015).

2.4. Anthropogenic heat from vehicles

The mean anthropogenic heat from vehicles (AHv)
(Jm~2day™") of Sydney was estimated following Sailor
et al. (2015) as:

AHy = Dyp X Eyp X Eyy X Py (1)

where Dyp is daily vehicle distance per capita (km
person~!day~'); Py is the population density (per-
son m~2) and Ey is the energy release per vehicle per

Int. J. Climatol. 37 (Suppl.1): 255-270 (2017)
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Figure 2. The diurnal profile of AH for Sydney in January and July. AHe, AHg and AHv indicate the waste heat from electricity, vehicles and natural

gas respectively. AH is the summary of these three components as well as heat from human’s metabolism. The value shown is the ensemble of the

three years (2007, 2008 and 2009). Averages reflect the weighted average of high, medium and low intensity according to the urban impervious
surface coverage (roofs and roads) respectively. The weights are 8, 37 and 55% for high, medium and low intensity, respectively.

kilometre of travel (Jkm™'), given by:
_ Nye X Fp

E
v Fy

2
where the heat combustion of gasoline (Nyc) (Jkg™)
is 45x10° Jkg=', and fuel nominal density (Fp) is
0.75kgL~'. Fg represents the mean fuel economy
(kmL™").

Motor vehicles registered in Australia travelled
~244 400 million km in the 12 months ending 31 October
2014 and consumed ~32400millionL of fuel (http:/
www.abs.gov.au/ausstats/abs @ .nsf/mf/9208.0/). Hence,
the mean fuel economy (F) is 7.55kmL~! and the daily
vehicle distance (Dyp) is 28 kmperson~! day~! for the
population of around 23 million. The energy release
efficiency from vehicles (Ey) is 4475000 km~! follow-
ing Equation (2). Hence, AH from vehicles (Dyp X Ey;)
is 1.45KW person~!. As a result, the mean AHv is
11.6 Wm™? for high, 7.25 W m~2 for medium, 2.9 W m~2
for low intensity urban areas accounting for the population
density (Figures 2(e) and (f)). We use the national profile
created for US motor vehicle use (Hallenbeck et al.,
1997; Sailor et al., 2015) as there is a high similarity of
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hourly transportation patterns between the cities in the
United States (Sailor et al., 2015). While Australian and
US traffic hours do not match perfectly, both show peak
values at 8 am and 7 pm (Figures 2(e) and (f)).

2.5.

The metabolism profile for Sydney was constructed by
following the profile of the United States (Sailor et al.,
2015) and the population density of Sydney. Human
metabolism is highest (140 W person~!) during day and
lowest (70 W person™!) at night (Sailor et al., 2015). A lin-
ear 3 h transition is applied for morning (6, 7 and 8 am) and
evening (10, 11 and 12 pm) (Sailor et al., 2015). The max-
imum value of metabolic heat (AHm) for Sydney is 1.12,
0.7 and 0.28 Wm™2 for high, medium and low intensity
region, respectively (not shown).

Metabolic heat

2.6. The sum of anthropogenic heat from electricity,
natural gas, vehicle and human respiration

The total AH composited by electricity, natural gas and
vehicle fuel consumption, along with metabolic heat from
human respiration is shown in Figures 2(g) and (h). The
AH is much larger in the day than at night. There are

Int. J. Climatol. 37 (Suppl.1): 255-270 (2017)
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two peak value periods in morning (8am) and after-
noon (7 pm). In January (summer), the maximum value
for high, medium and low intensity area is 54.4, 32.7
and 13 W m~2 respectively at 7 pm. In July (winter), the
maximum value of AH reaches 59.3Wm™2 for high,
35.4 W m~2 for medium and 14.5 W m~2 for low intensity
areas at 7 pm. The second peak energy consumption takes
place at 8 am in the morning. The two peak periods are
closely connected with the intensity of human activities as
the most active hours for humans are at around 8 am and
7 pm. Energy consumption is greater during the day in Jan-
uary (summer) than during the day in July (winter), which
is most likely due to the heavy loading of AC in Sydney
summers.

