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Abstract: The summer cooling potential of urban vegetation is investigated using an urban climate
model for the current and future climates in the Melbourne central business district (CBD) area with
various urban forms and vegetation schemes. Simulation results suggest that the average seasonal
summer temperatures can be reduced in the range of around 0.5 and 2 °C if the Melbourne CBD
were replaced by vegetated suburbs and planted parklands, respectively, benefiting a reduction in the
number of hot days. It was also found that despite the projected warming in the future and variations
in the climate projections among different climate models, the average seasonal cooling potential due
to various urban vegetation schemes may not change significantly in comparison with those
predicted for the current climate, indicating little dependency on climate change. This finding
suggests that the average seasonal cooling potential as a result of urban vegetation in future climates
may be empirically quantified in similar amounts to those under the current climate. When urban
climate models are used, the cooling potential of urban vegetation in future climates may be
quantified by modeling several selected years with one or a few climate models.
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1. Introduction

Over 50% of the world’s population lives in cities with much higher urbanization levels in
developed countries [1]. In Australia, the percentage of urban population of 86% has only increased
slightly from several decades ago; however, the total Australian population has doubled in the past
50 years [2]. The rapid urbanization has transformed some vegetated lands into urban areas with
engineered infrastructure accompanied by increased heat generation from anthropogenic activities
and heat absorption and storage. Such heat generation, heat absorption and storage combined with
slow heat dispersion result in the urban heat island (UHI) effect. Several studies have reported a
mean UHI effect of around 1 to 2 °C in Melbourne, Victoria, Australia which has gradually increased
at a rate of approximately 0.2 °C per decade from 1958 to 2007 [3,4]. This rate of increase in the
UHI effect is in similar range as that reported by Wu and Yang [5] for the Yangtze River Delta city
cluster region in China. Without effective interference, the UHI effect in Melbourne is likely to
continue, if not further increase considering that the existing Melbourne metropolitan blue print
relies heavily on the further development in established urban areas in order to maintain sustainable
and manageable metropolitan service infrastructure [6].

When coupled with summer heat waves, the UHI effect can pose significant threats to the urban
environment due to increased pollution levels, heat stress, excess energy consumption and impact on
other service infrastructure [7-9] and human health [10-16]. The heat wave event in Melbourne
during the summer of 2009 may have resulted in 374 excess deaths over what would normally be
expected for the period. This reflects in a 62% increase in total all-cause mortality for that
period [17]. The relationship between heat and mortality has long been recognized [11]. Nicholls et
al. [14] analyzed the mortality rate in Melbourne from 1979 to 2001 and reported that excess heat
related mortality amongst the population aged over 65 may increase rapidly when the daily mean
temperatures (the average of yesterday’s maximum and this morning’s minimum) exceeds 30 °C.

The situation of urban summer heat stress is likely to be further exacerbated in Australia by
global warming considering the projected increase in the number of warm nights, heat wave
frequency and duration [18]. The summer heat driven by the increasing UHI effect and heat wave
frequency/intensity caused by urbanization and global warming presents significant environmental
and social challenges for governments and communities around the world [5,13,19-22]. Many
countries have integrated climate change mitigation and adaptation into policy frameworks such as
policies to accelerate investment in energy efficiency, renewable energy and other greenhouse gas
(GHG) emission reduction technologies [23-25]. Implementing urban greening and cool surfaces
have attracted substantial research and community interests and show promise in mitigating the UHI
effect [13,26-30]. Urban greening can mitigate the UHI effect by promoting tree planting to shade
buildings and to cool the ambient by evapotranspiration of vegetation [31-34]. Cool surfaces can
mitigate the UHI effect by using reflective roofs and paving surfaces to reduce the heat absorption.
Urban greening and cool surfaces can reduce the cooling energy demand and thus GHG emissions in
cities [27,35-38].

Using a mesoscale urban climate model, Liu and Bass [31] simulated the local climate of the
City of Toronto for 2 days in June 2001 by replacing 50% of building foot print with grassland to
represent a 50% green roof coverage scenario. Simulation results showed that Toronto could be
0.1-0.8 °C cooler as a result of 50% green roof coverage as compared with the base scenario
without green roofs. In a similar study, Rosenzweig et al. [32] simulated the impact of nine different
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levels of urban greening and cool roof coverage scenarios during the summer of 2002 in New York
City. They illustrated that urban greening and cool roofs can result in up to 1 °C reduction in the
average ambient temperature. Susca et al. [35] monitored the UHI in four areas of New York City
from October 2008 through to May 2009 and reported an average of 2 °C difference in temperatures
between the most and the least vegetated areas.

