CHAPTER 8. ESTATE LEVEL AIR TEMPERATURE
PREDICTION MODEL
This chapter discusses the development of air temperature prediction models that can
be fit into the Estate Level Climate Impact Assessment Framework.
8.1. Methodology and selection of variables on air temperature prediction model
development
In the development of the empirical model, air temperature data that has been
gathered in the previous chapters were combined with the most recent data, which
includes estate-wide and canyon types of measurements. The measurement points
cover various types of land uses, including residential, commercial, business park,
education, industrial, park, open space and sport facility. The field measurements data
for the models development were between September 2005 and March 2008.
Meanwhile, field measurement data between April and June 2008 was used for model
validation. Table 8.1 shows the overall period of measurements in NUS and onenorth.
Table 8.1. Overall periods of measurements in NUS and one-north
ESTATE
NUS
NUS
NUS
NUS
one-north
one-north

TYPE OF MEASUREMENT
Estate-wide
Estate-wide
Canyon (ENG & PGP)*
Canyon (PGP, SD2 & SD4)*
Estate-wide
Canyon (AYER, BIO, ROCH)*
Canyon (AYER, BIO, ROCH)*
one-north for model validation

PERIOD OF MEASUREMENT
10th-24th September 2005
26th August-25th September 2006
17th July-20th October 2007
23rd October 2007-31st March 2008
23rd October 2007-31st March 2008
23rd October 2007-31st March 2008
1st April-30th June 2008

* Engineering (ENG), Price George’s Park (PGP), Science Drive 2 (SD2), Science Drive 4
(SD4), Ayer Rajah Industrial Estate (AYER), Biopolis (BIO) and Rochester Park (ROCH)

HOBO data loggers together with solar covers were used in the measurements. They
were attached to the lampposts in various locations in NUS and one-north; and
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configured at 10-minutes interval throughout the measurement periods. The air
temperature data was obtained by sampling at a height of 1.8 m for each of the
location as shown in Chapter 3, Figure 3.6. The sensors were factory calibrated.
As a reference point, meteorological data was gathered from the nearby station,
maintained by the National University of Singapore (2008). The data analysis focuses
on fairly clear, calm (wind speed <3m/s) and hot weather condition, selected by
analyzing the solar radiation, wind speed and air temperature data of the reference
point. Table 8.2 shows the selected dates for the model development and validation.
Table 8.2. Selected days of fairly clear and hot weather condition
(a) Total 5 days between 10th – 24th September 2005.

(b) Total 11 days between 26th August – 25th September 2006

(c) Total 20 days between 17th July to 20th October 2007.

(d) Total 39 days between 23rd October 2007 – 31st March 2008.

