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ABSTRACT

Mitigation and adaption measures must be designed strategically by urban planners,
designers, and decision-makers to reduce urban heat island (UHI) related risks. We
employed the Weather Research and Forecasting (WRF) model to assess UHI mitigation
scenarios for the tropical city of Singapore during April 2016, including two heat wave
periods. The local climate zones for Singapore were used as the land use/land cover data
to account for the intra-urban variability. The simulations show that the canopy layer UHI
intensity in Singapore can reach up to 5 °C in compact areas during nighttime. The results
reveal that city-scale deployment of cool roofs can provide an overall reduction of 1.3 °C
in the near-surface daytime air temperature in large low-rise areas. Increasing the
thermostat set temperature to 25 °C from 21 °C in city-wide buildings can potentially reduce
the air temperature due to less (~20%) waste heat discharge from air-conditioning units. A
densification scenario considering an increase from approximately 7,000 people/km? (2016)
to 9,000 people/km? (2030) under the current climate leads to air temperature increase of
1.4 °C, which demonstrates the importance of limiting the densification of less compact

areas in maintaining thermal comfort in the future.

Key words: Air-conditioning; city scale cool roof deployment; Tropical; Urban

densification.
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1. Introduction

Due to rapid urbanization and intensive infrastructure developments globally and
regionally, many cities are suffering from the urban heat island (UHI) effect and its
associated environmental and societal challenges. The UHI phenomenon refers to the
increasing sub-surface, surface or air temperatures observed in an urban environment
compared to those in its undeveloped rural surroundings (Chow and Roth, 2006). The UHI
is generated in principle from reduced wind speed due to urban roughness, nighttime
(daytime) longwave (shortwave) radiation trapping, building material thermal properties,
the relative lack of vegetation and the anthropogenic heat released from human activities.
Here our focus will be on the canopy layer UHI, which is defined as the difference of near-
surface (2-m) air temperature between the urban and surrounding rural environments. The
UHI phenomenon has been studied in various climate regions through either observation
or numerical modeling in numerous studies (Mirzaei, 2015; Tzavali et al., 2015), which
have helped improve our understanding of the characteristics and various factors
responsible for UHI development (Roth and Chow, 2012). UHI can pose significant risk to
human health and may increase morbidity (Phelan et al., 2015). Coastal, tropical and
rapidly growing cities are especially susceptible to increasing temperatures (Li et al., 2016).
The eventual impacts of UHI will be heightened if insufficient attention is paid to the
deployment of effective mitigation strategies in these cities.

Various Numerical Weather Predictors (NWPs), downscaled to a resolution of 1 km,
have been used to study UHI (Fallmann et al., 2013, Li and Norford, 2016, Sharma et al.,
2017). An Urban Canopy Model (UCM) is needed within the NWP model to account for

the effects of streets and buildings, including the single-layer (SLUCM) (Kusaka et al.,
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2001) and multilayer MLUCM) (Martilli, 2002) schemes. Ample urban canopy parameter
(UCP) data, including land use/land cover (LULC) maps, building databases and
satellite/LIDAR data, are needed to run UCMs but may not exist due to insufficient
resources. An effort to create a global database of UCPs for urban climate studies is the
World Urban Database and Access Portal Tools (WUDAPT). It comprises information on
urban form and function that has been collected in a consistent manner and captures
variations across the urbanized landscape (Ching et al., 2014). The WUDAPT database is
structured into three levels and the base level of information (LO0) consists of local climate
zone (LCZ) map information. The LCZ classification was primarily designed to describe
the impact of land use features on the local near-surface thermal environment, in particular
the roles of land use and anthropogenic heat on the magnitude of the observed UHI. The
LCZ map for Singapore was developed in Mughal et al. (2019), following the WUDAPT
methodology (Ching et al., 2018) for level 0 data (Mills et al., 2015) and using Landsat 8
images and high-resolution building height data. This LCZ map is used in WRF/MLCUM
in the present study to understand the intra-urban variability of UHI and responses to
mitigation strategies in different LCZs.

Numerous mitigation measures can be adopted to reduce the impact of UHI (Leal Filho
et al., 2017) including high reflective (cool) or vegetated (green) roofs, planting trees and
vegetation, switching to cool paving materials or reducing the sky view factor (Zhou and
Shepherd, 2010). One benefit of coupling urban schemes within mesoscale models is to
evaluate and choose the best UHI mitigation strategies before actually implementing them
(Masson, 2006). With advances in urban modelling, several mitigation strategies have been

numerically tested, utilizing either SLUCM or MLUCM (Aflaki et al., 2017). The results
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of the sensitivity studies by Li and Norford, (2016) revealed that the application of cool
roofs at city scale could lead to the reduction of the near-surface air temperature and surface
skin temperature during the daytime with negligible effects at night. A simulation of UHI
mitigation strategies for New York City, which included increasing albedo through
whitening roofs and other paved surfaces, revealed reductions of 0.7 °C in air temperature
(Phelan et al., 2015). Salamanca et al. (2012) studied the UHI pattern over Madrid and
evaluated possible UHI mitigation measures. They showed that a high roof albedo
contributes significantly to reducing the canopy layer UHI by 1-2 °C. Fallmann (2014)
showed that high albedo for buildings in Stuttgart reduces the maximum surface
temperature by 3.5 °C and canopy layer UHI by about 2 °C.