Sailor [39] simulated the local urban climate of Los Angeles in response to increased vegetation
coverage and showed temperature depression of around 0.8 °C. Taha et al. [40] simulated 2 days in a
summer of the California’s South Coast Air Basin area and suggested an average 1.0 °C cooling
effect was achievable with a high vegetation scenario. In the Tel-Aviv urban complex during the
period July-August 1996, Shashua-Bar and Hoffman [41] found that the average cooling effect
across 11 wooded sites was 2.8 °C.

Using multiple linear regression analysis for satellite imagery land surface temperatures, Kong
et al. [42] showed that proper management and planning of green spaces in cities are important in
order to reduce UHI impact. Perini and Magliocco [43] quantified the effects of various vegetation
scenarios in mitigating summer temperatures with a microclimate model in three Mediterranean
cities and showed that for most of the cases examined, vegetation has higher cooling effects in taller
building areas. Chen et al. [44] demonstrated the cooling effects of greening in a northern Chinese
city, Tianjin, both numerically and using real measurements. They pointed out that the cooling effects
by urban greening have a certain limit.

More recently, by carrying out simulations for a Chinese city, Suzhou, using an urban canopy
model, Yang et al. [45] reported that both tree planting and grass surfacing are beneficial in cooling
the ambient air temperature with tree planting to be generally more effective. Yang et al. [45] found
that the daily mean air temperature can be reduced by 1 °C during the simulated summer period with
40% tree coverage. Similarly, using computational fluid dynamics simulations for the city center of
Arnhem, the Netherlands, Gromke et al. [46] reported that among different vegetation measures, the
strongest cooling by a single vegetative measure was obtained with the avenue-trees with mean and
maximum temperature reductions at pedestrian level of 0.43 and 1.6 °C, respectively. They noticed
that cooling effective overall resembled a linear superposition of various vegetative measures and
that a maximum of 2.0 °C temperature reduction can be obtained with a combination of vegetative
measures. Simulations by Middel et al. [47] using a microclimate model for the City of Phoenix,
Arizona found that an increase in the tree canopy cover from 10 to 25% can result in an average
daytime cooling benefit of up to 2.0 °C in residential neighborhoods.

From these studies it appears that the cooling effect of urban vegetation depends on the specific
location due to the variation in the geophysical conditions, urban land usage and vegetation coverage.
Furthermore, previous studies are limited to the cooling effects of urban vegetation for the present
day (current) climate. The current study investigated the potential of various urban vegetation
schemes in mitigating summer temperatures in Melbourne for both current and future climates.

2. Methodologies
2.1. Urban climate model

A recently developed urban climate model UCM (urban canopy model)-TAPM (The Air
Pollution Model) [48] was used for investigating the impact of various vegetation schemes on the
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local urban climate in Melbourne. The UCM-TAPM is a computer-based prognostic meteorological
model which combines an urban canopy model with a meso-scale climate model TAPM [49].

The UCM is based on the Town Energy Budget approach by Masson [50] and modified to better
represent the climates of Australian cities. Figure 1 is a simplified description of the UCM. Shaded
areas indicate roofs, walls, roads and vegetation that are represented as energy budgets. Thin solid
arrows describe turbulent sensible and latent heat exchanges within the canyon and between the
above atmosphere and the below urban area. Thin dashed arrows represent heat conduction through
walls, roads and roofs. Thick dashed arrows show the radiative heat fluxes from shortwave and
longwave radiation in the canyon. The model includes a big-leaf energy budget for urban vegetation
to better represent suburban areas. The UCM adopts the turbulent flux resistance network approach
in the canyon as described by Harman et al. [51] which takes into account air re-circulating and
venting for turbulent heat flux calculation within the canyon. This is described schematically by the
thick solid arrows in Figure 1.

Building shadowing effects are included, together with vegetation (including trees) shadowing
effects. Shadowing is represented in terms of sky view factors that depict the area of each urban
surface and the sky that is visible by other urban surfaces (e.g., walls and road). Up to 3 reflections
of solar radiation from urban surfaces are calculated by the UCM. The sky view factors are modified
in the presence of vegetation to reduce the amount of solar radiation reaching the walls. This is
achieved by simply raising the canyon floor by the displacement height of the vegetation, thereby
obscuring a portion of the wall surface on either side of the canyon.