The AH profiles for Sydney presented in this study are
comparable to those for other international cities with
a similar population density. For example, the popula-
tion density of Boston, Chicago and Washington ranges
from 0.0038 to 0.005 person m~2 (Sailor et al., 2015) and
the population density of Sydney ranges from 0.002 to
0.008 personm~2. The maximum values of AH during
summer for Boston, Chicago and Washington are 41.0,
36.64 and 41.86 Wm~2 respectively (Table 1), and the
maximum winter values are 62.3, 57.5 and 54.4 Wm™2.
Comparing the maximum values of AH for Sydney of
33.4Wm~2 in January (summer) and 36.4 W m~2 in July
(winter) (Table 1) with AH values from US cities, the
release of AH from these cities in summer is of similar
magnitude. The lower energy consumption in Sydney in
winter is a result of the warmer winter temperatures in Syd-
ney. In contrast, Boston, Chicago and Washington expe-
rience significantly colder winters (Sailor et al., 2015),
requiring more energy for heating. Overall, the AH val-
ues of these cities are broadly comparable considering the
differences in local climate. We note that there are many
ways of calculating AH (see Sailor, 2011 for a review)
and there is value in estimating the robustness of AH esti-
mates by comparing different methods across national,
regional and city-scales (Chow et al., 2014). A multi-scale
and multi-method approach to estimating AH is however
beyond of the scope of this study.

2.7. WREF and its urban model

We used the WRF (WRF-V3.7.1) model (Skamarock
et al., 2008), coupled with a single-layer urban canopy
model (SLUCM) (Kusaka eral.,, 2001; Kusaka and
Kimura, 2004; Chen et al., 2011). The SLUCM (Kusaka
et al., 2001; Kusaka and Kimura, 2004) is used to repre-
sent urban surfaces and includes urban geometry, which
is represented through infinitely long street canyons, with
various urban surfaces (roof, walls and roads) to introduce
different sensible heat fluxes. The effects of shadowing,
reflection and trapping of radiation in the street canyon are
considered. SLUCM coupled with WRF has been exten-
sively validated (e.g. Chen et al., 2011; Miao and Chen,
2014). AH is added as sensible heat into the atmosphere
directly in the WRF-SLUCM model. WRF-SLUCM has
default AH profiles, which are scaled by a magnitude
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parameter (these default values are 90, 50 and 20 W m2
respectively for high, medium and low-density urban land
categories) (Sailor et al., 2015). In this study, the default
AH profiles and the magnitude parameters were replaced
with the profiles shown in Figures 2(g) and (h).

The physics schemes used here have been exten-
sively tested over Australia (Argiieso et al., 2014, 2015;
Evans et al., 2014), and validated for the Sydney region
(Argiieso et al., 2014). This configuration uses the WRF
Single Moment 5-class microphysics scheme; the Rapid
Radiative Transfer Model long-wave radiation scheme; the
Dudhia shortwave radiation scheme; the Monin-Obukhov
surface layer similarity; the Noah land-surface scheme;
the Yonsei University boundary layer scheme and the
Kain-Fritsch cumulus physics scheme. No cumulus
physics is used for the 2-km simulation because most
convection can be explicitly resolved. The default urban
parameters, excluding the AH details developed for this
study were validated by Argiieso et al. (2014).

Two important variables, used in our analysis, are the
planetary boundary layer height (PBLH) and moist static
energy (MSE). The PBLH is given by Equation (3) (Hong
et al., 2006; Hong, 2010).

0., U()|?
b,Crg [9V (h) _ 98]

where Riy, . is the critical bulk Richardson number, U(h)
is the horizontal wind speed at height &, 6, is the virtual
potential temperature at the lowest model level, 8, (h) is
the virtual potential temperature at height £, and 6, is the
temperature near the surface. The temperature near the
surface is defined as

10/’

Wso

h = Ri )

0,=0,,+ 0, where 0; =a “)
where 0, is the virtual temperature excess near the sur-
face. Here Wy, = u * ¢! is the mixed-layer velocity scale,
where u* is the surface frictional velocity scale, and qb;ll is
the wind profile function evaluated at the top of the surface
layer. (w’_QO is the virtual heat flux from the surface and
term a is the f))roportionality factor.