Waste heat released from air-conditioning (AC) systems can increase the UHI intensity
and air temperature (Ohashi et al., 2007; Wen and Lian, 2009; Salamanca et al., 2011,2012;
De Munck et al., 2013). Increasing cooling demands of urban areas are likely to increase
the local warming induced by expanding built-up environments and greenhouse-gas-
induced global climate change (Georgescu et al., 2013). Kikegawa et al., (2003) showed
that a mean air temperature reduction of 1.3 °C is achieved for a district in Tokyo, Japan,
by removing waste heat generated by AC systems. Salamanca et al. (2014) reported a mean
energy savings of 1277 MWh and ~1 °C night-time cooling in the Phoenix metropolitan
area (US), if the waste heat released from the AC systems is reduced to zero. Wang et al.
(2018) found that water-cooled AC systems in Hong Kong could reduce the 2-m air
temperature by around 0.5 — 0.8 °C during the daytime, and about 1.5 °C at 19:00-20:00.
In Singapore, cooling demand due to ACs is almost 37% of the total electricity

consumption in residential areas and 60% in office spaces (Chua et al., 2013) and in another
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study, reported to be responsible for 40-50% of the total building electricity consumption
in Singapore (Keung, 2010). Therefore, it is necessary to examine the electricity
consumption due to ACs to sustainably meet future energy needs in rapidly urbanizing
countries with hot and humid climates (Li, 2018), and it is interesting to estimate how the
reduction of waste heat release impacts the air temperature and UHI in Singapore.

The percentage of global population in urban areas has been growing from its value of
34% in 1960, reaching 55.3% in 2018 and is projected to increase to 60.4% in 2030 (World
Health Organization, 2018). The LULCs are rapidly changing with increasing global urban
population. Consequently, surface roughness increases due to construction of buildings,
evapotranspiration decreases by changing vegetated or natural surfaces to impervious
surfaces, and the surface energy balance is modified by absorbing and reflecting solar
radiation and discharging additional anthropogenic heat. These changes in turn lead to
modifications of the planetary boundary layer (PBL) structure in and around urban areas
by perturbing the wind, temperature, moisture, and turbulence (Miao et al., 2009).
Therefore, the impacts of urban areas on the local and regional climates are important to
understand in order to tackle the problems caused by urbanization and LULC changes.
Chen et al. (2016) investigated the impacts of urbanization in Nanjing, East China using
WREF and found that urban sprawl may increase the daily mean UHI intensity up to almost
0.74 °C. Chen et al. (2014) found that under high urbanization scenarios, the Hangzhou
(China) city center saw an average temperature increase of 0.74 °C. Gonzalez-Aparicio et
al. (2014) showed that the UHI intensity could increase by 0.7 °C during summer in Bilbao,
Spain if the city size were doubled with the same intensity of AH. However, if appropriate

UHI mitigation measures are taken, the warming effect of future urban expansion and
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densification can be rolled back (Georgescu et al., 2014). Despite the fact that the
advancing line of urban settlements can be effectively traced in developing countries
through remote sensing (Miller and Small, 2003), the data scarcity about urban morphology
in these and under-developed countries demands the use of the LCZ technique to obtain a
proxy to the actual urbanization pattern. Developing LCZ for the current urban settlements
and relating them to future urban developments can give planners hints on such climate
issues as the future increase in temperature and the UHI. In the present study we used these
techniques with the current climate conditions; however, future work will use future
climate trends and greenhouse gas emission scenarios to quantify the effect of climate
change on urban temperature and UHI.

Most of the studies mentioned above were for mid-latitudes cities, although the
situation in tropical cities may be different. The maximum UHI is generally lower in
tropical cities and occurs earlier than in temperate regions (Chow and Roth, 2006).
Moreover, it has been demonstrated that the drivers for UHI development vary in different
cities (Zhao et al., 2014) and the effectiveness of UHI mitigation measures is also expected
to depend on local conditions (Li and Bou-Zeid, 2014). Hence more investigations are
required to evaluate the UHI mitigation measures in tropical cities with high building
density such as Singapore. Our previous study (Mughal et al., 2019) investigated the UHI
characteristics in Singapore using WRF/MLUCM and LCZs. The objectives of the present
study are to further evaluate the impact of UHI mitigation strategies, including cool roof
and indoor temperature set point, and of increased urban density, on near-surface air
temperature and inhabitant heat stress in Singapore. The novelties of this study are 1)

employment of LCZ in the UHI mitigation studies so that to demonstrate the different
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mitigation effects in different LCZ areas; and (2) by considering the interaction of indoor
and outdoor thermal environment, the impacts of anthropogenic activities are taken into

account dynamically.

2. Experiments

2.1 Study area

Singapore is an island state located just north of equator, between 1°09' N to 1°29' N,
and 103°36' E to 104°25" E. It has a typical equatorial wet climate, with the mean daily
temperature minima in a range of 23-26 °C and mean daily maxima between 31-34 °C
(Fong and Ng, 2012). The monthly mean temperature range is 26-27.7 °C and the annual
rainfall is ~2300 mm (Fong and Ng, 2012). The climate of Singapore is characterized by
the Northeast and Southwest Monsoon seasons, separated by two short inter-monsoon
periods. The Northeast monsoon season (December to March) comes with high monthly
rainfall and stronger winds, and the Southwest monsoon (June to September) is a relatively
drier period (Fong and Ng, 2012). Singapore’s topography is mostly low-lying, undulating
with a small range of hills at the center. The land area is currently 719 km? and is still
increasing due to ongoing land reclamation projects (mostly along the southern coastline).
The population of Singapore in June 2018 was 5,638,700, and is currently increasing at an
average annual rate of 0.5% (Kim, 2018). The urban thermal environment is mostly
affected by the changes in the landscape, i.e., urbanization and industrialization (Roth and

Chow, 2012).