Latent heat flux for urban areas is calculated as a combination of transpiration from the urban
vegetation, evaporation from water on leaves and evaporation from the water on the road and roofs.
If the water present on the road or roof is greater than 1 mm, then the excess water is assumed to be
removed by drainage. A simple bucket model of soil moisture was found to be adequate for
constraining the water availability for transpiration, which balances the budget of rainfall that
reaches the surface under the vegetation canopy and the water removed by transpiration.

By modifying the canyon geometries, building material thermal properties and the size of
vegetation spaces, tree height etc., the UCM can represent different urban forms, such as a high
density CBD, lower density urban fringe, industrial areas or areas of vegetation (e.g., sporting fields
and parks). Heat conduction and storage is simulated by separate 3 layers conduction models for
roofs, both canyon walls and road surfaces. Different layers have different heat capacity, conductivity
and thickness, depending on the building material of that layer (e.g., brick, wood, etc.). The
outermost layers are the thinnest, so as to better estimate the skin temperature of the building or road
surface. The current study solves for the temperature at each of the 3 layers of the roof, two walls
and road surfaces by setting the interior building temperature to a constant value of 20 °C.
Anthropogenic fluxes due to traffic are based on measurements from a Melbourne flux station and
vary with the diurnal cycle [48]. Heat is conducted through building walls to couple to the canyon
sensible heat flux budget. An idealized model of air conditioning is included to close the urban
model energy budget. Excess heat entering the building interior is pumped back into the canyon
along with the energy required to pump the heat out of the building as described in Thatcher and
Hurley [48]. If an excess of heat is leaving the building interior, then assume an anthropogenic
source of heat to warm the building. Although the model also considers the radiative heat transfer
inside the canyon between buildings and road surfaces, they are not included in Figure 1 for
simplicity.
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Figure 1. Schematic representation of the urban canyon model. Air circulation is
represented by the continuous bold line. Turbulent fluxes are indicated by the resistance
network. Thin dashed lines describe conduction through walls, roads and roofs and the
bold dashed arrows represent radiative fluxes

TAPM is a mesoscale climate model [49] which uses prognostic equations for the conservation
of mass, momentum, turbulence, heat and moisture to simulate winds, temperature and specific
humidity. It includes physical parameterizations for cloud microphysics (water vapor, cloud water,
cloud ice, rain and snow), radiation, and a soil-canopy surface scheme with vegetation overlaying
soil for radiation and surface fluxes. TAPM employs a multiple one-way nesting procedure to
dynamically downscale synoptic-scale analyses/forecasts which drive the model at the boundaries of
the outer grids. Typical nesting steps are 30, 10, 3 and 1 km.

The UCM is coupled to TAPM every simulation physics time step, which is every 300 s for the
simulations described in this paper. TAPM and the UCM exchange radiation, sensible heat, latent
heat and momentum fluxes, which couples to the TAPM planetary boundary layer turbulence closure
parameterization. Details of the UCM and coupling have been reported in Thatcher and Hurley [48].
By coupling the UCM with the TAPM, the coupled UCM-TAPM urban climate model can simulate
changes in the local meteorology arising from different urban forms under “observed” synoptic data
or under global warming projections. In the UCM-TAPM model, a 1 x 1 km grid tile of the land
surface, for example, can be assigned one of 39 surface types that include a wide range of natural and
built surface types, e.g., snow, water body, forest, shrub land, grassland, pasture, CBD, urban,
industrial, etc. The characteristics of the surface types such as the average building height, building
height to street canopy width ratio, tree height, vegetation coverage, leaf area index, surface albedos
etc. can be adjusted for specific urban forms. Consequently, the UCM-TAPM urban climate model
can be used to explore the effectiveness and resilience of various city planning strategies for present
as well as future climates. The UCM-TAPM urban climate model has been validated against the
measurements from several urban and rural weather stations and demonstrated good capability in
urban scale climate modeling for Australian cities [48].
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2.2. Melbourne CBD and various urban vegetation schemes

In this study four horizontally level nesting grids were used in the UCM-TAPM, i.e., 30 x 30
km, 10 x 10 km, 3 x 3 km and 1 x 1 km grids. There are 25 x 25 grids for each horizontal grid level,
while the vertical direction has a single grid level with 25 grids which extends to 8 km above the
ground. Consequently, the total simulation domain was 750 x 750 x 8 km with a spatial resolution of
1 km around the urban area in interest. Figure 2a illustrates the satellite image of the region
approximately 12.5 km from the Melbourne CBD area created by ArcGIS® software by Esri and
Figure 2b illustrates this region in the UCM-TAPM 1 x 1 km grid level. It can be seen that the
Melbourne CBD area has been approximated by nine 1 x 1 km grids in the UCM-TAPM model.