MSE was computed with Equation (4) (Sobel et al.,
2014):

MSE = C,T + L,q + gz o)

where T is temperature; g is specific humidity; Cp is dry air
heat capacity at constant pressure (J K=' kg=!); L, is latent
heat of condensation (Jkg~!) and g is gravity (ms~2).

2.8.

The WRF-UCM model was initialized and updated at the
lateral boundaries using ERA-Interim reanalysis at 6-h
intervals (Dee et al., 2011). To investigate the relative con-
tribution of the UCE and AH, we undertook three exper-
iments. First, the current urban land cover (Figure 1(b))
was replaced with the pre-European land cover (ever-
green broadleaf forest) (AUSLIG, 1990), referred to from

Model experiments
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Table 1. The population density and the maximum value of AH between cities.

Population density (person m~2)

AH summer (W m~2)

Sydney 0.0040
Boston 0.0050
Chicago 0.0046
Washington 0.0038

AH winter (W m™2) References
33.40 36.40
41.06 60.23 Sailor et al. (2015)
34.64 57.50 Sailor et al. (2015)
41.86 54.40 Sailor et al. (2015)

here on as the natural land experiment (NAT). The sec-
ond experiment used the urban land cover classification
shown in Figure 1(b) (hereafter URB). In the third experi-
ment, AH was added on top of URB experiment (hereafter
URB + AH).

In the following, the UCE effect is the difference
between the URB and NAT experiments, and AH effects
are the difference between URB + AH and URB. UHI
is quantified as the difference between the URB + AH
and NAT experiments. The definition of UHI used here
is not the same as is commonly used in observational
studies of UHI (the temperature difference between urban
and rural areas). In the real world, we cannot directly
measure the impact of urbanization on temperature, as
we cannot remove cities, but we can use numeric models.
This method of calculating UHI magnitude is commonly
used in modelling studies (Georgescu ef al., 2011). We ran
these three experiments for the months of January (sum-
mer) and July (winter) for 2007, 2008 and 2009, chosen
because we were able to source electricity consumption
data for all 3 years. Hourly data were saved for analysis
and the first 3 days were discarded as a spin-up period.
The results show the ensemble mean of each of the three
summer and winter months.

3. Results

The UCE and AH effects on temperature are first presented
separately and then the hourly profile of temperature is
displayed. The impact of the UCE and AH on PBLH and
MSE is also presented as the change of PBLH and MSE in
response to UCE and AH leads to the specific UHI pattern
in Sydney.

3.1. The impact of UCE and AH on daily maximum
and minimum temperature

The impact of UCE on daily maximum (7',,,) and mini-
mum (7,,;,) 2m air temperature varies between day and
night and between seasons (Figures 3(a)—(d)). In sum-
mer, the most noticeable warming effects of UCE are dur-
ing summer nights (Figure 3(c)). The warming effects
of the UCE range from 0.4°C over the low intensity
urban areas, to >1.7°C in the high intensity urban areas
(Figure 3(c)). The warming effects of the UCE are lim-
ited to ~0.1°C in the medium and high intensity areas
during daytime (Figure 3(a)). Cooling effects (~0.1°C)
emerge in the lower density southwest and northeast sub-
urbs (Figure 3(a)). In winter, a cooling effect (0.25 °C) is
identified due to UCE (Figures 3(b) and (d)).

© 2017 Royal Meteorological Society

AH has an overall warming effect regardless the time of
day and season (Figures 3(e)—(h)). During winter nights,
there is a 1.5°C warming due to AH in high, 1.1°C in
medium and 0.7 °C in low intensity regions (Figure 3(h)).
This warming effect reduces to <0.5°C during summer
nights (Figure 3(g)) and further reduces to 0.3 °C during
the day in summer and winter in medium and high inten-
sity areas (Figures 3(e) and (f)). Negligible changes are
simulated in low intensity areas (Figures 3(e) and (f)).