2.2 The WRF model setup, initialization and evaluation
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This study utilizes a modified version of WRF model 3.8.1. The setup consists of five

one-way nested domains (Fig. ,1.a), with horizontal resolutions (grid numbers) of 24.3

(76x76), 8.1 (79x91), 2.7 (112x112), 0.9 (112x112), and 0.3 km (211x130). LCZ used as
the LULC data for domain d05 (covering Singapore and part of Malaysia), is shown in Fig.
1b. There are 51 eta levels from the surface up to 50 hPa, with higher vertical resolution
near the surface to better resolve the near-surface processes. A very hot period in April
2016 (with a mean monthly temperature of 29.4 °C, Singapore’s second hottest month since
1929) coinciding with the development of a heat wave (Chew et al., 2021) has been
analyzed. The simulation begins at 0000 UTC 1 April and finishes at 0000 UTC 30 April
(spin-up time included). The model is forced with initialization fields from the Global Data
Assimilation System (GDAS) 6-hourly final analysis data on a 0.25° x 0.25° grid (National
Centers for Environmental Prediction, National Weather Service, NOAA, 2015). Since
regional models cannot resolve smaller spatial and temporal scales, unresolved physical
processes are accounted for using physically based parameterization schemes. The NOAH
(NCEP-Oregon State University-Air Force-Hydrology Lab) land surface model (LSM)
(Chen and Dudhia, 2001) calculates surface sensible and latent heat fluxes and surface skin
temperature and provides them as WRF’s lower boundary conditions. The MLCUM model
incorporating Building Effect Parametrization (BEP) and Building Energy Model (BEM)
is used in the present study, where the fluxes for the impervious urban surface are provided
by the BEP (Martilli, 2002) while the BEM (Salamanca and Martilli, 2010) calculates the
buildings’ anthropogenic heat based on the building energy balance. The BEP/BEM model
simulates the energy exchanges between buildings and the surrounding atmosphere. The

evolution of indoor air temperature and humidity is calculated separately for each floor of
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multi-story buildings. The model also considers natural ventilation, shortwave radiation
penetrating through the windows and heat generated by the occupants and equipment. With
the AC systems on, the indoor temperature is maintained at a fixed target value (the
thermostat set-point temperature). Once this target is reached, the AC systems will extract
all the extra sensible and latent heat and the corresponding heat associated with their
electricity consumption.

Other physical parametrization schemes include Rapid Radiative Transfer long-wave
radiation scheme (Mlawer et al., 1997), Dudhia shortwave radiation scheme (Dudhia,
1989), Bougeault and Lacarrere PBL scheme (Bougeault and Lacarrere, 1989), Monin-
Obukhov surface layer scheme (Monin and Obukhov, 1954), Goddard microphysics
scheme (Tao et al., 2016) and Kain-Fritsch cumulus scheme (Kain, 2004) (for the two outer
domains only). The time step for this simulation was 81 sec for the domain dO1, with a
successive 3:1 ratio for the immediate child domain (i.e., the time step for the domain d05

is 1 sec).

10
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Fig. 1. (a) Configuration for WRF simulations (b) Land use/land cover map for domain

d05 covering Singapore

The LO data of the LCZ map for Singapore developed in Mughal et al. (2019) are

incorporated into the WRF/MLUCM model using the method described in Martilli et al.

11
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(2016) and are used as the LULC data for domain d05 (covering Singapore and part of

Malaysia), as shown in Fig. 1 .b. High cloud coverage over Singapore in LandSat 8 images

was compensated using the Mosaic technique while the Fmask algorithm (Zhu et al., 2015;
Qiu et al., 2017) was applied before mosaicking to further separate cirrus clouds, shadow,
and water from clear pixels (Mughal et al., 2019). In the present study, the building height
and the urban fraction values were obtained from high-resolution satellite data for
Singapore. The width of the streets was approximated by considering the aspect ratio, the
maximum height of the buildings per LCZ and their respective median values from Table
1 in Bechtel et al. (2015). Other urban parameters such as Roof-Road-Wall (RRW) surface
albedo, RRW surface emissivity and RRW thermal conductivity were taken from Li et al.
(2013). For want of data for different building types, the AC systems are assumed to be on
for 24 hours a day with a set temperature of 21 °C for all LCZs including both residential
and commercial areas. It is further assumed that all heat emission from AC systems is
rejected outdoors as sensible heat. Due to these considerations, the energy consumption
provided must be considered only indicative. Nevertheless, the relative differences
between the scenarios are probably a reliable indication.

The WRF/MLUCM model has been evaluated in our previous study (Mughal et al.,
2019) and was demonstrated to reproduce reasonably well the near-surface air temperature,
relative humidity and solar radiation when compared with measurements from a sensor
network across Singapore. Some of the comparisons and statistics from Mughal et al. (2019)
are presented in the supplementary document for convenience. An index of agreement

(IOA) 0f 0.97 for air temperature and 0.9 for the relative humidity was reported. In addition,

12
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the global radiation component from the model compared favorably (IOA 0.92) with the

observed values from five different measurement stations.

2.3 UHI and mitigation strategy assessment methods

2.3.1 UHI methodology

The model configuration described in section 2.2 will be termed hereafter as the
Control case. Because UHI is the difference between the urban and rural air temperature
and pure rural sites (no human intervention and no urban development in past years) are
almost nonexistent in Singapore, an alternative scientific approach is to hypothesize a
scenario that replaces the current urban areas with dense forest. This hypothesized scenario
will be termed hereafter as “AllGreen.” The model configuration of the Control and
AllGreen cases is exactly the same except for the LULC. The UHI intensity is calculated
as the 2-m temperature difference between the Control and AllGreen (or between
densification and AllGreenMod) cases. This way the effects of sea breezes, cloud and
topography can be avoided (Bohnenstengel et al., 2011). All the analyses will be based on
the results for domain d05. A masking technique was applied to filter out the part of

Malaysia in domain dO5 and therefore the UHI intensity is only for Singapore.

2.3.2 Cool roof

The configurations for the WRF model for evaluating this mitigation strategy have
been kept the same as those of the Control experiment, except that in the MLUCM the cool
roof is implemented by changing the roof albedo from 0.2 to 0.86 in increments of 0.2.

Three experiments have been performed in total, using albedo values of 0.4, 0.6 and 0.86.