In order to investigate the summer cooling potential of vegetation, simulations for the urban
climate were carried out using the UCM-TAPM by replacing the Melbourne CBD areas with 10
urban form schemes as shown in Table 1. The CBD form (Urban Form Number 6) in Table 1
represents the existing Melbourne CBD with the vegetation and building coverage percentages
estimated from Google images considering that Google images are freely available to the authors.
The vegetation and building coverage percentages of the generic urban type in Table 1 (Urban Form
Number 5) were based on the measurements for several suburbs in Melbourne as reported by Coutts
et al. [52]. Urban Form Number 9, i.e., CBD with 50% green roof, assumes that 50% of the building
roofs in the Melbourne CBD area are covered by green roofs. It is noted that to redevelop the
Melbourne CBD area into some of the urban form schemes listed in Table 1, such as the forest land
(Urban Form Number 1) or grass land (Urban Form Number 3), would be unrealistic in the
foreseeable future. However, they are included for better understanding the cooling potential among
various urban vegetation schemes in Melbourne CBD.

Brighton

(@) (b)

Figure 2. Melbourne CBD representation in the UCM-TAPM: (a) Esri ArcGIS®
image; (b) representation in the UCM-TAPM. Here, Yellow: CBD; Blue: Water; Red:
generic urban, Green: Shrub land; Brown: Pasture.
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Table 1. The main characteristics of the urban forms and vegetation schemes investigated in this study.

Urban Urban Form Vegetation  Vegetation Vegetation Leaf Green Roof Estimated Building ~ Average Estimated Irrigation ©

Form Type Areain Entire  Coverage Area Coverage of ~ Coverage Over Building Building Height

Number Land Area (%)  Fraction within  Index  Building Entire Land Area Height to Canyon Width

Vegetation Roof Area (%) (m) Ratio
Area (%)

1 Forest low sparse 100 0.25 2.0 0 0 - — No
(low sparse) (woodland)

2 Shrub-land mid dense 100 0.50 2.6 0 0 - - No

(scrub)
3 Grassland mid dense 100 0.50 1.2 0 0 - - No
tussock

4 Urban (leafy) Mixed 49 1.00 3 0 40 6.0 0.4 Yes

5 Urban (generic)  Mixed 38° 1.00 3 0 45° 6.0 0.4 Yes

6 CBD Mixed 15° 1.00 3 0 65" 12.0 13 Yes

7 CBD (with 1/3 Mixed 5 1.00 3 0 65 12.0 1.3 Yes
Vegetation)

8 CBD (double Mixed 33 1.00 3 0 62 12.0 1.3 Yes
vegetation)

9 CBD (50% GR")  Mixed 15 1.00 3,15° 50 65 12.0 1.3 Yes

10 CBD (DV°®+ Mixed 33 1.00 3,15° 50 62 12.0 1.3 Yes
50% GR ")

& from Coultts et al. [52]

b estimated from Google images. Areas other than vegetation and buildings are accounted as roads in the UCM-TAPM

¢ leaf area index for green roof vegetation

¢ estimated average building height divided by the street/road width

¢ rainfall has been modeled and considered in the UCM-TAPM modeling. Irrigation is the additional watering to prevent the vegetation dry out.

; GR is the abbreviation for green roof

DV is the abbreviation for double vegetation
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2.3. Synoptic climate data and global warming projections

The observed synoptic climate data and global warming projections from General Circulation
Model (GCM) were used for simulating the current and future Melbourne climates under various
urban forms and vegetation schemes. For the current Melbourne climate simulations, the downscaled
climate data from National Centre for Environmental Prediction (NCEP) were used. For future
climate projections, the Intergovernmental Panel on Climate Change suggested that due to the
varying sets of strengths and weaknesses of various GCMs, no single model can be considered the
best. Therefore, multiple GCMs should be used to take into account the uncertainties of the models
for impact assessment. In the current study, five GCMs including GFDL2.1, CSIRO-MKa3.5,
MIROC3.2, ECHAMS5 and HadCM3 based on the A2 scenario were used for future Melbourne
climate simulations. For each GCM, the future climates at 60 km resolution were obtained using the
Conformal Cubic Atmospheric Model (CCAM) [53-56]. The atmospheric data from the CCAM
simulations is then extracted for boundary conditions of the outmost domain for the UCM-TAPM
modeling.