When accounting for the combined impact of UCE and
AH (the overall UHI, Figures 3(i)— (1)), warmer summer
nights are identified (Figure 3(k)). This warming effect is
>2 °C in the high intensity regions (Figure 3(k)), with 80%
due to the UCE. This reduces to 1.8 °C in medium and 1 °C
in low intensity areas closer to the centre of city, and fur-
ther decreases to 0.5 °C in the outer suburbs (Figure 3(k)).
Nights are also warmer in winter (Figure 3(1)), with an
increase of 1.5°C in the high and 1°C in medium inten-
sity areas, however in this case 90% of the warming is
due to AH. The warming reduces to 0.3 °C during daytime
in summer in medium and high intensity areas and cool-
ing effects emerge in the southwestern low-density suburbs
(Figure 3(i)). An overall cooling (0.3 °C) is observed dur-
ing the day in winter in low and medium intensity areas
and no significant change is identified in the high intensity
areas (Figure 3(j)).

3.2. The impact of UCE and AH on the diurnal profile
of temperature

The temperature shows a different response to the UCE
effects between day and night and also between seasons
as shown in the diurnal profile (Figures 4(a) and (b)). The
UCE leads to a pronounced warming effect during summer
nights (Figure 4(a)). The maximum increase of tempera-
ture is >2 °C during the middle of the night and during
early morning (Figure 4(a)) in medium and high intensity
regions. This increase reduces to 0.5°C in low intensity
regions. In the daytime, the maximum change of temper-
ature ranges between —1° and 1°C. In winter, there is
a smaller variation of the temperature change (the maxi-
mum value varies between —1.5° and 1.2 °C, Figure 4(b)).
The cooling effect reaches its peak (—1.5 °C) for medium
and high intensity and —0.8 °C for low intensity area at
10 am (Figure 4(b)). Note that the change of the urban sur-
face temperature (named surface urban heat island: SUHI)
shares the similar warming and cooling pattern with UHI
effects of UCE, but the magnitude of SUHI is double that
of UHI (not shown).

Adding sensible heat into the atmosphere by releasing
AH has an overall warming effect (Figures 4(c) and (d)).

Int. J. Climatol. 37 (Suppl.1): 255-270 (2017)
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AH has smaller warming effects in summer and there is no
obvious difference between day and night (Figure 4(c)).
In winter, a noticeable warming is observed at night
(Figure 4(d)). The maximum increase of the tempera-
ture reaches 2 °C in medium and 2.5 °C in high intensity
regions (Figure 4(d)). The increase of temperature in win-
ter daytime is much smaller (<0.5°C in the middle of
the day).

The UCE and AH effects (referred as UHI) on temper-
ature is larger, compared with only accounting for UCE
or AH effects alone (Figures 4(e) and (f)). During sum-
mer nights, the maximum warming effect reaches 3°C
in high, 2.5°C in medium and <1°C in low intensity
regions (Figure 4(e)). In summer daytime, the temper-
ature difference ranges from —1 to 1°C (Figure 4(e)).
During winter nights, the maximum warming effects of
UCE and AH reaches 3.4 °C in high intensity regions and
2.5°C in medium regions. A cooling (~0.6°C) is sim-
ulated in winter daytime around 11 am (Figure 4(f)). In
summary, the UHI intensity varies from —1° to 3°C in
summer (Figure 4(e)) and from —0.6° to 3.4 °C in winter
(Figure 4(f)).

3.3.

The conversion of natural to urban land use (the UCE)
leads to the reduction of net radiation (Rnet) in summer and
winter (Figures 5(a) and (b)). The reduction of Rnet ranges

Impacts of UCE and AH on the energy balance

© 2017 Royal Meteorological Society

from 30 W m~2 in night to 60 W m~2 at 1 pm in summer at
its maximum (Figure 5(a)). In winter, the decrease of Rnet
is 15 W m~2 at its maximum during the night and reaches
its peak (50 W m~2) at 12 am (Figure 5(b)).