(e) Total 12 days between 1st April – 30th June 08

Daily minimum (Tmin), average (Tavg) and maximum (Tmax) temperature of each point
of measurements were calculated as the dependent variable of the air temperature
prediction model. The independent variables of the models can be categorized into:
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1. Climate predictors: daily minimum (Ref Tmin), average (Ref Tavg) and maximum
(Ref Tmax) temperature at the reference point; average of daily solar radiation
(SOLAR). For the SOLAR predictor, average of daily solar radiation total
(SOLARtotal) was used in Tavg models, while average of solar radiation maximum
of the day (SOLARmax) was used in the Tmax model. The SOLAR predictor is not
applicable for Tmin model.
2. Urban morphology predictors: percentage of pavement area over R 50m surface
area (PAVE), average height to building area ratio (HBDG), total wall surface
area (WALL), Green Plot Ratio (GnPR), sky view factor (SVF) and average
surface albedo (ALB).
The wind speed was excluded in the model development, since the models focus on
calm day conditions. Meanwhile for another common variable, altitude, Kestrel 4200
pocket weather tracker was used to measure the altitude of each measurement point.
The measurement results show that the altitude difference across the two estates is
only about 56m, which is considered as relatively flat. The highest location is 156m
above sea level at Point 1, NUS estate and the lowest point is 98m above sea level at
Rochester Park, one-north. The 56m altitude difference will only influence the air
temperature condition under ideal condition of about 0.36K, based on atmospheric
lapse rate of -0.0065oC/m (ISO, 1975). It means that altitude has a very little influence
on air temperature condition. Hence, altitude is excluded from the model
development.
In collecting the urban morphology predictors, the master plan drawings of NUS and
one-north obtained from the relevant agencies were used and inputted to the GIS to
quantify the PAVE and WALL areas. Field surveys had also been done to verify and
update the drawings. Besides PAVE area, the building (BDG) and greenery (GREEN)
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areas were also quantified. BDG was calculated based on 2-D footprint area, while the
PAVE and GREEN areas were calculated as 3-D areas; following the contour of the
land surfaces. The BDG results were then used to calculate the HBDG variable, while
the GREEN was used to calculate the GnPR variable. The detail of GnPR data
collection can be seen in Chapter 7 on the assessment method of existing greenery
condition. The HBDG represents the thermal mass of the environment within the
radius of influence area by calculating the ratio of average building heights over the
total floor areas (Knowles, 1977; Giridharan, et.al., 2008). The WALL variable
indicates the building density in the area.
The ALB values were taken by field measurements. Two silicon pyranometers (one
was directed to the sky and another one was directed to the wall) were used together
with a data logger, simultaneously mounted on a lamppost and recorded the solar
radiation for few days depending on the weather condition. Then, the pyranometers
were moved and redirected to different locations to record the albedo of the
surrounding environment.
The SVF of each measurement point was measured by means of Nikon Digital
camera and fish eye lens. The images were processed into black and white images, the
sky is white, while the buildings and trees are black. Then, the images were put into
RayMan 1.2 software to calculate the SVF (Matzarakis, 2000).
Before the model was developed, the radius of influence area was determined.
Giridharan, et.al., (2007) used 15-17.5 m radius as the influence area to study the
effect of greenery and it was found that 15-17.5 m radius was not able to explain the
significant impact to the air temperature. Meanwhile, Kruger (2007) studied three
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different influence area radiuses of 56m, 125m and 565m and found that radius 56m
has a more significant effect on the model’s correlation coefficient.
In the preliminary study, there were four different radiuses of influence areas to be
selected as the most significant. The radiuses were 25m, 50m, 75m and 100m, see
Figure 8.1. BDG and PAVE areas were correlated with Tmin, Tavg and Tmax to provide
indication of the radius of influence area. Table 8.3 shows that radius 50m and 75m
are the top two radiuses, which have higher F and R2 values, although 75m radius
seems to have the highest ones. Further selection was done by including all of the
mentioned variables and found that 50m radius has more significant influence areas
than the other radiuses. Consequently, this chapter will analyze and discuss the air
temperature prediction models based on 50m radius. This result agrees with the
Kruger analysis (2007). Table 8.4 shows the independent variables of each
measurement point within 50m radius.
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R 50m

R 75m

R 100m

Figure 8.1. Sample of NUS measurement point in influence area radius of 25m, 50m,
75m and 100m
Table 8.3. Preliminary study on radius of influence area
RADIUS
(m)

R2

25
50
75
100

0.28
0.32
0.34
0.31

Tmin
Significance
(p<0.05)
21.79
YES
25.84
YES
28.27
YES
24.62
YES
F

R2
0.22
0.26
0.29
0.25

Tavg
Significance
(p<0.05)
15.13
YES
19.43
YES
22.51
YES
18.64
YES
F

R2
0.05
0.10
0.10
0.08

Tmax
Significance
(p<0.05)
3.09
NO
5.76
YES
5.96
YES
4.83
YES
F
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Table 8.4. Mean values of the independent variables of each measurement point
within 50m radius
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(continued)
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8.2. Results and discussions
8.2.1. Models development
Firstly, it is relevant to know the typical hot day air temperature profile (see Figure
8.2). The air temperature varies between 24oC-25oC at night and 30oC-32oC in the
afternoon. From the Figure, it can be derived that Tmin and T max occurs at around
06.00-07.00 hours and 15.00-16.00 hours respectively.
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Figure 8.2. Typical hot day air temperature profile, taken from one-north estate-wide
air temperature measurement on 12th February 2008
In the first stage of model development, trend analysis was done to identify and
discuss the behavior of the models’ variables, by examining the variables’ regression
coefficient values and their correlations with the dependent variable (Pearson
Correlation). Not all of the independent variables are significant; however, it is
important to analyze how these variables behave in determining the air temperature.
Table 8.5 shows the regression results for the Tmin, Tavg and Tmax models. The
correlation coefficients for the Tmin and Tavg models are high at 0.86 and 0.92
respectively, while it is fair at 0.54 for the Tmax model.
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Table 8.5. Regression results of air temperature prediction model