Table 2 lists the synoptic climate data sets used in this study with the climate model applied and
the year simulated. In total, 11 sets of synoptic climate data were used in this study. The years 2001
and 2009 were chosen to represent current Melbourne climate. The selection of year 2001 in this
study was arbitrary. Year 2009 is significant for Melbourne due to the extreme heatwave during the
summer 2009. It is noted that single simulation years for individual GCM projections are insufficient
to reproduce the climatology of Melbourne in the future. Nevertheless, the yearlong runs are of
sufficient length to test the simulated response to changes in urban forms as modeled by
UCM-TAPM. Furthermore, as discussed in Section 3, the simulated sensitivity to changes in urban
forms was found to be relatively consistent among the different GCM projections and at different
levels of global warming. Consequently, multi-year simulations for individual GCM projections,
which require substantial more computation resources, were not carried out in the current study.

Table 2. Synoptic climate data used in the UCM-TAPM simulations

Models Developers Year simulated

Reanalysis National Centre for Environmental Prediction 2001, 2009

data (NCEP), USA

GFDL2.1 Geophysical Fluid Dynamics Laboratory (GFDL), 2030, 2047, 2050, 2087,
USA 2090

CSIRO-Mk3.5 Commonwealth Scientific and Industrial Research 2030
Organization, Australia

MIROC3.2 Centre for Climate System Research, National 2030
Institute for Environmental Studies, and Frontier
Research Centre for Global Change, Japan

ECHAMS Max Planck Institute for Meteorology, Germany 2030

HadCM3 The Hadley Centre, UK 2030

3. Results and Discussion

A total of 110 UCM-TAPM simulations were carried out using the 11 synoptic climate data sets
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as described in Table 2 and the 10 urban forms as described in Table 1 for the Melbourne CBD area.
Each UCM-TAPM simulation took approximately 10 hours using a 2.3 GHz processor. It is noted
that like other regional and urban climate models, the UCM-TAPM is aimed for predicting urban
climate probability distributions and seasonal variability of the climatic variables [48]. Therefore, it
is not intended for predicting short term climate phenomena such as the hourly air temperature or
hourly wind speed. In this study, the cooling potential of vegetation on the local climate in the
Melbourne CBD area are investigated using the following three summer seasonal air temperatures
obtained by the UCM-TAPM simulations:

e Twmin: average summer daily minimum temperature (average over January, February and
December);

e Twmean: average summer mean temperature; and

e Tmax: average summer daily maximum temperature;

The cooling potential on Tyean for a particular urban form is expressed by the reduction in the
average summer mean temperature, i.e., ATwean, Which is defined as the reduction in Tyean for this
particular urban form relative to that for the CBD urban form (Urban Form Number 6 in Table 1)
with the same synoptic climate dataset. Similarly, the reduction in the average summer daily
minimum and maximum temperatures, i.e., ATuin and ATuax, Can be used to quantify the cooling
potential of urban vegetation on Ty, and Tuax, respectively.

Figure 3 shows Tean in 2030, 2047, 2050, 2087 and 2090 for the 10 urban forms obtained using
GFDL2.1 projections. Figure 4 shows the Tean results in 2030 projected using different GCMs for the
10 urban forms. In Figures 3 and 4, the Tyean results obtained using the NCEP climate datasets for 2001
and 2009 are also included for comparisons. As expected, all the GCMs project an overall warming
trend for future summer seasons in the Melbourne CBD in comparison with the current climate
represented by 2001 and 2009 in this study. Furthermore, as shown in Figure 4, there are substantial
variations in the projected future climates using different GCMs for 2030 for any specific urban form.
However, it can be observed that the average summer mean temperature in the Melbourne CBD area
reduces with the increase in urban vegetation coverage with the generic urban area predicted to be
around 0.5 °C cooler than the existing CBD urban forms. The maximum cooling potential of around
2 °C could be achieved if the CBD area would have been transformed to a natural forest park land.
Similar cooling potential for urban vegetation was observed for the corresponding Tyean and Tax In the
CBD area. These levels of cooling potential appear to be consistent with the range reported by previous
researchers [31,32,35,39-41,45-47].