13
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The value of 0.86 was selected from the EPA Energy Star SOLARFLECT coating! to
evaluate an extreme case of high albedo material. Cool white coatings (Pisello, 2017),
which are typically elastomeric or cementitious, have solar reflectance values ranging from
0.7 to 0.85; therefore 0.86 can be considered an extreme value but still reasonable in terms
of applicability. The main focus was to evaluate the thermal difference between a current
albedo scenario (0.2) and a hypothetical scenario with albedo of 0.86. The incremental
increase in the values of the reflectivity helped determine the intermediate changes in the
temperature. The intermediate values of reflectivity were also derived from EPA Energy
Star.

The level of thermal stress alleviated by increasing the albedo was analyzed by
evaluating the Heat Index (HI). The HI combines temperature and relative humidity and
was developed as a heat stress early warning system for the United States National Weather
Service (NWS) (Buzan et al., 2015). The index was developed as a polynomial fit to
Steadman's (1979) comfort model (Rothfusz, 1990). Here a definition in degrees Celsius is
used rather than degrees Fahrenheit (Fischer and Schir, 2010):

HI =c¢; + ¢;T + ¢3T? + RH(cy + ¢sT + ¢3T?) + RH? (¢, +

cgT + coT?), (1)
where air temperature (T) and HI are in °C, RH is the simultaneous relative humidity in
percent and the coefficients ¢; = —8.7847, ¢, =1.6114, ¢; = —0.012308, ¢, =2.3385,
cs =0.14612, ¢s = 2.2117x 1073, ¢; = —0.016425, cg =7.2546% 107*, and cq =3.582
X 107°. Some adjustments (Rothfusz, 1990) need to be made in some ranges of T and RH.

Eq. (1) has a number of assumptions: the subject is a 67 kg male who is walking in shorts

1http://coolroofs.org/products/results/search&channel:products&orderby:cf " product_manufacturertcf product brand+cf product m
odel+asc&cf product init solar refl-from=0.86/P50

14
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and a T-shirt (Rothfusz, 1990), and not in direct sunlight. HI uses a scale for determining
heat stress: 26.6-32.2 °C is caution, 32.7-39.4 °C is extreme caution, 40-51.1 °C is danger,

and > 51.6 °C is extreme danger.

2.3.3 Indoor thermostat set temperature

To quantify the impact of AH from AC systems on Singapore’s UHI and air
temperature, two tests were conducted by 1) running the model without anthropogenic heat,
which will be termed “NoAH;” and 2) running it with increased thermostat indoor
temperature which will be termed as “ITIT.” Generally, AC systems cool the indoor air by
removing heat from the building interiors and release heat into the outdoor environment.
The heat expelled from these systems outdoors is greater than the heat that must be removed
to maintain the indoor temperature constant. As a consequence, the outdoor temperature is
increased, and the cooling demand increases the electricity consumption. The thermostat
setting in most office buildings in Singapore is 21 °C (Damiati et al., 2015), which creates
very high cooling demand. Therefore, a mitigation strategy is proposed to increase the
indoor thermostat set temperature to 25 °C (the ITIT case) and the effect will be evaluated
here. These fluxes were evaluated for the Control and ITIT cases. In the NoAH case, there
is no indoor target temperature, and the indoor temperature is determined based on the

outdoor temperature and heat transfer through walls.

2.3.4 Urban densification

An urban densification scenario is studied to demonstrate how UHI will be deteriorated
when Singapore is densified in the future. The change in UHI due to urban densification is
determined by 1) replacing the LULC in the Control case with a future urban classification

based on the Singapore’s 2014 master plan, which will be termed the densification scenario;

15
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and 2) adding reclaimed areas to the LULC data and replacing the urban areas with forest,
in a scenario termed AllGreenMod. The parameters for each LCZ in the densification
scenario are kept the same as those in the control case, and future climate change is not
considered. It should be noted that this study considered the heat stored in the buildings
due to radiation absorption, the heat trapping in the urban canyon and the contribution of
the waste heat released from AC systems, but not the heat emissions from industrial

processces.

3. Results

3.1 UHI characteristics

Our previous study (Mughal et al. 2019) demonstrated that during most of the night,
i.e. from 21:00 LT to 04:00 LT, the UHI intensities are smooth and stay at their daily peak
between 2.2 and 3.6 °C for all the LCZs. The spatial distribution of the ensemble UHI
intensity shows that higher UHI intensities are associated with urban areas, especially the
commercial areas in southern Singapore. The night-time UHI intensity was much higher
(~2°C) compared to Li et al. (2013), with a maximum of 4.2 °C near the city center, while

the daytime UHI intensity was quite small (~1°C).

3.2 Evaluation of UHI mitigation strategies

3.2.1 City wide impact of cool roof

Cool roofs refer to those roofs in an urban fabric with high surface reflectance (or
albedo). They absorb less incoming radiation and have lower temperature compared to
surfaces with lower surface reflectance, if all other conditions are equal. Cool roofs are

generally proposed as a strategy to counter the UHI effect, and improve the outdoor air

16
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quality and thermal comfort by reducing the cooling energy usage in air-conditioned
buildings and increasing thermal comfort in unconditioned buildings in warm regions.
Given the high density of Singapore’s urban area, cool roofs have a large potential for
passive cooling.

