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ABSTRACT

Despite increased interest on the urban heat island (UHI) phenomenon, there are limited UHI
studies on cities built using the green-city concept of Sir Ebenezer Howard [1]. The administrative
capital of Malaysia, Putrajaya is one of such cities built using the green-city concept. The objective
of this study was to confirm the effectiveness of the green city concept using the National Centre
for Atmospheric Research (NCAR) numerical technique. Numerical mesoscale Weather Research
and Forecasting (WRF) Model was coupled with Noah land surface model and a single layer urban
canopy model (UCM) to investigate the existence and distribution of UHI, and the behavior of
urban canopy layer (2-m) temperature of Putrajaya city. Few studies have been conducted using
the NCAR numerical technique (WRF) to explore Malaysian climatology. Suitability of the model
employed in studying UHI phenomenon of Putrajaya city was determined using in-situ study of the
area, and observational data from AlamSekitar Malaysia SdnBhd (ASMA). Contribution of urban
fabrics on the spatial and temporal variations of UHI was also investigated. Comparison with
ASMA and in-situ data revealed a satisfactory performance of the model.UHI intensity (UHII) of
Putrajaya exhibits a diurnal profile; increasing during the night to a peak value and then diminishing
towards morning with a negligible value in the mid-day. In the night time, the UHII ranges from
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reserved for vegetation.

1.9°C to 3.1°C in some of the precincts considered. However, the overall effect of the urbanized
areas (local climate zones) on the UHI magnitude was normalized by the total amount of area

Keywords: Noah LSM/UCM/WRF; Putrajaya; Urban Heat Island; evaluation.

1. INTRODUCTION

Putrajaya, the administrative capital of Malaysia
is a green-concept planned model city. Being first
of its kind in the region, it is built to reflect the
country’s commitment to green environment and
to accommodate the growing size of the
Malaysian federal government ministries and
national level civil servants. The city is structured
to accommodate all diplomatic activities,
enabling the country to showcase its
modernisation agenda [2]. Putrajaya is located in
Klang Valley, 25 km south of Kuala Lumpur on
coordinates 255'00" N 10140'00" E and covers
an approximate area of 49 km® (Fig. 1a); which
was previously covered by green vegetation,
rubber and oil palm plantation before its advent
development.

Unlike other cities sprawling from a core with a
clear chronology of expansion over decades and
in some cases centuries [3-6], the plan of
Putrajaya follows the green-city-concept initiated
in 1898 by Sir Ebenezer Howard in the United
Kingdom [1]. The green-city concept is an idea
where cities are planned and builton
undeveloped land with a planning garden-city
concept [7]. Several cities such as Maringa in
Brazil [8], French Dakar city in Senegal [9] and
Putrajaya have been built with this concept; most
of which are politically envisioned [2]. Despite the
lush and colourful canopy afforded to such cities
with planned urbanisation, most plans failed to
integrate local climate conditions into the garden-
city concept leading to consequences such as
poor environmental and ecological conditions
[7,10,11]. Building cities that are responsive to
the local climate conditions and contribute to
sustainable environment are some of the
challenges facing urban planners.

UHI is a consequence of urbanisation.
Urbanisation induces significant changes in the
properties of land surface which, in turn, modify
the surface energy balance (SEB) of urban areas
[12] and hence influencing energy consumption
[3,13-16], air quality [17,18], heat related
discomfort, mortality [19-23] and local and
regional atmospheric circulations [24-26]. UHIs
do not have a direct influence on global

temperatures [27]; however, they do have impact
on local temperatures used to assess climate
changes [28,29]. Urban heat island is a common

phenomenon in cities notwithstanding the
geographical location. The urban-rural
temperature difference - urban heat island

intensity (UHII) is the most cited measure of
climatic modification of a city in environmental
sciences [12].

Difference in SEB of urban and rural areas as a
consequence of the imbalance in the amount of
heat energy stored during the day is the primary
cause of UHI development [30]. Earth’s Natural
vegetation with a near-uniform  surface
roughness and evapotranspiration properties are
being replaced with urban fabrics characterized
with high thermal properties; such as asphalts,
concretes, bricks and metals [18,31,32]. The
surface modifications and enlargement provided
by canyon-like geometry and altered thermal
properties of natural vegetation enable built up
areas to store more radiated heat during the day
than do rural areas. Following sunset, urban and
rural temperatures begin to diverge thereby
generating the heat island in the canopy-layer of
the built up areas. Due to the open exposure and
unobstructed clear sky view factor of rural area,
cooling starts quickly after sunset, this is not the
case in built up areas known for slow cooling
rate. Slow cooling is attributed to reduced sky
view factor and re-radiation of the stored heat
energy during the day [31,33]; the heat island
stays in the canopy-layer overnight, until sunrise
when daily solar radiation cycle begins and rural
areas start warming up [34].

Outdoor thermal conditions in urban areas are of
major concern in the tropical region of Southeast
Asia (SEA). In temperate climate, the maximum
UHI effect could be noticed only during the
summer season. However, due to the close
proximity of the tropical regions to the equator
and with high exposure of the region to solar
radiation, UHI effect is felt during hot dry season
and anytime of the year [35]. Inadequate shading
and green spaces are unable to intercept and
balance the heat from direct solar gains. Also,
conventional use of dark materials in buildings
and pavements trap more of the sun’s energy
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during the day and re-radiate it at night. This has
led to air and surface temperature increases with
consequent influence on human thermal comfort
and building energy consumption in the tropics
[22,36,37].