It was also found that the Twean curves in Figures 3 and 4 for different future climates projected
by different GCMs are generally parallel to each other. In other words, the cooling potential on the
Twmean @S a result of various urban forms and vegetation schemes does not change significantly with
different GCMs and future climate change. This can be better demonstrated with the corresponding
ATwin, ATmean and AT wax results.

Figures 5a-5c show the ATwmin, ATmean and ATmax for various urban forms in 2001 and 2009
using the NECP climate data and in future climates projected using GFDL2.1. Figures 6a—6¢ show
the ATmin, ATmean @and ATmax fOr various urban forms in 2001 and 2009 using the NECP climate data
and in 2030 projected using different GCMs. In Figures 5 and 6, the thick solid lines are the mean
values of ATwmin, ATmean @aNd ATpax fOr each urban form across the 11 synoptic climatic datasets. It
was found that despite the projected warming trends in the future and variations in climate
projections using different GCMs, the variations in ATin, ATmean aNd ATmax are generally within +
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20% of the means for the 11 synoptic climatic data sets. For a specific urban form, the variation in
the ATwean IS the smallest, while the variation in ATyin is the largest. It is also seen that the variations
in ATwin, ATmean and ATmax generally increase with an increase in the urban vegetation coverage.
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Figure 3. Twmean Obtained for various urban forms in future climates projected using
GFDL2.1.
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Figure 4. Twmean Obtained for various urban forms in 2030 projected using different
GCMs.
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The cooling potential of urban vegetation is determined by two aspects, vegetation shading and
evapotranspiration, with the latter the dominant effect considering that the vegetation shading effect
for a specific urban form is more or less fixed. Evapotranspiration rate of urban vegetation scenarios
is mainly affected by rainfall. Therefore, it is expected that the variations in the ATwin, ATmean and
ATwmax are augmented with increasing urban vegetation coverage and are highest for the grassland,
shrub land and the forest park urban forms (Figures 5 and 6). Compared with the mean values of
ATwin, ATmean @nd ATwax for the 11 synoptic climatic data sets (the thick dotted lines in Figures 5 and
6), the variations in the ATmin, ATmean and ATvax for the grassland, shrub land and the forest park
urban forms are within £ 20%, + 7% and + 9%, respectively.

The relatively higher variation in ATui, may be explained by the fact that daily minimum
temperature occurs during night or early morning when there is no solar radiation which is the major
heat source among the urban energy budgets. Cooling through vegetation evapotranspiration, thus,
becomes a relatively large heat sink component during night and early morning. Consequently,
variations in the rainfall in different years or in the same year projected using different GCMs impact
more on Twin than on ATwean and ATwax, although overall, these impacts are limited (Figures 5 and
6).

The relatively insignificant variation in the cooling potential for a specific urban form and
vegetation scheme suggests that the cooling potential of urban vegetation in the future can be
reasonably envisaged similar to those in the current micro-climate at various urban forms and
vegetation schemes. The latter can be obtained with carefully designed experiments by selecting or
modifying the urban forms and vegetation schemes in or around an existing city area. For example,
temperatures can be monitored simultaneously in existing parks, grassed and planted areas and in
highly built-up regions in or near the Melbourne CBD. Such thermal map relationship has been
included as one key area of information development for the City of Melbourne’s urban forest
strategy [57].

As mentioned in the introduction section, Nicholls et al. [14] reported that, based on historical
mortality data, the excess heat related mortality amongst the population over 65 increases rapidly in
Melbourne when the daily mean temperatures exceed 30 °C. Therefore, it is useful to examine the
cooling benefit of urban vegetation in terms of its impact on the number of hot days with the daily
mean temperatures higher than 30 °C in a year, defined as DAY'S; > 30 -c hereafter.