UCE effects due to less vegetation significantly reduce
the latent heat (LH) during the daytime (Figures 5(c)
and (d)). This reduction of LH reaches a peak of
250 Wm™2 in summer (Figure 5(c)) and 100 W m™
in winter (Figure 5(d)) at 1pm in medium and high
intensity urban regions. In the low intensity regions, the
reduction of LH decreases to 100 Wm™ at its peak in
summer (Figure 5(c)) and 20Wm™2 in winter at 1pm
(Figure 5(d)). Heat storage, absorbed by urban infras-
tructure, increases during the day (Figures 5(e) and (f))
and reaches its peak (140 Wm™2) in medium and high
intensity areas and 50 W m~2 in low intensity regions at
12 am in summer (Figure 5(e)). A release of stored heat
is observed during summer nights (Figure 5(e)), reach-
ing a peak of 90 Wm~2 in medium and high intensity
areas and 35W m™2 in the low intensity areas at 8 pm
(Figure 5(e)). In winter, the heat storage profile shares a
similar shape but with the intensity reducing by a factor of
0.5 (Figure 5(f)). There is an increase of 75 W m™ at its
peak in the medium and high intensity areas and 20 W m~2
in low intensity areas in daytime, but a release (20 W m~2)
is observed during winter evening in low intensity areas

(Figure 5(f)).
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In summer, there is an increase of sensible heat over
the medium and high intensity areas due to UCE effects
(Figure 5(g)) with a peak of 110 Wm™2 at around 7 pm.
In the low intensity areas, an increase of sensible heat at
night, but a decrease during the day, is simulated. In winter,
there is an increase of sensible heat at night, but a decrease
during the day (Figure 5(h)). The increase of sensible heat
reaches its peak (50 W m~2) at 6 pm and a reduction about
30 Wm~™ in the medium and high intensity areas. In the
low intensity areas, the reduction of sensible heat during
the day is most noticeable (50 W m~2).

Adding AH into the atmosphere leads to a reduction
of Rnet in low (1 W m™2), medium (3W m~2) and high
(5Wm™?) intensity areas in summer (Figure 6(a)). In
winter, the reduction in the Rnet is doubled to, 2, 6 and
10Wm™2 in the low, medium and high intensity areas
(Figure 6(b)). This reduction of Rnet is due to the larger
increase in the upward long wave radiation relative to
the change in the downward long wave radiation. The
larger increase of upward long wave radiation is linked to
the stronger warming effects of AH on land surface than
on atmosphere (not shown), a common phenomenon as
UHI intensity is stronger when urban surface temperature,
rather than air temperature, is used to define the UHI (Peng
etal.,2012).

© 2017 Royal Meteorological Society

In contrast to UCE, adding AH leads to negligible
change on latent and heat storage (Figures 6(c) and (f)).
Since AH is added to the atmosphere as sensible heat, the
increase of sensible heat (Figures 6(g) and (h)) shares a
similar profile to AH (Figures 2(g) and (h)), but is smaller
by 5-10 W m~2. The change of sensible heat shares a sim-
ilar diurnal profile in summer and winter and is slightly
higher in summer daytime than in winter daytime. The
increase of sensible heat reaches a peak of 50 Wm™2 in
the morning at 9 am and at 8 pm in the night in the high
intensity regions (Figures 6(g) and (h)). This increase of
sensible heat reduces to 30 and 10 W m~2 for medium and
low intensity areas respectively.

3.4. Impact of UCE and AH on PBLH and MSE

UCE leads to deeper development of the PBLH by >200 m
during summer nights (~20%), while there is a decrease
of PBLH by 40 m during the day (~2%, Figures 7(a) and
8(a)—(c)). In contrast, there is an overall decrease of the
PBLH in winter except for a slight increase at 5pm in
the medium and high intensity areas (Figure 7(b)). The
decrease of the PBLH reaches its peak of 70 m at noon
(Figures 7(b) and 8(d)—(f)).