Though, there are few studies in Klang Valley
(which encompasses Putrajaya area, Kuala
Lumpur and Selangor) on the subject of UHI.
Most are in-situ studies [38-46] and little or no
attention have be given to the subject
numerically. Putrajaya, a city with its emergence
from an undeveloped palm plantation or almost
green vegetation [2] fits to be studied to
understand the effectiveness of the “garden-city
concept” adopted during its design and planning.
Due to non-availability of sufficient data on the
area, this study was validated with an hourly
surface observational data from AlamSekitar
Malaysia SdnBhd (ASMA")and corroborated with
a recently published in-situ study by Ahmed et
al.,, 2014 (investigates the behaviour of surface
temperature and heat island effect of Putrajaya
main boulevard). Temporal and spatial variation
of the UHI of Putrajaya, canopy layer (2-m) air
temperature and influence of surface materials
were investigated using the advanced core of the
NCAR non-hydrostatic meso-scale model, WRF-
ARW.

1.1 Weather Research and Forecasting
(WRF) Model

The WRF model is a numerical weather
prediction (NWP) and atmospheric system
designed for research and operational
applications [47]. WRF features two dynamical
(computational) cores (or solvers), a data
assimilation system, and a software architecture
allowing for parallel computation and system
extensibility, and has a non-closure planetary
boundary layer (PBL) scheme. The model serves
a wide range of meteorological applications
across scales ranging from several meters to
thousands of kilometres. The model is a
collaborative result of National Centre for
Atmospheric Research’s (NCAR) Mesoscale and
Microscale Meteorology (MMM) Division, the
National Oceanic and Atmospheric
Administration’s (NOAA), National Centre for
Environmental Prediction (NCEP), Earth System
Research Laboratory (ESRL), the Department of
Defense’s Air Force Weather Agency (AFWA) ,

"ASMA is a private company who owns 50 Continuous Air
Quality Monitoring (CAQM) Stations in Malaysia, one of
which is located in Putrajaya

Naval Research Laboratory (NRL), the Centre for
Analysis and Prediction of Storms (CAPS) at the
University of Oklahoma, the Federal Aviation
Administration (FAA), and with the participation
of other universities around the world.

The WRF single source code could be
configured for both research and operational
applications. Its spectrums of physics and
dynamics schemes available to users reflect the
broad scientific community input on the
development of the software codes.WRF is
maintained and supported as a community model
to enable wide use of the software for research,
operational and teaching purposes. It is capable
of wide range of applications, from large-eddy to
global simulations; such as real time numerical
weather prediction, physics parameterization
research, data assimilation and development
studies, air quality simulations, regional climate
simulations, urban climatology, atmosphere-
ocean coupling and idealized simulations [47].

The principal component of the WRF modelling

system includes; WRF software framework
(WSF), which provides the infrastructure
supporting the dynamics solvers, programs

initialization, WRF-Var, WRF-Chem, and physics
packages that interface with the solvers. WRF
has two dynamic solvers, the Advanced
Research WRF (ARW) and the Non-hydrostatic
Mesoscale Model (NMM). In this study the ARW
is employed.

1.2 Noah Land Surface Model (Noah LSM)

The Noah land surface model is a one-
dimensional land surface model describing
surface temperature, soil moisture, and soil
temperature, snow depth, snow water equivalent,
surface energy, water content flux and canopy
water content [48,49]. The Noah LSM has seen
some improvement over the years. Especially its
coverage on snow density, snow depth,
maximum snow albedo database and calculation
of soil heat flux processes under snow
roughness length, snow coverage, and soil
thermal conductivity [50,51]. The Noah LSM has
a single-canopy layer with four soil layers of
varying thicknesses (10, 30, 60 and 100 cm); 10
and 100 cm being the top and bottom layers
respectively. This equates the total soil depth of
the Noah LSM to 2 m, with the upper and lower 1
m of the soil serving as the root zone depth and
reservoir with gravity drainage respectively [34].
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Different organisations and research institutions
have used the Noah LSM in varying applications.
For instance, The Noah LSM has been coupled
with the Weather Research and Forecasting
(WRF) model and other models to investigate
phenomena ranging from urban heat island to
boundary layer development [51-55]. The
operational implementation of the Noah LSM
model in the WRF-NMM system at the United
States NCEP and in the ARW system at the
United States Air Force Weather Agency in 2006
are important milestones in the development of
this land surface model.

The newly developed Noah LSM with multiple
physics options (Noah-MP) for key land-
atmosphere interaction processes provides more
representative options [49,56] to parameterize
the land surface model. It has been incorporated
from WRF version 3.4.1. The Noah- MP LSM
integrates dynamic vegetation and groundwater

processes, and is more comprehensive in
representing the interactions and feedbacks
between physical, chemical and biological

processes. Most regional weather or climate
models in use today do not consider dynamical
vegetation and groundwater processes [57].
These processes play an important role in
weather and climate simulations, since variations
in vegetation, groundwater and soil moisture
could last from several weeks to whole seasons
[58]. It also contains a separate vegetation
canopy designated by a canopy top and bottom,
crown radius, and leaves with prescribed
dimensions, density, orientation, and radiometric
properties. The canopy uses a two-stream
radiation transfer scheme along with shading
effects required to achieve proper surface energy
and water transfer processes including under-
canopy snow processes [59,60]. Options are
provided for runoff and surface water infiltration,
and groundwater transfer and storage including
water table depth to an unconfined aquifer.

1.3 Urban Canopy Model (UCM)

The single-layer urban canopy model (SLUCM)
is a 2-D street canyons parameterization to
represent the effects of urban geometry on urban
canyon flux distributions. This was developed by
Kusaka et al. [61] to improve representation of
urban environment in numerical weather
prediction and mesoscale models. The UCM
model has undergone some improvement in
course of its decade history. The SLUCM
considers the urban geometry in its surface

energy budget and wind shear computation. The
exchange of energy and momentum between the
urban surfaces and the atmosphere is handled
by the UCM [60]. The canopy model calculates
the surface skin temperature of the wall, roof,
and the roads as well as heat and momentum
fluxes. These parameters are then passed to the
WRF model. The UCM also considers shadowing
from buildings and reflection of radiations, road
orientation and diurnal changes of solar azimuth
angle, a multilayer heat equation for wall, roof
and road interior temperatures to account for the
incoming and outgoing radiation fluxes.
Exponential wind profile in the canopy layer,
anthropogenic heat release and a thin bucket
model for hydrological process are also included
in the single-layer urban canopy model [60,62-
64].