SOLAR, PAVE, HBDG and WALL variables in all of the models are in line with the
general theory of factors that influence the air temperature. Both signs, in regression
and Pearson correlation are the same.
In general, extensive use of concrete and other heat absorbing surfaces (PAVE)
increases the urban air temperature by decreasing the surface moisture available for
evapotranspiration. Furthermore, more solar radiation is absorbed and reradiated into
heat because dry surfaces have low albedo (ALB) value (Santamouris, 2001).
The thermal mass, the HBDG and the wall surface area, WALL, of each point are in
line with the general theory. They have negative signs and positive signs respectively
in both regression coefficient and Pearson correlation. The higher the thermal mass of
the environment, the lower the temperature is, since it reduces the heat released to the
surrounding environment. Meanwhile, large wall surface area leads to a higher air
temperature, since the wall reflects short wave and long wave solar radiation to the
environment.
Greenery is one of the important factors in Singapore’s urban development. It shapes
its pleasant urban environment. The regression models verify that greenery, noted as
GnPR, provides a good impact to the environment. It reduces the air temperature,
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shown as negative values in both regression coefficient and Pearson correlation in the
Tmin and Tavg models. However, in the Tmax model, GnPR shows positive and negative
values in the regression coefficient and Pearson correlation respectively. It is believed
that the existence of anthropogenic heat further increases air temperature and greenery
effect becomes less significant.
The SVF variable has a positive sign in all of the models, which seems not in line
with the general theory that low SVF leads to high nocturnal air temperature Oke,
1981; Oke, et.al., 1991; Chapman, et.al., 2001). A detailed study has been done and
discussed in Chapter 5 to investigate the correlation between the SVF and air
temperature in Singapore. The study concluded that during daytime, there is a strong
correlation between the SVF and air temperature. The higher SVF leads to a higher air
temperature, which means there is no obstruction for solar radiation to heat up the
environment. During nighttime, specifically at around 05.00-07.00 hours, a very weak
correlation between the SVF and air temperature was found, in line with the abovementioned general theory. The findings supported the regression model results. The
SVF in the Tavg and T max models have both positive signs in regression coefficient and
Pearson correlation values. Furthermore, they are significant in relation to the air
temperature conditions. While in Tmin models, it has a positive sign in regression
coefficient and a negative sign in Pearson correlation value.
In all of the models, the ALB variable shows a positive sign in the regression
coefficient, which is against the general theory. However, in the Tmin and Tavg models,
the correlation values are negative, while it is positive in the Tmax model. According to
Taha, et.al. (1988), the range of natural environment albedo is narrower than the
individual building material. The existence of greenery at most of the measurement
points also leads to a less variation in the ALB variable. Furthermore, anthropogenic
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heat is believed to influence the result, since some of the areas, which have large
pavement areas are under construction. During daytime, when maximum air
temperature is reached, ground surfaces absorb heat and radiate it over time rather
than reflect it immediately. Consequently, the ALB value behaves against the general
theory, but it explains the phenomenon in this research (Giridharan, et. al., 2008).
The next stage is to develop the air temperature prediction models that use only the
significant variables (p<0.05). The variables that have opposite signs between the
regression coefficient and Pearson correlation have also been removed.
Hence, the air temperature prediction models can be written as follows:
Tmin (oC) = 4.061 + 0.839 Ref Tmin (oC) + 0.004 PAVE (%) – 0.193 GnPR – 0.029
HBDG + 1.339E-06 WALL (m2)
R2 = 0.86, F = 1707.45 and Std. Error = 0.47 (Sig. 0.00)

(8.1)

Tavg (oC) = 2.347 + 0.904 Ref Tavg (oC) + 5.786E-05 SOLARtotal (W/m2) + 0.007
PAVE (%) – 0.06 GnPR – 0.015 HBDG + 1.311E-05 WALL (m2) + 0.633 SVF
R2 = 0.91, F = 2170.49 and Std. Error = 0.27 (Sig. 0.00)

(8.2)

Tmax (oC) = 7.542 + 0.684 Ref Tmax (oC) + 0.003 SOLARmax (W/m2) + 0.005 PAVE
(%) – 0.016 HBDG + 6.777E-06 WALL (m2) + 1.467 SVF + 1.466 ALB
R2 = 0.54, F = 241.92 and Std. Error = 0.59 (Sig. 0.00)

(8.3)