The change of MSE at 2 m shares a similar increasing/
decreasing pattern with PBLH due to UCE effects

Int. J. Climatol. 37 (Suppl.1): 255-270 (2017)
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(Figures 7(c) and (d)). There is 2KJkg~! reduction of
MSE during summer days in medium and high intensity
areas (~0.7% relative to the mean MSE 320KJkg~!
in summer) and 0.7KJkg™' in the low intensity areas
(~0.25% of the mean MSE, Figure 7(c)). An increase
of MSE (0.6KJkg™!, ~0.2% of the mean MSE) is
observed during summer nighttime (Figure 7(c)). In win-
ter, there is an overall decrease of MSE, which reaches
its peak —1.5KJkg™! in medium and high intensity
[~0.5% of the mean MSE (300 KJkg~!) in winter] areas
and —0.5KJkg™! in the low intensity areas, at 10am
(Figure 7(d)). The change of MSE in the higher levels of
the boundary layer shares a similar pattern as the change
of MSE at 2m (Figures 8(a)—(f)), but its magnitude is
approximately 10% of the change of MSE at 2 m.

Adding AH leads to the increase of PBLH in summer
and winter (Figures 7(e) and (f)). This increase of PBLH
reaches its peak of 70m at 10pm in summer (~7%
increase, Figures 7(e) and 8(i)) and 100 m at 6 pm in win-
ter in the high intensity areas (~13% increase, Figures 7(f)
and 8(1)). The change of PBLH in medium intensity area
shares similar profile with high intensity except a smaller
change during winter nights. The increase of PBLH
is under 10m in low intensity regions in summer and
winter.

© 2017 Royal Meteorological Society

Adding AH leads to a negligible increase of MSE at
2m (<0.1 KJkg~! in summer (Figure 7(g)) because the
added AH is dissipated into higher levels of the atmosphere
(Figures 8(g)—(i)). In medium and high intensity areas
the added AH leads to an increase of the MSE about
0.25KJkg™! above that of the UCE (~100m) shown in
Figures 8(h)—(i). AH added at the surface produces an
increase of MSE throughout the PBL during daytime hours
(Figures 8(h)—(i)). The increase of MSE emerges beyond
the boundary layer in high intensity areas. In contrast,
there is an increase of MSE at 2m (>1KJkg™!, ~0.4%
relative to the mean MSE, in high, 0.7 KJ kg‘1 in medium
and 0.2 KJkg™! in low intensity regions respectively), in
winter (Figure 7(h)) and the change of MSE in upper
layer of atmosphere is smaller relative to summer time

(Figures 8(j)—(1)).

4. Discussion

Argiieso etal. (2014) validated the physics scheme
of WRF and the parameters of SLUCM for Sydney.
WRF-SLUCM performed well in simulating the maxi-
mum and minimum temperature with the bias ranging
from —1° to 1°C indicating the model has a reasonable
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representation of the major physics and processes of
Sydney’s climate. However, Argiieso ef al. (2014) did
not examine the components of the UHI for Sydney,
particularly the role of AH, and this has been the focus of
this article.

A common perception is that reduction in evaporative
cooling associated with the conversion of natural land to
urban land is the dominant driver of UCE (Taha, 1997,
Zhao et al., 2014). This reduction in evaporative cool-
ing leads to higher day and nighttime temperatures in
urban areas. In our study, we found there is a notice-
able increase of summer night temperatures (>2°C) in
the high and medium intensity areas, while these warm-
ing effects reduce, and a slight cooling effect (—0.3 °C)
emerges in outer suburb low intensity areas, during sum-
mer days. This effect was first simulated for a semi-arid
area for Phoenix by Georgescu et al. (2011). They reported
warming at night of >2 °C and a cooling about 1 °C during
day (Georgescu et al., 2011), which is broadly comparable
with finding of this study. A similar warming and cool-
ing effect of urbanization of UHI effects was also found in
Singapore (Li et al., 2016) who attributed it mainly to the