1.4 Feasibility of Method Employed

While the Noah LSM and SLUCM handles the
interactions of surface and canopy layer
properties such as soil moisture, heat fluxes,
momentum exchange and representation of
urban morphology and roughness, the WRF
model handles the calculation and iteration of
these parameters and as well the provision for
inclusion of input data in the form of initial and
lower boundary layer conditions. The WRF also
accommodates the land use/land cover which
provides vital parameters to the coupled model
such as surface albedo, soil moisture availability,
and surface emissivity, surface heat capacity,
snow cover effect, terrain information, soil
temperature and surface thermal inertia.

Since Urban heating is induced by variables that
span multiple of scales; mesoscale model (2 km-
2000 km) [65] would have difficulty to accurately
characterise  micro-scale (2 mm-2  km)
phenomena such as urban heat island [66].
Hence, the SLUCM is incorporated to the WRF
model to couple the urban environment and
atmospheric conditions; by integrating
information such as thermal characteristics and
roughness layer of the urban fabric and urban
canyon geometry [67]. Thus, the justification of
its capability to fairly estimate heating of urban
environment.

The coupled model has been used in different
regions to study the urban heat island
phenomenon, in China [24,54], Singapore [68],
and Greece [69]. Due to the success recorded in
previous studies of urban heat island using the
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coupled WRF/Noah/UCM, same approach of the
coupled model has been adopted to investigate
the urban heating of Putrajaya City. Verification
of the model will be conducted in section 3 of this
report.

2. DATA SOURCES

Data from different sources were used in this
research study to aid in understanding the
climatology of Putrajaya city. Six hourly (1.0° x
1.09 global Final (FNL) Analysis data were used
as the Global Forecast System (GFS) data for
Initial and boundary conditions for the
simulations. These data were obtained from the
National Centre for Environmental Prediction
(NCEP)[70]. Hourly surface observational data
from AlamSekitar Malaysia SdnBhd (ASMA) and
in-situ study by Ahmed et al. [7] on investigation
of the “urban surface temperature behaviour and
heat island effect in a tropical planned city” were
used to verify the canopy layer air temperatures
(2-m  temperature) from the numerical
calculations in the study. Google map, Google
earth and digitized satellites images were also
used for proper depiction and identification of
locations, land use (Fig. 1b) and local climate
zone (LCZ) classification of the area using [12]
guidelines.

2.1 Description of the Study Area

Putrajaya (255'00" N 10140'00" E) is located in
the west peninsula of Malaysia and
encompassed by the Klang Valley [2]. The city is
situated between the Kuala Lumpur International
airport on its south axis and the capital city of
Malaysia, Kuala Lumpur on its north axis [71]
(Fig. 1a). In line with the Putrajaya’s master plan,
the development of the city which started in 1993
is due to be completed by the year 2025 [7]. The
master plan is characterized by the “garden-city”
concept which integrates physical features such
as landforms, vegetation and water bodies which
form the green scenery of the city. To reflect the
country's pledge to adhere to environmental
standards, about 38% of the total land area of
Putrajaya is reserved for wetlands, green
space and water bodies [72]. Though, the
developments of the main boulevard and its
surrounding precincts is near completion, only
about 60 percent of the intended master plan has
been completed to date [7]. Despite the delay in
completion of the master plan, Putrajaya is a
host to an approximate 100,000 residents of the
projected 350,000 residents when completed [2].

With few degrees off north of the equator and
with an average elevation of 30 m (Fig. 1c) [2],
Putrajaya sits on a hilly terrain with a humid and
hot weather all year. Rainfall averages 2-3 m in
a year and falls heavily during the monsoon
season, depositing about 10 to 30 cm within few
hours [73]. Proximity to the equator exposes the
area to high solar radiation accounting to about
6.1 hours of sunshine per day all year round,;
hence the hot and humid climate experienced
with a near steady average air temperature
(27.5°C and 25°C, maximum and minimum
respectively), 62.6% humidity and wind speed
ranging from 0 - 7.5 m/s [74]. The artificial lakes
and wetlands delineate Putrajaya into core and
peripheral areas. One of the mainland marks of
the Putrajaya concept design is the main
Boulevard (Fig. 2d). The main boulevard
measures 100 m wide, and extends 4.2 km from
the northeast to the southwest of Putrajaya and
cuts along five core precincts of the area (1, 2, 3,
4 and 5) (Fig. 2d) [74]. Surrounded by
government symmetric  buildings  oriented
northwest to southeast, the main boulevard
separates the administrative area with the
surrounding streets. The urban form of Putrajaya
area could simply be described as a
characteristic fusion of different local climate
zones (LCZs?) as described in Stewart & Oke*
local climate zone classifications for urban
temperature studies”[12].

Like Chandigarh in India, Putrajaya is divided
into 21 precincts with each of the precincts
dedicated to distinct functions ranging from

commerce, entertainment, housing, foreign
diplomats and government. Unlike the
Chandigarh’s system of identical ‘sectors’,

Putrajaya’s precincts have been built visually
distinct from one another through -clustering
buildings.

2.2 In-situ Data of Putrajaya

In an attempt to investigate the urban heat island
of the city, Ahmed et al. [7] conducted an in-situ
measurement of surface temperature, ground
temperature (LST) and wind velocity on a clear
sky and cloudless day from 14 — 16" July, 2012
along the main boulevard covering precincts 1, 2,
3 and 4. Surface temperature and wind velocity
were measured for 3 days from 14 to 16" July,
2012 along the main boulevard.