The spatial and temporal average 2-m temperature differences between the Control
case (albedo value 0.2) and Cool roof cases (with albedo ranging from 0.4 to 0.86) for each

LCZ class are shown in Fig. 2, The cool roof deployment with albedo 0.86 in the Large

Low Rise (LCZ 8) area (Fig. 2h) can reduce the near-surface air temperature by 1.3 °C at

13:00 LT. However, the cool roof deployment can only reduce the near surface air
temperature in the same areas during nighttime by about 0.1 °C. Comparably higher cooling
effects in LCZ 8 were observed than those in the other areas due to its higher building
density. The UHI intensities for each of the LCZ areas at 13:00 LT are shown in Table
and it is clear that for each LCZ, the increase of albedo leads to a reduction in UHI intensity
during noon time. Comparatively more cool islands (negative values) exist in more LCZ
classes for albedo 0.86. No cool islands are observed in case of albedo 0.2, while albedos
0.4 and 0.6 produce cool islands for LCZ9 (Sparsely Built Area) and LCZ 7 (Light Weight

Low Rise), respectively. Fig. 3, shows the spatial distribution of temperature between the

Ay

Control and the albedo cases of 0.4, 0.6 and 0.86, respectively for 14:00 LT and 21:00 LT.
It is clearly seen that the effect of increasing albedo is much more significant during the

day than at night.
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Table 1 The UHI intensity for Albedo values ranging from 0.2 to 0.86 at 13:00 LT

UHI intensity (°C) at 13:00 LT

LCZ Class Albedo 0.2 Albedo 0.4 Albedo 0.6 Albedo 0.86
Compact High Rise 1.7 1.5 1.4 1.2
(LCZ 1)

Compact Mid Rise 1.4 1.1 1 0.7
(LCZ2

Compact Low Rise 1 0.7 0.4 0.1
(LCZ3)

Open High Rise 1.2 1.1 0.9 0.7
(LCZ 4)

Open Mid Rise 0.9 0.7 0.5 0.3
(LCZ5)

Open Low Rise 0.6 0.5 0.2 -0.001
(LCZ6)

Light Weight Low 0.4 0.18 -0.1 -0.6
Rise (LCZ 7)

Large Low Rise 1.4 1 0.7 0.1
(LCZ 8)

Sparsely Built 0.04 -0.06 -0.1 -0.3
(LCZ9)

Heavy Industry 1.26 1.07 0.7 0.3
(LCZ 10)
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Fig. 3 Spatial temperature change at 14:00 LT (left) and 21:00 LT (right) between Control

case and cool roof cases with albedo values of 0.4 (a, d), 0.6 (b, e) and 0.86 (c, ).

To better understand the mechanisms driving the temperature change, the surface

energy balance will be examined:

Q"+ Qr = Qu + Qp + AQ;, (2
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where Q* is the net all-wave radiation, Q4 and Qj are the turbulent sensible and latent heat
fluxes, AQ, is the net storage flux, and Q is the anthropogenic heat flux. Q* includes four
components:

Q"=Sl(1-a)+LI1-LT, 3)
where S | is the incoming shortwave radiation, a is the albedo, and L | and L T are
incoming and outgoing longwave radiation, respectively.

The energy balance and energy balance difference compared to that in the Control case

(albedo value 0.2) for each albedo value are shown in Fig. 4, The highest difference in the

net radiation and sensible heat flux existed for albedo value of 0.86 at 13:00 LT. Increasing
the albedo value in Eq. (2) reduced the net shortwave radiation, thus decreasing the net all-
wave radiation. @y is almost halved during daytime, causing a reduction in air temperature.
It is noteworthy that the reductions of Q* are nearly the same as those of Qy irrespective
of the roof albedo increase, suggesting that the latter is possibly caused by the former.
Although there was no evapotranspiration on the cool roof, the increase in albedo still
reduced the latent heat flux over the urban surface. Close inspection revealed that this
reduction in the latent heat flux occurred over the vegetated part of the urban surface, where
the reduced Q* resulted in lower evapotranspiration. This is an interesting indirect effect
related to city-scale changes in ambient air, which was also reported by Li and Norford,
(2016). During nighttime both Q4 and Q remained close to zero due to the absence of
shortwave radiation. By increasing the albedo to 0.86, the overall @ from AC systems was
decreased by 6.7 Wm at 16:00 LT, confirming less cooling load demand. However, this
reduction was quite low as the outdoor air temperature reduction was generally below 1 °C.

AQ, decreased significantly during daytime as the albedo increased. These storage fluxes
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are usually either stored in the roof, walls or ground and later released, or conducted into
the indoor space and then typically pumped back outdoors by ACs. Thus, by considerably
lowering AQ;, the cool roofs can lower cooling loads and reduce anthropogenic heat
releases, including the heat pumped back outdoor by ACs. Cool roofs with a maximum
value of albedo can reduce the total electricity consumption by ~627 MW island-wide (Fig.
S8) at 17:00 LT with a maximum reduction of 175 MW obtained in LCZ 4 at 17:00 LT.
During nighttime, AQg was negative (meaning the heat flow is from the building interior
towards the roof-air interface), and the positive differences of AQ, for cool roofs indicate
that less heat flowed towards the roof—air interface with increasing value of albedo. This

resulted from the lower storage of heat during daytime in the cool roofs.
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Fig 4 Surface energy balance averaged over the entire built-up area of Singapore for cases
with roof albedo values of (a) 0.4, (c) 0.6 and (e) 0.86 and difference in energy balance

between the Control case and cases with roof albedo values of (b) 0.4, (d) 0.6 and (f) 0.86.

The comparison of the Control case (albedo 0.2) (Fig. 52) and the Cool roof case with

albedo 0.86 (Fig. 5b) shows that adopting cool roofs can mitigate the effect of the thermal

24



Mughal et al, 2020. Urban Climate. DOI: 10.1016/j.uclim.2020.100714

stress in the tropical environment. The city-wide deployment of cool roofs reduced the HI

by about 2-2.5 °C (Fig. 5¢) at 14:00 LT in LCZ 9 and LCZ 10 mostly in the Northern and

Western sectors of Singapore. Heat stress in those sectors changed from the range of
“extreme caution” to “caution”, reducing the adverse impact on the health of Singaporean

inhabitants and improving the overall thermal comfort.
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Fig. 5 Spatial distribution of averaged HI for (a) the Control (albedo value 0.2); (b) albedo

0.86; and (c) difference of the Control case and cool roof case with albedo 0.86.