8.2.2. Models validation
The air temperature regression models were developed based on the data of few
years’ periods. It is necessary to validate the models with another period of
measurement data, which in this case, fairly clear and calm day conditions (wind
speed <3m/s).
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Figure 8.3 shows the validation of minimum air temperature model (Tmin). It shows
that the calculated minimum air temperature can fit with the measured one. From the
box and whisker plot, it can be derived that 50% of the difference between the
calculated and measured minimum air temperatures is within acceptable range of 0.3K – 0.5K.
The validation of average air temperature models is shown in the Figure 8.4. Similar
to the minimum air temperature model (Tmin), the calculated result of average air
temperature model (Tavg) is fit with the measured one. Observed from the box and
whisker plot, 50% of the difference of measured and calculated average air
temperatures is between -0.1oC – 0.4K.
Lastly, Figure 8.5 shows the validation for the maximum air temperature regression
model (Tmax). This model has fair R2 value of 0.54. From the comparison graph, it can
be observed that at some points, the difference of measured and calculated results is
relatively large, more than 1K. It is believed that the existence of anthropogenic heat,
which is not covered in the model, has the influence on the prediction model. On the
other hand, as shown in the box and whisker plot, 50% of the difference the calculated
and measured maximum air temperatures is between 0K – 0.8K. Thus, although the
difference is larger as compared to minimum and average temperature regression
models, this model can still be used.
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Figure 8.3. The comparison between the measured and calculated minimum air
temperatures (Tmin) and the box and whisker plot of the minimum air temperature
difference between the measured and calculated temperatures
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Figure 8.4. The comparison between the measured and calculated average air
temperatures (Tavg) and the box and whisker plot of the average air temperature
difference between the measured and calculated temperatures
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Figure 8.5. The comparison between the measured and calculated maximum air
temperatures (Tmax) and the box and whisker plot of the maximum air temperature
difference between the measured and calculated temperatures
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8.3. Conclusion
This chapter has demonstrated the development of estate level empirical models of
minimum (Tmin), average (Tavg) and maximum (Tmax) air temperatures. In order to
develop robust models, a long-term field measurement between September 2005 and
March 2008 was carried out in two green Singapore estates, NUS and one-north. The
field measurement had a total of 110 measurement points, which covered various land
uses. The models development focuses on fairly clear, calm (wind speed <3m/s) and
hot weather condition, selected by analyzing the solar radiation, wind speed and air
temperature data of the reference point.
High R2 values of 0.86 and 0.91 have been achieved for the Tmin and Tavg models
respectively. The comparison graphs between the measured and calculated air
temperatures have shown a good fit and their differences are with the acceptable
range. Meanwhile, the Tmax model has a fair R2 value of 0.54. It is believed that the
anthropogenic heat, which was not covered in the model, has influenced the result.
However, box and whisker plot showed that the difference between the measured and
calculated is still fairly acceptable.
The air temperature prediction models complete the proposed Estate Level Climate
Impact Assessment Framework.
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CHAPTER 9. SENSITIVITY ANALYSES AND MODELS
APPLICATION
This chapter has the objectives to analyze the dependence of the air temperature due
to the variations of each variable and to demonstrate the application of the air
temperature prediction models in evaluating a proposed estate master plan.
9.1. Methodology
9.1.1 Sensitivity analyses
The sensitivity analyses were carried out to achieve the first objective. An ideal type
of urban canyon (see Figure 9.1) was used to simplify the variation of building,
pavement and greenery distributions. Table 9.1 shows the climatic predictors values at
the weather station that were used in this sensitivity analyses based on the conditions
on 3rd November 2007 and Table 9.2 shows the variables modified in different
temperature models for the sensitivity analyses.
The analyses were done by varying some of the following important parameters: the
greenery density (GnPR), which may affect the SVF; the building height, which
affects the SVF, WALL and HBDG values; and canyon width (Figure 9.2), which
affects the SVF, PAVE AND HBDG values.
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Figure 9.1. Building layout model for sensitivity analysis
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Figure 9.2. Building layout model 3 on change of canyon width.
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Table 9.1. Input on climate predictors based on data at weather station
Date
Min. Temp. at reference point (Ref Tmin )
Avg. Temp. at reference point (Ref Tavg)
Max. Temp. at reference point (Ref Tmax)
Total solar radiation (SOLARtotal)
Max. solar radiation (SOLARmax)

3 November 2007
o
26.0 C
o
27.7 C
o
30.6 C
2
3689.04 W/m
2
707 W/m

Table 9.2. Model scenarios for the sensitivity analyses

In relation to the above building layout models, given a fixed surface area of 50m
radius, the change of GnPR depends on the species (LAI) and numbers of the plants,
regardless the height of the plants (shrubs or trees). In these sensitivity analyses and
models application studies, only the increase of GnPR due to the trees was
considered, in which, the trees will have impact on the reduction of SVF value as
discussed in the Chapter 5. Therefore, it is necessary to derive an estimated value of
how much reduction of SVF value due to the increase of 1 GnPR.
Table 9.3. The selected 46 measurement points

To derive the estimated SVF reduction value, 46 of the 110 measurement points were
statistically analyzed (see Table 9.3). Mature trees predominantly influenced the
GnPR of these 46 measurement points, which in turn, affected the SVF values. From
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the regression result, eqn. 9.1, it can be estimated that the SVF value reduces about
0.2 for every GnPR increase of 1.
SVF = 0.962 – 0.219 GnPR
R2 = 0.44 and F = 35.17(Sig. 0.00)