Figure 7 shows the predicted DAY'S; > 30 oc for 2001 and 2009 for various urban forms in the
Melbourne CBD. As expected, DAYS; > 30 oc varies for different vegetation schemes in different years.
The number of the hot days could be reduced up to 82% and 50% with the forest parkland urban
form compared to the CBD urban form in 2001 and 2009 respectively. It is also observed that
simulated results for 2009 do not show reductions in the DAYS; s 30-c With several urban vegetation
schemes, e.g., the leafy urban form in comparison with the CBD urban form which has a DAY S;» 30-c
at 10:00. Further examination of the simulated temperatures showed that during these 10 hot days,
the daily mean temperatures with the leafy urban form are 0.2 to 1.1 °C lower than those
corresponding days with the CBD urban form. Consequently, although the DAY'S; > 30 oc in 2009 may
not be affected by urban vegetation, the severity of the urban heat stress is predicted to be reduced by
urban vegetation during these hot days.
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Figure 5. Projections of ATwin, ATmean @and ATpax for the 10 urban forms in 2030,

2047, 2050, 2087 and 2090 using GFDL2.1.
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Figure 6. Projections of ATwin, ATmean @nd ATyax for the 10 urban forms in 2030

using different GCMs.
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Figure 8 shows the DAY'S; > 30 oc results for 2030, 2047, 2087 and 2090 projected by GFDL2.1
with various urban vegetation schemes. Dependent on the specific year simulated, the number of hot
days can vary significantly, although urban vegetation generally projected to reduce the DAYS;> 30 ¢
in Melbourne (Figure 8). For a warm year with high number of DAYS; s 3 oc, €.g., in 2087, the
reduction in the DAY'S; > 3 oc IS projected to be 26% and 66% for the leafy urban and forest parkland,
respectively, when compared to the CBD urban form. In average, the leafy urban vegetation scheme
is projected to reduce around 20% hot days when compared with the CBD urban form.

It should be emphasized that the results obtained using urban climate models should be
considered as long term averages and statistical trends only. Consequently, the DAYS; s 30c Values
presented should not be taken as the exact number of days with daily mean temperature above 30 °C
for a specific year simulated. It should be interpreted as a potential long term trend projected by a
specific GCM in the Melbourne CBD.

It is also understood that healthy urban vegetation requires adequate available water resources
and irrigations. Consequently, an indispensable part of the City of Melbourne’s urban forest strategy
is developing water sensitive urban designs by better managing stormwater with wetlands,
underground tanks and increasing permeable surfaces etc. [57].
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Figure 7. Projected number of days with the daily mean temperatures higher than
30 °C in 2001 and 20009.
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Figure 8. Projected number of days with the daily mean temperatures higher than
30 °C for different years using GFDL2.1.

4. Conclusions

Summer cooling potential of various urban forms and vegetation schemes were investigated
using an urban climate model for the current and future climates, also using multiple GCMs by
replacing the Melbourne CBD area with 10 urban forms. It was found that the average seasonal
summer temperatures such as the average summer daily minimum, mean and maximum temperatures
can be reduced in the range of around 0.5 to 2 °C by replacing the Melbourne CBD with more
vegetated suburbs and planted parklands, respectively. Increasing in urban vegetation is predicted to
lead to the reduction in the number of hot days or the severity of these hot days.

It was also found that despite projected climate warming in the future and significant variations
in the climate projections among different GCMs, the cooling potential in terms of the reduction in
the average summer daily minimum, mean and maximum temperatures due to various urban forms
and vegetation schemes remains reasonably unchanged in comparison with those predicted for the
present climate. This finding may have the following implications or applications:

1) In terms of the average seasonal summer temperatures, the cooling potential of urban
vegetation in the current climate may be obtained with carefully designed experiments by selecting
or modifying the urban forms and vegetation schemes in or around an existing city area. The cooling
potential of urban vegetation in the future can be reasonably envisaged similar to those in the current
climate at various urban forms and vegetation schemes.

2) When using urban climate modeling for investigating the summer cooling potential in terms
of ATwmin, ATwmean and ATwmax With various urban forms and urban vegetation schemes, the choice of
GCM s or the selection of specific current or future year is less important. In other words, the summer
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cooling potential of a specific urban form can be reasonably estimated by running simulations for
several selected years with one or a few GCMs.

3) Although urban vegetation leads to the reduction in hot days with daily mean temperature
above 30 °C in the Melbourne CBD, the benefit of urban vegetation can be significantly different
among different years. Nevertheless, urban vegetation is projected to reduce the severity of urban
heat stress during future hot days in the Melbourne CBD. On average, the leafy urban vegetation
scheme is projected to reduce hot days by around 20% when compared with the CBD urban form.
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