3.2.2 Effect of modifying indoor thermostat set temperature
The city-wide comparison of the simulated sensible heat fluxes for the Control and the

ITIT case for each LCZ is shown in Fig. 6a,b, respectively. The AC system in the ITIT

case reduced the sensible heat fluxes exchanged with the atmosphere compared with the
Control case. The waste heat rejected by the AC systems in the Control case contributed to
a peak total sensible heat flux above 224 Wm for LCZ 1 (16:00 LT); in this LCZ type the
increased thermostat set point reduced the sensible heat flux by 46.6 Wm™, which translates
into 20.6 % reduction in energy consumption during the evening. The AC consumption
island-wide reduces by ~1689 MW (Fig S8). The largest savings of 989 MW are obtained
in LCZ 4 at 16:00 LT, LCZs 5 and 8 also show sufficient savings (275 and 132 MW,
respectively) in the ITIT case but savings in other LCZ are comparatively lower.

The reduction in the waste heat released from the ACs also impacted the UHI

intensities for the Control and ITIT case as shown in Fig. 6¢,d, respectively. The UHI

intensities were particularly reduced for LCZ 1 from 3.6 °C at 00:00 LT to about 3.4 °C.
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Fig. 6 Comparison of (a), (b): the sensible heat flux from the AC systems and (c), (d): UHI

intensity of each LCZ class for Control and ITIT cases

The Control case and ITIT simulations were also compared with the NoAH experiment

the mean spatial 2-m air temperature difference (Control - NoAH and ITIT - NoAH)
averaged over the entire month of April 2016. During night and early morning (from 20:00

to 05:00 LT) (Fig. 7a,b), the effect of the AC systems was significant, increasing the mean

2-m air temperature by 1 °C in most parts of the city and up to 3 °C for the city center and
for some parts in the Northeast and Southwest. It is also worth noting that the temperature
increase was higher for the Control case compared to that for the ITIT case, which again

indicated the importance of increasing the thermostat set temperature in buildings
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particularly in the commercial areas. During daylight hours (07:00 to 19:00 LT) the effect
of AC systems was less, with near-surface temperature differences below 1.5 °C for most

parts of the city (Fig. 7¢,d).

The diurnal profile of ensemble mean PBL height averaged by LCZ type is influenced
by the AH from the AC systems (see Fig. S7a-S7¢). In the absence of AH, all LCZs show
almost equal PBL height during early morning. Lower PBL heights are observed in all
LCZs in the ITIT case due to lower AH during early morning. The PBL height decays more
quickly for all LCZs in the Control case during nighttime compared to the ITIT case. It
should be noted that the peak PBL height for LCZ 1 is much higher compared to the peak

PBL height of LCZ 8 due to higher building surface fraction and the associated AH flux.

(a) Control-NoAH (b) ITIT-NoAH

10355 10361 103.66 103.71 103.77 10382 103.88 10393 10398 10404 104.09 10355 10361 10366 10371 10377 10382 10388 10393 10398 10404 104.09

0 1 2 3 0 1 2 3
() Control-NoAH (d) ITIT-NOAH

103.55
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Fig. 7 Mean 2-m air temperature differences between the (a) Control, (b) ITIT and NoAH
cases averaged over April 2016 during nighttime hours. (¢) and (d) are the same as (a) and
(b) except for daytime hours.

As stated earlier that the energy consumption from the WRF model is only indicative. To
understand WREF’s performance in simulation the energy consumption, the simulated

energy consumption is compared against the Singapore’s electricity system demand data

(Fig .Fig. &). It should be noted that simulated energy consumption only includes the

electricity demand from the buildings (AC system), while Singapore’s electricity system
demand considers the whole island including the industry. The model underestimates the
energy consumption during night time but overestimates it during the day time due to (1)
the various assumptions made (e.g. choice of the indoor set temperature, time of the AC
operation) can substantially overestimate the electricity demand; (2) excluding industrial
energy consumption can seriously underestimate the electricity demand. It can be seen
clearly that ITIT case requires much less energy consumption than the control case and

therefore can be considered as an effective mitigation measure.

Diurnal Mean Air Conditioning Consumption

9000 Singapore electricity demand Control case ITIT case

a o 9~ =]
o O o o
o © o o
o ©O o o
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Fig. 8 Comparison of the Singapore’s averaged diurnal electricity system demand for April
2016 against WRF-simulated AC demand from the Control and ITIT cases.

3.2.3 Urban densification

By 2030, Singapore’s total population could range between 6.5 and 6.9 million
(National Population and Talent Division, 2013). In order to accommodate the increase in
population density from approximately 7,841 people/km? (2016) to 9,040-9,600
people/km? (2030), the Urban Redevelopment Authority (URA) of Singapore is
considering densifying some existing areas currently classified as “Open” LCZs, which
will shift them to “Compact” classes. Based on URA’s 2014 master plan (URA, 2016), a

new LCZ map (Fig. 9 a) was developed. Compared to the previous LCZ classification, the

level of densification varies in each LCZ class as demonstrated by the comparison between

the Control and densification scenarios in Fig. 9 b. It is evident that percentage coverage

for LCZ 1, 6, and 10 increased in the densification scenario, while that for LCZ 2, 5 and 8
decreased. The URA-based classification has also reduced the number of LCZ classes in
the built-up area of Singapore (compared to the initial LCZ classification) and LCZs 3, 4
and 9 have been replaced by LCZ 1. LCZ 8 has been primarily replaced by LCZ 10 while
LCZ 7 has been taken over by LCZ 8. The reclaimed land which will be developed as a
mega-port in Southwest Singapore (Tuas) by 2021 is also included as LCZ 8. The Tanjong
Pagar terminal located in the South of the city has been changed from LCZ 7 to LCZ 8.
The diurnal variation of the difference in air temperature between the Control case and

the densification case for each LCZ is shown in Fig. 10, The simulated results show that

this densification would lead to rise in temperature of about 1.4 °C (averaged spatially over

the urban classes for month of April 2016) compared to the Control case for LCZ 1. One
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reason for this temperature rise is the blockage of main ventilation corridors (NUS 2012;
Ng and Ren, 2015) (as most of the open dwellings are replaced by compact high-rise areas)
and the increased heat storage due to increased building volume. Another important factor
of this temperature rise is the increase in the waste heat released per floor from AC systems
due to increased heat per ground area. The radiation trapping, however, is reduced as the
shading is increased in the urban canyon due to tall towers (Li et al., 2020). Densification
also impacts the diurnal profile of the PBL height (Fig. S7d). The peak PBL heights
increase for all LCZs compared to the Control case. During early morning the PBL heights
in the densification scenarios are also higher compared to the Control case except for LCZ
5. The PBL height of LCZ 5 also decays quickly in the night which might be due to its

reduced percentage coverage in the densification scenario.