%ocal climate zone (LCZ) as region of uniform surface cover,
structure, material, and human activity that span hundreds of
meters to several kilometres in horizontals scale [12].
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Air temperatures were measured at two different
characteristics locations at different times for 13
and 18" July for one location and 20 and 28"
July, 2012 for the other. Locations with different
land cover types were also used in their
investigation. Fluke 63 infrared thermometer at a
height of 1.65 m and Data logger TR-72U at a
height of 3 m were used to measure surface and
air temperatures respectively [7].

2.3 Hourly Meteorological Observational
Data from ASMA

ASMA is a private company in Malaysia saddled
with maintenance and collation of hourly
meteorological data using about 52-networks of
Continuous Automatic and Manual Air Quality
Monitoring (CAQM) stations in Malaysia. These
stations were built between 1995 and 2000 [75].
Meteorological data among which are air
temperature, wind speed, humidity and ozone
are out source by the Malaysian department of
environment (DOE) and are made available to

environment-related authorities and research
groups. CAQMs are often used as the primary
data sources for climatic research. They provide
input for statistical analyses and can further be
utilised for the formation of models or
frameworks. Depending on the research
objectives, data from these instruments can be
used to validate findings, study atmospheric,
weather and meteorological conditions at a
specific window of time in the location where
experiment took place. This is important to
synthesize and rationalize the research findings
relationship with actual conditions. Historical data
from these instruments allow climate researchers
to study the backdated environmental conditions
and help to recognise the patterns and trends for
future predictions.

CAQM comprises of measurement
instrumentation (for both pollutant gases and
meteorological parameters); support
instrumentation  (support gases, calibration
equipment); instrument shelters (temperature
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controlled enclosures); and data acquisition
systems (to collect and store data). Also, the
fitted sensor for measuring air temperature is at
an altitude of approximately 3 m above ground
level (a.g.l) (Fig. 2a, b & c).

CACO053 (02°55'54.9N 101°40'54.5E) is the
designated ID of the only CAQMS station
situated in Putrajaya. This station is fitted with
sensor to measure air temperature at an altitude
3 m (a.g.l). CACO53is located in precinct 8 on an
open field with nearby classrooms and has a
source area characterized by open low-rise LCZ
built (Fig. 2c).

3. METHODOLOGY AND EVALUATION

Using guidelines provided in [12,76,77] for
metadata  collections and source area
(represented by physical surface properties as
obtained in Table 1 of [78]) delineation; Source
areas were set to encompass a 100 m radius

Table 1. Characteristics of data extraction sites d

from sites of data collections in dense urban
surroundings (e.g. city core) and 200 m radius for
more open fetch areas (e.g. city outskirts). This is
necessitated by varying magnitude of advection
within dense and open fetch areas and thus the
impact on the transport of re-radiated fluxes
during calmed nights. Horizontal spatial
classification of LCZ zone were adopted from the
definition of 0.1 km — 10 km ([78,79], p. 3,4).
Hence, the definitions of immediate land cover
types and LCZ used in characterizing different
sites in this study (Table 1).

3.1 Numerical Configuration

To study the temperature distribution and UHI of
the nascent Putrajaya city, 13" to 28" July 2012
were simulated with interest on the canopy-layer
(2-m) air temperature. These days were selected
to coincide with the dates studied by [7] to
establish the basis for comparison and validation
of the model.

uring the study

Name Latitude Longitude Altitude Built type Immediate land cover
°N) (CE) (m.a.s.l® (LC2) of sites source area

P3 254'57.06" 10141'2.40" 32 Open midrise  Pave su rface

P4 254'27.72" 101%40'44.40" 38 Sparsely built  Low plants & paved
surface

P6 2%3'58.85" 10139'57.60" 25 Sparsely built ~ Bare rock/soll

P7 2%5'45.88" 101%40'26.40" 42 Open midrise  Paved surface

P8 2%56'5.10" 101%40'55.20" 42 Compact low- Paved surface

rise

P9 2%56'24.86" 101%40'33.60" 39 Open midrise  Paved surface

P10 2%56'44.09" 101%41'13.20" 32 Open low-rise  Pave d surface

P12 2%7'23.08" 101%42'21.60" 49 Compact low-  Bare soil & dense trees

rise

P13 2%7'52.16" 101%41'42.00" 35 Sparsely built  Bar e soil & dense trees

P17 2%55'16.79" 101%42'10.80" 43 Open midrise  Scatt ered trees

P20 2%53'0.64" 101%40'44.40" 14 Sparsely built  Low plants

BLV1* 2%55'26.40" 101%41'13.20" 29 Sparsely built  Paved surface

BLV2 2%54'47 45" 10141'2.40" 37 Sparsely built  Pa ved surface

IR® 2%7'52.16" 101%42'43.20" 49 Sparsely built ~ Low pl ants

TMP® 2%5'45.88" 10142'3.60" a7 Open low-rise  Paved su rface &
scattered trees

Ahmed_P4 2%5'6.67" 10141'4.12" 39 Open midrise  Pa ved surface

Ahmed_P3 2%5'36.03" 101%41'13.90" 31 Open midrise Paved surface

CACO053 255'54.9" 101%40'54.5" 33 Open low-rise Ope n field & paved
surface

Rural 2%49'46.30" 10137'49.67" 11 Open low-rise Ba re soil & Scattered
trees

Above sea level

o g & w

Putrajaya main Boulevard
101 Resort = Palm Garden Gulf Club
Taman Warisan Pertanian

237



Morris et al.; BJECC, 5(3): 231-253, 2015; Article no.BJECC.2015.018

Fig. 2. (a) Automatic Air Quality Monitoring Station. (b)

Version 3.5 of the WRF-ARW (Advanced
Research Weather) model was used as the
meteorological model for numerical calculations.;
WRF-ARW is a numerical weather prediction and
atmospheric simulation system which integrates
the advanced core of the WRF model dynamics
solver [47]. This system combines the Unified
Noah land-surface model (LSM) [48], coupled
with the single-layer urban canopy model (UCM).