© 2017 Royal Meteorological Society

greater heat storage of urban infrastructure. The propor-
tion of heat storage relative to Rnet in urban areas ranges
from 17 to 58% while this proportion reduces to 4—24% in
rural areas (Cleugh and Grimmond, 2012). In summer day-
time, urban infrastructure with greater heat storage capac-
ity absorbs more energy in the morning, reaching a peak at
10—11 am (Figure 5(e)), while the reduction in LH peaks
around 2 pm (Figure 5(c)). The difference in timing means
that the urban infrastructure is absorbing more energy dur-
ing the morning than is available from the change of LH
and Rnet, leading to a smaller warming in medium and
high intensity area and a relative cooling in the low inten-
sity area during this time. In addition, the reduction of
Rnet in the low intensity area is another major contrib-
utor to the relative cooling because 60% of the decrease
in LH (Figures 5(a) and (c)) can be accounted for by the
decrease in Rnet. At night, the extra heat absorbed during
daytime is released into the atmosphere causing warming
(Figures 5(e) and (g)). Note that the effects of the urban-
ization on local climate vary with the pre-settlement land
cover type. For example, Benson-Lira et al. (2016) found
that the loss of lake cover due to urbanization in Mexico
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city led to daytime warming of >4 °C and night warming
of ~1°C.

In winter, a cooling effect due to UCE is simulated dur-
ing night and day. This cooling is due to the reduction of
Rnet (Figure 5(b)) and a greater portion of Rnet being allo-
cated to heat storage, which offsets the reduction in LH
(Figures 5(f) and (d)). As a result, a reduction of sensible
heat is experienced during winter days and a small increase
of sensible heat during winter nights (Figure 5(h)). How-
ever, this small increase in sensible heat during winter
nights does not directly lead to the warmer night relative
to the control simulation because of the daytime cooling
effects of UCE. The slight increase of sensible heat at night
was not enough to overcome the cooler temperature at the
end of the day. Note the nighttime cooling could also be a
result of a weaker aerodynamic resistance during the night,
which enables the positive sensible heat to be dissipated
more efficiently.

The decrease of Rnet during the day is partially due
to a higher albedo of urban land compared with natural
vegetation. The default albedo (0.2) of roof, road and wall
surfaces in WRF was used in this study. The albedo of
urban land ranges from 0.1 to 0.45, depending on the
location of the cities (Taha, 1997). The albedo used (0.2)
is a reasonable approximate value for Sydney as the mean
albedo of a similar Australian city, Adelaide, is 0.27 (Taha,
1997). The increase of the upward long wave radiation is
another factor, leading to the reduction of Rnet, especially
during the nights. This increase of upward long wave
radiation is associated with the warming effects of UCE on
surface skin temperature (not shown) even though there is
a cooling effect on the 2 m temperature.

The dominant role of greater heat storage in urban
areas has implications in terms of possible UHI mitiga-
tion actions. For example, washing streets and irrigating
parks and gardens with grey water during heat wave days
could be a useful UHI mitigation option, as the absorbed
heat during day could be used for evaporation rather than
heating the air. This kind of action has been suggested for
Paris to reduce heat stress (Tremeac et al., 2012).

Adding AH can lead to warmer air temperatures ranging
from 1° to 3°C (Ichinose et al., 1999; Fan and Sailor,
2005; Feng et al., 2012), particularly aggravating heat
wave events (de Munck et al., 2013; Salamanca et al.,
2014). However, AH can be dissipated, depending on the
heat dissipation efficiency of the local background climate
(Zhao et al., 2014) so that the warming effects of AH varies
between cities. We found AH has noticeable warming
effects during winter nights by up to 2°C in medium
and 2.5 °C in high intensity areas, while a slight warming
(0.5°C) is found during the daytime in summer and winter
(Figures 4(c) and (d)). There is no significant increase of
UHI intensity in the heat wave period (not shown).