(b) 100%

B Control
90% - El Densification Scenario
80% -
70%
60% -
50%
40% -
30% -
20% A
10% 4
0% -
LCZ1 LCZ2 LCZ3 LCZ4 LCZ5 LCZ 6 LCZ 7 LCZ 8 LCZ9LCZ 10
Lcz 1 Compact high-rise Lcz 4 Open high-rise ez 7 Lightweight low-rise A Dense Trees D Low Plants
Lczs Large low-rise E l Bare, Rock or Paved
Lcz 2 Compact mid-rise Lcz s Open mid-rise B Sparse Trees
Lz o Sparsely Built F Bare, Soil or Sand
Lcz 3 Compact low-rise Lcze ‘ Open low-rise LCZ 10 . Heavy Industry C Bush, Scrub G l Water

Fig. 9 (a) LCZ map 2030 and (b) percentage coverage of different LCZ classes between

the Control and densification scenarios
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Fig. 10 (a) Diurnal variation of the temperature difference between the densification and

Control cases; (b) Diurnal variation of the UHI intensity (densification - AllGreenMod).

The UHI intensity for the densification scenario is shown in Fig. 10 , By increasing

the extent of LCZ 1 (comparing Fig. 6¢ and Fig. 10 b), the UHI intensity had increased

particularly from 03:00 to 14:00 LT, to a magnitude of 0.68°C compared to that of the
Control case. The obvious reason for this increase was the increased building volume,
blockage of the main wind corridors and the reduced wind speed due to increased drag.
Compared with the UHI intensity for the Control case, the UHI for the densification case
decreased from 20:00 LT, then started increasing from 03:00 LT and stayed mostly higher
for the rest of day until 19:00 LT. The reduced UHI intensity during the night was due to
the increased extent of LCZ 10 areas, which allowed more rapid heat dissipation with low-
rise industrial buildings and almost no vegetation compared to the Control case; however,
the persistent increase during the daytime was due to increased paved area.

The UHI intensities for LCZs 2, 5 and 6 were higher during 00:00 LT to 07:00 LT.
The peak UHI intensity difference for all these LCZs was at 05:00 LT (LCZ 6 had the
highest, 0.66°C). LCZ 2 had less extent in the densification case compared to the Control

case, but due to the reduced shading in the densification case, more heat was trapped in this
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LCZ. The trapped heat in urban areas tends to be released slower in the night, and therefore
LCZ 2 had higher UHI intensity. The reduction in LCZ 5 in the densification scenario
compared to the control case led to an increase in UHI. This could be due to decreased
shading from the buildings and vegetation cover. A small increase in LCZ 6 in the
densification scenario increased UHI due to the increasing building coverage compared to
vegetation and more cooling loads. LCZ 8 had lower UHI than that in the Control case
during late night due to more radiation trapping in the Control case. The nighttime as well
as the midday temperatures were higher for LCZ 8, which, as explained earlier, was due to

more radiation trapping.

4. Discussion
4.1 UHI pattern

The detailed analysis of UHI was presented in our earlier study (Mughal et al., 2019).
The UHI intensities are higher compared to that reported by Li et al. (2013), possibly
because April 2016 is a very hot period, with a record-setting maximum temperature
36.4 °C (Meteorological Service Singapore, 2017). Higher temperatures in LCZ 1
(Compact High Rise) and lower temperatures in LCZ 9 (Sparsely Built) are consistent with
the findings of Ng (2015). Both Ng (2015) and the present study reported negative UHI
intensity in Sparsely Built (LCZ 9) areas in Singapore, with their difference of magnitude
caused by the time of year and the spatial/temporal averaging over urban pixels in the
present study. The spatial distribution of the UHI intensity is also consistent with the
finding from Li et al. (2013). A survey of the nocturnal UHI was conducted by Wong and
Yu (2005) in Singapore based on an island-wide traverse in September between 02:00 and

04:00 LT. They also found a UHI intensity of ~4°C, measured as the difference between
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the CBD and the forested central catchment. The overall UHI intensity from our study is

within the range for the tropics (~4 °C), as summarized in Roth (2007).

4.2 Cool roof

According to Li and Norford, (2016), cool roofs reduce the near surface air
temperature by a maximum of 1.8 °C in the industrial/commercial area; in the present study
a maximum of 1.3 °C in LCZ 8 (Large Low Rise) is achieved. The different temperature
reduction between these two studies is caused by the different LULC and the exclusion of
AH in Li and Norford (2016). Both studies showed that the energy balance components
have comparable maximum and minimum values and are peaking and dipping at the same
time. The net radiation, sensible and latent heat fluxes are following the same pattern during
day and night as reported in Sharma et al. (2016). The city-wide application of cool roof
reduced the daytime near surface UHI intensity significantly (up to 1.3°C) as reported in
Li et al. (2014). There, however, may be some other impacts caused by cool roof
deployment. For example, with the cooling at the surface, the vertical mixing will be
reduced, and the atmospheric stability will be enhanced. The PBL height will therefore be
reduced, and this will affect pollutant dispersion in urban areas (Li et al., 2016). As pointed
out by Yang and Bou-Zeid (2019), the effectiveness of the cool roofs depend on the
deployment scale, time of the day, wind pattern and the albedo value utilized. It is observed
in our study that the city-wide deployment of the cool roofs provided effective reduction
in the 2m air temperature (heat mitigation) in Singapore. When only a part of the city is
implemented, the cooling effect should be lower. Therefore, the results reported here

should be taken as an upper limit of cool roofs with the specific albedo values.