The planetary boundary layer (PBL) was handled
with the Yonsei University (YSU) scheme
[80], combined with the coupled Noah/UCM
land surface model; as it is considered to
perform well in studying urban climates in high
resolution applications [80,52]. Other physics
parameterisations include a long wave Rapid
Radiative Transfer Model (RRTM) [81], a short-
wave radiation scheme based on Dudhia cloud
radiation scheme [82] and a surface-layer
scheme based on the MM5Monin-Obukhov
similarity theory. The WRF single-moment six-
class (WSM-6) microphysics scheme was
applied to all domains [83,84], while

CAMQs schematic diagram (source:
DOE, 2008). (c) Putrajaya CAQMs. (d) Cross -section showing Putrajaya main boulevard and
intersecting precinct (source: Ahmed et al., 2014)

parameterization of cumulus convection was
completed using Kain-Fritsch scheme [85].
However, the snow option for the WSM-6
microphysics was disabled since the area is not
known for snowing.

Three one-way nested domain (Fig. 1d) with
horizontal grid spatial resolutions of 2.7, 0.9 and
0.3 km which contained 90 x 100, 76 x 88 and
64 x 76 grid boxes respectively, from west to
east and south to north for parent (d01), 1%
nested (d02) and innermost (d03) domain
respectively. WRF uses terrain-following
hydrostatic-pressure vertical coordinate system
proposed by [86] to resolve the vertical layers of
the model. In this study, 32 vertical levels were
used, 18 of which were reserved in the lower 2
km of the model to better resolve the lower
atmosphere while the model top layer was
specified at 100 hPa.; this is to accommodate the
frequent changes of atmospheric variables in the
lower boundary layer and as well as to handle
the small scale features near the Earth’s surface.
However, the coarse vertical spacing of the
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sigma higher levels is to reduce computational
cost [87].

Updated high resolution MODIS data land use
and land cover (LULC) classification of the
International Geosphere-Biosphere Programme
and modified Noah land surface model were
used for the land use and land cover aspects of
the study; with 2-arc-min, 30-arc-sec, and 30-arc-
sec spatial resolution used for d01, d02 and d03
respectively. This data is modified and updated
regularly by the National Centre for
Environmental Predictions (NCEP) to be used for
the WRF/Noah LSM model. The need to
understand phenomena such as urban heat
island in microclimates has made the need for
high resolution LULC classification more
imperative. The regularly updated dataset are
freely available and could be obtained at the
same download site as the WRF source codes
(www?2.mmm.ucar.edu/wrf/users/download/get s
ource.html).

The Noah land surface model (LSM) was
employed to parameterize the land surface
processes [48]. The updated Noah LSM is a land
surface-hydrology model [34] and serves to
provide surface sensible and latent heat fluxes,
account for sub-grid fluxes and as well skin
temperature as lower boundary conditions to the
boundary layer scheme of the WRF. Noah LSM
uses conduction, diffusion tracer and viscous
transport of momentum mechanism to complete
transport of surface sensible and latent heat
fluxes between the surface and lowest millimetre
of air diffusion [50,63].

The single-layer UCM has a unique simplified
two-dimensional  urban  geometry  model,
considering building height, roof and road width
and assuming street canyons of infinite length. It
also includes solar trapping and reflection of
radiation and shadowing effects, which is
determined by the street canyon dimensions and
orientation, as well as the solar azimuth angle.
Thus, the energy and momentum transfer
between an urban environment and the
atmosphere could be calculated by computing
surface temperatures and heat fluxes of roof,
wall and road within the considered area.
Coupling the WRF model with Noah LSM
completes the urban surface energy balance
(SEB), by calculating fluxes from vegetated
portion of urban surface in a given grid cell. In
this study the UCM model was modified to reflect
the prevailing urban morphological and surface
conditions of Putrajaya via the urban parameter

table (URBPARM.TBL) using information derived
from [7,12,74,88]. Though, the single-layer urban
canopy model (UCM) coupled with the WRF
model is considered an effective tool in predicting
urban heat island of urban areas [89], it is yet to
be validated in tropical region of Malaysia. This
study used both in-situ and meteorological
observation to corroborate the performance of
the WRF coupled to the Noah LSM and UCM.

3.2 Model Initialization

1°x 1° spatial resolution and 6 h temporal
resolution operational global atmospheric final re-
analysis (FNL) surface and pressure level data of
the NCEP were used for initialization of the
model simulation. This product is from the Global
Data Assimilation System (GDAS), which
collates observational data from the Global
Telecommunications System (GTS) and other
sources for the various analyses
(rda.ucar.edu/datasets/ds083.2/). Same model
used by NCEP in the Global Forecast System
(GFS) is also adopted for the NCEP FNL. In the
surface boundary layer and at some sigma layers
(tropopause), the data are available on the
surface at 26-mandatory and other pressure
levels starting from 1000 mbars to 10 mbars.
Parent domain (d01) lateral boundary conditions
were linearly interpolated from the NCEP FNL 6-
hourly data used, while Lateral boundary
conditions for d02 and d03 were supplied via
interpolated data from the parent domain. The 4-
layers (10, 30, 60 and 100 cm) of the Noah LSM
temperature and soil moisture values were also
initialized  from  the NCEP-FNL  data.
Communication through the nested and parent
domains is by 1l-way process since a one-way
feedback activated between is applied to the
model via the input name list.

In this study, model run was set to 12:00 UTC of
12" July, 2012 (corresponding to 20:00 MST’ of
12" July, 2012) for a total run period of 390 h.

3.3 Model Evaluation

Series of simulations were conducted with the
WRF model and different physics, microphysics
and cumulus options utilized to obtain set of
options which streamline the model error to
acceptable range before proceeding with model
set-up for the duration of study.

7MST — Malaysian Standard Local Time
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Air temperature is an important parameter in
urban climatology and has been used in several
published studies to validate different model
performances [34,90-92]. To establish a common
basis for comparison of model and observed
results, model results were obtained at same
locations and  corresponding time  as
observations results.