The contrasting warming effects of AH in winter and
summer (and also day and night) can be attributed to
two mechanisms. The first is the larger contribution of
the added AH via sensible heat during winter nights. In
particular, there is negative sensible heat during winter
nights (Figure 9(b)), making added AH an important
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energy source in heating the atmosphere. In contrast, AH
accounts for 30% of sensible heat (Figure 9(b)) in the
winter daytime. It is important to note that AH also has
a large contribution to sensible heat in summer nights
(Figure 9(a)) as in winter nights so that similar warming
is expected in summer nights and winter nights. However,
the warming effects of AH during summer nights are
smaller than in winter in our simulations. This would
seem inconsistent with the findings of previous studies
(de Munck et al., 2013; Li and Bou-Zeid, 2013). Indeed,
the AH warming effects could not be solely explained
by the relative energy contribution in Sydney in contrast
with Chinese cities (Wang et al., 2015). Adding AH leads
directly to the increase of sensible heat (Figures 6(g) and
(h)), but this increase is associated with a deeper PBLH
(~7%, Figure 7(e)) but no pronounced increase of MSE
at the near surface during summer nights (Figure 7(g)),
and small warming effects (Figure 4(c)). This is mainly
due to the stronger convection during summer nights
(Figure 9(c)) compared with winter nights (Figure 9(d))
and thus the added AH is dissipated into the atmosphere
more efficiently in summer nights (Figures 8(j)—(1)). In
contrast, AH leads to a concurrent increase of PBLH
during winter nights (Figure 7(f)), and MSE at the near
surface (2 m) (Figure 7(h)). This can be attributed to weak
convection in winter nights as evident in Figure 9(d). As
a result, the added AH in winter nights stays near sur-
face. Therefore, we can partially attribute the negligible
warming effect of AH during summer nights to stronger
convection. In contrast, the warmer winter nights are due
to relatively stable and less efficient heat convection. This
is consistent with Salamanca et al. (2014) who reported
that AH release from AC systems was at a maximum dur-
ing the day over the Phoenix metropolitan area (USA), but
the mean effect was negligible near the surface. However,
during the night, heat emitted from AC systems increased
the mean 2 m air temperature by >1°C for some urban
locations (Salamanca et al., 2014).

The results presented here are derived from the
WRF-SLUCM model and are dependent on the struc-
ture, physics and parameters used within that model. In
particular, we note that when WRF-SLUCM interpolates
temperature to 2 m it uses the aerodynamic resistance from
the natural vegetation/cropland in the same grid cell (Li
and Bou-Zeid, 2014). This aerodynamic resistance may
not be appropriate within an urban canopy and may affect
the representation of the UHI in this model (Zhao et al.,
2014). Examining this is beyond the scope of this study,
but properly representing the impact of urban landscapes
on aerodynamic resistance is an area that needs further
consideration in models of the type used here.

5. Conclusion

The new AH profile developed using recently available
energy consumption data provides a useful reference for
other studies and can be used directly for future Sydney
modelling studies. The dominant contributor of the UHI
in Sydney varies both diurnally and seasonally and is
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Figure 9. The diurnal profile of sensible heat (a and b) and maximum convective available potential energy (mcape) (c and d) from the urban land
(URB) experiment.

explained by different physical mechanisms. UCE con-
tributes up to 80% of the UHI during summer nights,
whereas AH accounts for 90% of winter night warming.
The greater heat storage of urban infrastructure counter-
acts the reduction of evaporative cooling so that a strong
warming effect of UCE during the day is not identified. In
contrast, the release of heat stored during summer nights
leads to the increase of sensible heat and an increase
in temperature. The noticeable warming effects of AH
during winter nights can be attributed to the relatively
large contribution of AH to sensible heat as well as weak
convection. The negligible warming effects during sum-
mer nights are due to strong convection although adding
AH accounts for a large contribution to sensible heat. This
indicates that the warming effects of AH is depending not
only the proportion of AH relative to the sensible, but also
local convection.

Our key result has implications for future modelling
studies over Sydney and likely over other major cities.
We have shown that the dominant contributor of the UHI
in Sydney varies both diurnally and seasonally and is
explained by different physical mechanisms. This implies
that significant errors are likely if simulations combine
UCE and AH and do not represent the seasonal and diurnal

© 2017 Royal Meteorological Society

contributions separately. Since these errors have strong
dependencies on the season and time of day, and since the
impacts of the UHI are strongly seasonally and diurnally
variable we suggest that modelling efforts do need to
consider AH and UCE separately. This will be particularly
important where the results of simulations are linked with
sensitive down-stream applications including impacts on
human health.
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