4.3. Indoor thermostat set-point temperature

35



Mughal et al, 2020. Urban Climate. DOI: 10.1016/j.uclim.2020.100714

The contribution of AH to UHI for the Control case is discussed in detail in Mughal et
al. (2019). Previous work (e.g., De Munck et al., 2013; Salamanca et al., 2012,2014) has
reported that the AC systems impacted the regional climatology more during night due to
the limited depth of the urban boundary layer. A smaller quantity of heat rejected during
night can induce higher increase in the air temperature than that by a greater quantity
released during the day (Salamanca et al., 2014). Consistently, we also find more
significant impact of AC systems on nighttime temperatures than daytime temperature. It
is found in the present study that the increase in the indoor set temperature to 25 °C can
reduce UHI by about 0.2 - 0.4 °C and the waste heat by about 20 - 25 Wm™. The energy
consumption can be reduced by about 20%, similar to that reported in Pokhrel et al. (2019).
The results in the present study revealed that the lower thermostat set-point temperature for

AC systems could exacerbate the nocturnal UHI and deteriorate outdoor thermal comfort.

4.4. Urban densification

Warming induced by urban expansion depends on the trajectory of development
(Georgescu et al., 2013). Li et al. (2016) found that the asymmetric patterns of urbanization
in Singapore can increase the UHI intensity. Adachi et al. (2014) detected 0.5 °C increase
in air temperature when Tokyo expanded compared with a compact scenario. In the present
study, we only considered the temperature rise due to the compactness introduced in
Singapore, which is about 1.4 °C. Nichol et al. (2014) estimated that daytime temperatures
in highly urbanized areas in Hong Kong will rise by 2 °C in 2039, which is somewhat
comparable to our results. Georgescu et al. (2013) showed that megapolitan expansion in
the U.S., alone and separate from greenhouse gas-induced forcing, can be expected to raise

near-surface temperatures by 1-2 °C. Fortunately, Georgescu et al. (2014) also
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demonstrated that by taking adaptive measures (green, cool roof, and hybrid approaches),
it is possible to roll back the warming effects caused by city expansion. To accommodate
economic development and projected population increase by 2030, the inevitable urban
densification in Singapore should be accompanied with appropriate UHI mitigation
measures. In future work we intend to characterize scenarios considering both urban
expansion and global climate change (e.g., Adachi et al., 2014; Nichol et al., 2014), as well

as the mitigation effects of various measures in these scenarios.

5. Conclusions

Previous studies have shown that Singapore’s canopy layer UHI intensity can reach
up to 5 °C in compact areas during night. Using the validated WRF/MLUCM model, this
study evaluated several mitigation scenarios that would help counteract the UHI effect in
Singapore. The local climate zone (LCZ) map of Singapore was used as land use data to
explore the intra-urban variability of the impact of mitigation measures.

One of the prominent mitigation measures in this study was increasing the albedo value
of roofs (0.2) incrementally to a maximum possible value (0.86). The associated UHI,

surface energy balance and heat indices were examined in detail and uncomfortable thermal

locations were identified. A maximum cooling effect of 1.3 °C at 13:00 LT (Fig. 2h) and a

maximum reduction of 1.3 °C in UHI intensity were observed in LCZ 8 when cool roofs
of albedo 0.86 were deployed. By considerably lowering heat storage, cool roofs could
lower cooling loads and reduce anthropogenic heat releases. The city-wide deployment of
cool roofs reduced the heat index by about 2-2.5 °C at noon in LCZ 9 and 10 (mostly in
the Northern and Western areas of Singapore), hence changing them from the range of

“extreme caution” to “caution” and reducing human heat stress.
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The AC systems’ contribution to the waste heat released to the urban environment had
significant effect on 2-m air temperature during the night. When there was no
anthropogenic heat due to AC systems, the mean 2-m air temperature showed a reduction
of more than 1 °C in most parts of the city. This effect could be mitigated by increasing the
thermostat set temperature from 21 to 25 °C. The UHI intensities were particularly reduced
for LCZ 1 from 3.6 °C at 00:00 LT to about 3.4 °C and the 2-m air temperature was reduced
by about 0.36 °C at 08:00 LT. The maximum reduction of 46.6 Wm in the anthropogenic
sensible heat flux was observed during evening for LCZ 1, which translated into 20.6%
reduction in the energy consumption during evening.

A future (2030) densification scenario was also analyzed in this study without
considering future climate change, to demonstrate how UHI can be deteriorated if
Singapore is densified. With a new LCZ classification based on the 2014 master plan and
the same synoptic conditions, an increase of 1.4 °C in LCZ 1 was observed when compared
with the simulation using the current LCZ map. The UHI intensity also increased in LCZ
1 due to the increased building volume, blockage of the main wind corridors and the
reduced wind speed due to increased drag. The scenario demonstrated the necessity to limit
the densification of less compact areas for a thermally comfortable future in Singapore
even without considering future climate change, and the importance of deploying UHI
mitigation measures if urban densification is inevitable.

The results from this study could help planners and developers improve building
construction designs in thermally comfort zones and avoid development in hot spots. This
study also provides some guidance on possible future densification scenarios by estimating

the impact on thermal comfort and UHI of such densifications. In addition to those
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evaluated in this study, there are still many available mitigation measures, including
greenery and trees (either on the street or roofs) (Liu et al., 2017), yet to be investigated.
Considering the general method and model used in this study, these results could also be
applied to cities with similar climates and help in evaluating the available UHI mitigation
measures. Our future work will evaluate these mitigation effects by considering future

climate changes under different greenhouse gas emission scenarios.
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