It is unlikely to determine the performance of any
model without the application of statistical tools.
Four statistical tools were employed in this study
to evaluate the performance of the model (WRF)
used for the predicted results (P) and observed
results (O); both for ASMA and in-situ (P3 and
P4) [7]. In this study P3 and P4 designate Figs.
14 and 150 f Ahmed et al. [7] investigation
respectively. More details about locations P3 and
P4 as used in Ahmed et al. [7] are given in
results and discussion section of this paper.
Mean bias error (MBE), mean absolute error
(MAE), root mean square error (RMSE) and
Pearson correlation coefficient (R) were used to
access the model performance and agreement
with the observed data. The square of the
Pearson coefficient (RZ), also known as the
coefficient of determination measures the
strength and direction of linear relationship
between P and O, R?also tells the degree of
variance between P and O as described by the
linear fit ([93], pp. 258-67). MBE measures the
inclination of the model to over predict or under
predict an event. It does not provide insight on
the magnitude of the typical error; therefore, it is
not used as an indicator for accuracy. However,
the MAE is an accuracy measurement and could
easily be thought of as the typical magnitude of
the predicted error [93]. Like the MAE, RMSE
estimates the expected magnitude of error
associated with a model’'s prediction [94]. The
RMSE is used in comparison and evaluation of
simulation models to measure the model
accuracy and precision [95]. For good correlation
between P and O data, the R? should range from
0.5 — 1.0 [93], with coefficient of determination of
1.0 indicating good correlation between the
predicted and observed variables and R? of 0
indicating no correlation.

Comparison of the WRF simulated results and
observed values in each case indicated good
correlation between P and O (Figs. 3a, b and 4).
The model overestimated the canopy layer air

temperature for ASMA station CACO053,
although, the MAE magnitude was within
acceptable range. The model performed

relatively well when compared with in-situ
observation by Ahmed et al. 2014[7] (Fig. 4).

4. RESULTS AND DISCUSSION

4.1 Canopy-Layer Air Temperature

The amount of intensity of solar radiation
reaching a given location on the earth’s surface
depends on the azimuth angle sunlight strikes
the earth’s ground surface. The azimuth angle at
a particular location decreases from high to low
during sunrise to sunset. Effect of the diurnal
behaviour of the azimuth angle coupled with the
surface albedo induces temporal warming of the
location. Fig. 5 presents a 24 hours modelled 2-
m temperatures averaged over data extraction
sites (Table 1) for the duration of study
(13/07/2012 to 28/07/2012). The temperature
profile of the city during the study period exhibits
same diurnal profile as observed in other cities
[96-98]. An averaged minimum temperature of
24.5°C and maximum temperature of 31.2°C
were observed at 0800 and 1600 MST.

Fig. 6 shows the modelled canopy-layer (C-L) air
temperatures for 13" of July, 2012at different
period characterized by temporal and spatial
heating of the urban canopy. The model was
able to capture the spatial and temporal variation
of C-L air temperatures. Modelled spatial
variation of C-L air temperature is due to the
differential heating of different LCZs in the
study area and this agrees with [12]. The LCZs
(Table 1) are marked with different built and land
cover types exhibiting different surface albedos
resulting from the composition of the surface
materials. Temporal CL-air temperatures are
driven by the diurnal cycle of sunrise and sunset.

4.2 Canopy-Layer UHI

Urban canopy-layer extends vertically from the
ground level up to the mean roof level of any
given local urban climate zone. The urban-rural
and LCZs (LCZ-LCZ) temperature contrast
observed within this layer is referred to as the
canopy layer UHI [30]. As recommended by
[34,99], caution was observed in the selections
process of the sites to eliminate the unwanted
effects that surface relief, elevation and other
surface variability would impact on the magnitude
of the UHI. Nineteen (19) different sites with
similar topographic features (Table 1) were
selected for this study. Eighteen (18) of which
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are within Putrajaya; representing different LCZs
and One (1) representing the rural/semi-urban
conditions is located outside of Putrajaya. As
such, induced influence of surrounding local
climates due to advection and transport were
minimized by locating the rural station in an area
isolated from other urban influences. Also, to
ensure that UHII are correctly interpreted, 40 m
(Table 1) maximum elevation difference between
sites was used as criterion for sites selection
[34].

4.2.1 Canopy-layer UHI — rural-urban

Malaysia is known for differential precipitation
between local climates; therefore, days with
similar favourable synoptic conditions for UHI
study(such as calm days with low surface wind
speed and weak horizontal pressure gradient

resulting in clear skies and devoid of precipi-
tation) were considered to investigate the rural-
urban canopy layer UHI experience in Putrajaya
during the study period. The absent of a
meteorological station in the rural site in this
study poseda setback; however, precipitation
records obtained on (www.weathercity.com)
were used instead. Precipitation data for
Putrajaya were obtained from the Malaysian
meteorological department (MMD)[100]. 13",
15" 18" 23" and 26" of July, 2012 were
considered for the rural-urban heat island
investigation. The rural site (Fig. 7b) designated
“Rural” is situated about 4 km southwest of
Putrajaya at an elevation of 11 m above mean
sea level (Table 1). Its LCZ is characterized by
open low-rise built type with a bare soil and
scatter trees source area as land cover (Table 1
and Fig. 7b).
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Fig. 8 shows averaged heating of the area for the
selected days with a profile representing the
diurnal behaviour of UHI as exhibited in different
studies in other cities [34,52,101]. Timing of
sunrise and sunset (roughly 0700 and 1900 MST
respectively) seem to have induced influence on
the magnitude of the UHII experienced in the
area. During mid-day, intensity of solar energy
reaches the surface of the earth uniformly.
Despite the differential absorption of heat fluxes

in engineered surfaces that characterized the
urbanized Putrajaya and the semi-natural
surfaces of the rural site during this period,
heating in both areas is overshadowed by the
constant and uniform amount of sunlight striking
the surface of the earth. Thus, negligible urban
canopy-layer heating was noticed during mid-
hours (1100 — 1700 MST) of the considered
days. However, an urban heat sink was observed
from 1300 — 1600 MST.
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4.2.2 Canopy-layer UHI — LCZ-LCZ

The term urban heat island is often associated
with rural-urban temperature contrast; however,
within an urban area, a temperature difference
could be noticed between different local climate
zones. This is as a result of the varying factors
(such as land cover type, building height, aspect
ratio, etc.) that differentiate LCZs. Such
difference in urban canopy layer air temperature
is induced by varying land cover and built types
(Figs. 7 and 9). The magnitude of LCZ — LCZ
UHI is driven temporally by solar radiation
variations. To evaluate the LCZ-LCZ UHI in the
area, LCZs with varying built and land cover
source area types were selected. Precinct 8 (Fig.
7e), 3, (Fig. 7f) and 20 (Fig. 7d),characterized by
compact low-rise and pave surface, open midrise
and pave surface, and sparsely built and low
plants respectively (Table 1) were compared with
precinct 13 (sparsely built and low plants). 13" of
July, 2012 was selected to study the UHI
phenomenon in the LCZs. Figs. 6 and 9 presents
the behaviour of the LCL-LCZ UHI and the
dependency of its magnitude on built and source
area land cover type. Open midrise had the
highest magnitude with a negligible heating
observed for precinct 20.

4.3 Impact of Surface Materials on the
Intensity of UHI

Putrajaya is composed of different LCZs with
varying land surface materials. For instance, P3,
P7, P9, P10, P12 and others as contained in
Table 1 are marked with paved surfaces as the
source area, while the remaining sites are
marked with a combination of low plants, trees
and bare soil or paved surfaces. These materials
have different thermal properties and thus

different rate of heat absorption and retention.
Fig. 9 portrays the impact of surface materials on
the magnitude of the UHI. Though the number of
sites used in this study is too small to generalize
on UHI impacts, it is an indication of a possible
contribution and would be further investigated in
subsequent studies.

4.4 Discussion

The performance of the WRF-model was
assessed with data  obtained from ASMA
meteorological station and two other in-situ
measurement sites conducted by (Ahmed et al.
2014). Fig. 3a presents the observed and
modelled canopy-layer air temperatures for the
ASMA site designated CACO053. Overall, the
model performed relatively well for this site and
have replicated the phase of diurnal cycle with a
correlation coefficient of R” of 0.81 and a MAE
of 1.69°C, and RSME of 2.03°C (Fig. 3b).
However, the model overestimated the amplitude
of the observed data, especially the night-time
minimum temperature. This could imply that
either the upward heat fluxes or the outgoing
long wave radiation of the area is overestimated
and or, radiation of solar trapping and fluxes from
walls and roads, producing high ambient
temperatures, inside the urban street as
calculated in the UCM may have resulted in this
discrepancy as the station is few meters (6 — 10)
radius away from buildings; hence it is less
thermally loaded. The actual causes of the
overestimation of temperatures can only be
speculated at this stage but could not be
concluded due to lack of comprehensive
measurements of surface energy balance
parameters of the area during the considered
period.
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Figs. 4a and 4b compared the model (WRF)
performance with a recently published case
study by [7] in a section of the studied area
(Putrajaya Main Boulevard). Statistical analysis
shows that the model has performed fairly well
with R?values of 0.84, 0.85 and RMSE values of
0.98 and 1.17°C for sites P3 and P4 (Fig. 4)

respectively. In each of the compared sites (P3
and P4) the model underestimated the phase
amplitudes of [7] with MBE of -0.21 and -0.62°C
respectively (Figs. 4c and 4d). The biases
probably have resulted from the parameterization
of the model using the average properties of
the city. However, the considered area is
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characterized with low surface albedo materials
such as asphalt, concrete and dark-coloured
materials in its road and building constructions.
Also, the limited amount of vegetation compared
to other parts of Putrajaya could have induced
this temperature contrast (see Figs. 7a and 7c).

Twenty four hours average 2-m temperature
during the study period (13/07/2012 to
28/07/2012) reveals a common trend of diurnal
profile of temperature with a minimum and
maximum value of 245°C and 31.2°C
respectively. The temperature increases during
the day and decreases at night with the minimum
and maximum temperatures occurring at 0700
and 1600 MST respectively. This is due to the
variation in the amount of solar radiation
exposure during the night and day time. The
welcome of sunrise (0700 MST) in the area
gradually increases the C-L air temperature from
0800 MST. This increase is due to increasing
amount of solar energy reaching the earth’'s
surface. Similarly, after sunset (1900 MST), the
amount of solar energy reduces and hence the
decrease in the C-L air temperature (Fig. 5).

A graphical representation of the modelled UHII
of the rural-urban canopy layer is shown in Fig. 8
for a 5-day average overa24 hour time interval.
The UHI was computed by subtracting the C-L
air temperature of the rural LCZ site from the
spatially averaged urban LCZ sites (Table 1).
The urban heat island effect is more obvious
during the night (1700 — 2300 MST) than the day,
and start diminishing in the early morning (0100
— 0600 MST). However, a heat sink was noticed
during the hours of 1300 to 1500 MST. Heat sink
is the event of a reverse phenomenon of the UHI
(i.e. rural areas having higher temperature
contrast than the urban). The urban heat sink
formation during the day is encouraged by the
accumulative effect of the 37% total land area of
Putrajaya reserved for vegetation (Fig. 1b).
Similarly the reserved vegetation has helped in
normalizing the overall impact of the urbanized
LCZs on the urban heat island of the area
despite some areas such as precinct 3, 7, 8 and
9 having a maximum UHII ranging from 1.9 to
3.1°C during the study period. Furthermore, the
increase in the UHII during the night is due to the
slower nocturnal cooling of the urban LCZs
resulting from the engineered surfaces used in
buildings and constructions of roads. Horizontal
transport would be more pronounced in the rural
site due to the prevailing LCZ built type (sparsely
built); meaning fewer obstructions to impede
advection of the re-radiated heat fluxes in the

rural site as opposed to the urban climate zones.
A maximum UHII of 3.1°C was observed in
Precinct 8 on the 23“ of July, 2012. However,
due to the normalizing effects induced by some
of the LCZs within the study area with large
amount of vegetation, a maximum averaged UHII
over the eighteen (18) sites during the selected
days was noted to be 0.61°C.

Much effort on the study of urban heat island
effect have been channelled to understanding
the temperature contrast between rural and
urban areas, little have been done to understand
the temperature discrepancy between LCZs. In
an attempt to explore this temperature contrast
between LCZs; three different LCZs each with
distinct built type and source area land cover
type were selected for this investigation (Fig. 9)
on 13" of July, 2012. Fig. 9 presents the
temporal observations of the UHII. Precinct
3characterised of open midrise built type and
paved surfaces as source area land cover has
the averaged maximum UHII with a magnitude of
0.65°C followed by precinct 8 (Fig. 9 and Table
1), while precinct 20 has a negligible magnitude
of UHII. Precinct 20 has the same characteristics
of built type and source area land cover type.
This agrees with [102] on the impact of land
cover and surface properties as the real drivers
of local climate difference.

Spatial and temporal patterns of the UHIlI were
observed in Fig. 6 for 13" of July, 2012. Fig. 6
shows the modelled Graphical representation of
the C-L (2-m) air temperatures in the early
morning (0400 MST), morning (0800 MST), and
noon (1200 MST), during the solar peak time
(1600 MST), evening (2000 MST) and late
evening (2300 MST). Magnitude of UHI effect is
more pronounced during early morning and night
time (>1.5°C), while a negligible effect was
observed in day time, indicated by near-uniform
contour spread (Figs. 6e and 6f)). The near-
uniform contour contrast starts disappearing as
evening approaches (indicating increase in UHII)
to a clear distinction in the contours spread,
indicating a spatial variations in temperatures.
This agrees with the stated theory of urban heat
island formation by Oke [30].

Fig. 9 highlights the impact of surface materials
on the magnitude of UHI. Precinct 8 and 3 are
characterized with prevailing paved surfaces and
similar built type properties. Conversely, precinct
13 and 20 are predominantly dense trees and
low plants respectively. To further understand the
induced influence of surface materials on the
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area, the average hourly C-L air temperature of
precinct 13 for 13/07/2012 was computed and
subtracted from the other precincts (3, 8 and 20).
Results showed that precincts 3 and 8 have
significant UHIl than 20. This is due to the
differences in the albedo of the surfaces(see
Table 4 of Stewart & Oke 2012, p.1887).
Greenery is known for their ability to cool the
surrounding by evapotranspiration [18,31]. This
may have induced the low temperature values
experienced in precinct 20 and the average
temperature of Putrajaya city.

UHI of the city in this study could not be
compared with that obtained by [7] since the
current study considered the overall effect on
the city as opposed to [7], who concentrated on
the Putrajaya main boulevard. Comparatively,
with UHI studies conducted in Kuala Lumpur
[7,46,103,104], the UHII observed in Putrajaya is
relatively lower and this could be accounted for
by the 37% of the total land area reserved for
vegetation and the yet to be developed areas
(Fig. 1b). Therefore, it is evident that the garden
city concept adopted for the design and
development of Putrajaya city has impact on the
magnitude of UHI observed.

5. CONCLUSION

Although the canopy layer surface temperature
of Putrajaya is lower compared to cities in other
regions, it is pertinent to highlight the need to
reduce the temperature of the area during solar
peak period. In this paper, the characteristics of
the UHI and impact of the garden-city concept
adopted during the development of the area were
investigated using the single-layer urban canopy
model coupled with the WRF/Noah LSM
modelling system. Meteorological data from
ASMA and in-situ data from (Ahmed et al. [7])
were used for the validations of the model, with
correlation coefficient ranging from 0.81 to 0.85.

Comparison of model results with the data used
for validations showed reasonable correlation
and performance. The model reasonably
reproduced the phase cycle and diurnal
behaviour of the validated data and successfully
simulated some of the features of UHI effect
such as day and night variations in magnitude.
Thus, the model displayed suitability for use in
the study of UHI phenomenon, spatial and
temporal variations of temperature in the area
and as well indicating the general adequacy of
using the single-layer UCM in WRF.

Based on high resolution of the simulation and
capability of the coupled model employed, we
observed that UHI intensity of Putrajaya varies
temporally and spatially, with a maximum
magnitude of 3.1°C observed on 23" July, 2012.
However, a maximum average of 0.61°C UHII
over the study period was observed. This is due
to the effectiveness of the green city concept in
reducing the average urban heating to the bare
minimum.

A preliminary comparison of different LCZs
showed influences of land cover types on the
magnitude of UHI. LCZs characterised with more
percentage of vegetation were found to exhibit
lower UHII. Furthermore, the reserved total land
area for vegetation in Putrajaya may have
induced positive influence on the magnitude of
urban heat island intensity of the city; with UHII
during the night ranging from 1.9 to 3.1°C.
Spatial and temporal variation of C-L air
temperature and UHIl were also noticed with
peak variation during night time. In addition,
Intra-urban (LCZ-LCZ) UHI of the study area was
also successfully investigated.

The study concludes that the area is heating less
compared to other cities (such as Hong Kong
with UHII of 10.5°C [105] and Singapore with 4°C
[106]; nevertheless, there is still need to further
reduce the C-L air temperature of the area to
achieve the modern green-city plan and the
country’s pledge of adhering to environmental
standards. These preliminary findings would help
in optimizing the WRF model and as well
facilitate more improvement on the numerical
measurement of air temperature and UHI
phenomenon in the area.
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