(9.1)

9.1.2 Air temperature prediction models application
To achieve the second objective, the air temperature prediction models were used to
evaluate a green Singapore estate, one-north. The new one-north master plan has the
vision to become the hub of a business centre and state of the art biomedical campus
mixed with residential, business, education and institutional use. These centers will be
accommodated in different zones, named as Vista Xchange, Life Xchange, Central
Xchange, Future Xchange and Wessex Estate (see Figure 9.3). A green belt divides
one-north into two parts and it is designed to provide cooling to the surrounding
environment.
one-north is currently under extensive development to implement its master plan. By
comparing the current condition and the master plan, it can be observed that many
new buildings will be built and reduction of greenery area can be expected (see Figure
9.4). Furthermore, adverse impact on air temperature condition in the estate may
occur if the planner has no means to mitigate the impact.
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Figure 9.3. Zoning of one-north master plan
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Figure 9.4. one-north current condition (a) and master plan (b)
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The main platform to conduct the sensitivity analyses is Geographical Information
System (GIS). There is a total of 75 points distributed across the site (Figure 9.4) and
then, the urban morphology parameters within the 50 meters radius of these points can
be calculated. The existing greenery that does not coincide with buildings and
pavement in the master plan was calculated in the GnPR variable. Otherwise, it was
eliminated. The same climate predictors as in the sensitivity analyses were used (refer
to Table 9.1). Finally, temperature maps were generated from the calculated result of
Tmin, Tavg and Tmax.
In this models application study, there are two sets of scenarios written as follows:
1. The importance of green belt to the environment.
Master plan model 1: The green belt is covered with grass only (GnPR of
green belt = 1).
Master plan model 2: The green belt was planted with only trees that have
green plot ratio of 3 (GnPR= 3). In this master plan model, the reduction of
SVF values due to trees were also considered as mentioned in the previous
section, eqn. 9.1.
The analysis was done by comparing the temperature maps of one-north
master plan with the current condition.
2. Improvement of the air temperature condition in the high built up areas.
In this set of scenario, the greenery condition at green belt was simulated
based on the previous Master plan model 2.
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Master plan model 3: The GnPR at high built up areas were increased by 2.
Half of greenery density increase was calculated as the increase of shrubs and
vertical greenery, which has no impact to the SVF reduction.
Master plan model 4: The GnPR at selected areas were further increased by 2,
which were mainly due to trees (i.e. SVF reduction by 0.4). The selected areas
were high building density areas and other less building density areas, which
have warmer temperature condition, such as in Vista Xchange and Wessex
Estate. The new GnPR of the respective points was capped at 4 as the common
highest GnPR due to trees.
The analysis was done by comparing the temperature maps of one-north master plan
with Master plan model 2.
9.2. Results and discussions
9.2.1 Sensitivity analyses
The effect of the SVF reduction due to greenery varies the behavior of the predicted
Tmin, Tavg and Tmax (see Figure 9.5). The increase of GnPR mainly governs the
reduction of minimum air temperature, shown as a straight line. Meanwhile in the Tavg
model, both GnPR and SVF influence the average temperature. When there is no
greenery on site (GnPR = 0), the sky openness (SVF) is determined mainly by the
canyon geometry. The greenery provides shading to the environment (reduces the
SVF), thus, it reduces the air temperature. The reduction of average temperature is
more prominent when the GnPR is increased between 0-4 due to the combination
factors of GnPR and the SVF. Once the greenery completely covers up the openness
to the sky, only the greenery density reduces the average air temperature, shown as a
broken slope line. On the other hand, greenery density has indirect impact to the
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maximum air temperature. The increase of greenery density affects the openness to
the sky, which reduces the maximum air temperature through its shading effect.
Hence, as seen in the Figure 9.5, when the trees have provided complete shading to
the canyon at GnPR of 4, the increase of greenery density will have no further
reduction in maximum air temperature.
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Figure 9.5. Predicted Tmin, Tavg and Tmax for various values of GnPR
The change of building height seems to have relatively unnoticeable change on the
minimum air temperature, as shown in the Figure 9.6. The WALL area, together with
the environment’s thermal mass (HBDG), increases when the buildings are getting
higher. A very small difference between the WALL and HDBG contributes to the
reduction of minimum air temperature. The minimum air temperature reduction is still
mainly influenced by the greenery density (GnPR). The influence of building height
on the predicted average air temperature is clear (see Figure 9.7). Looking at “V”
profile in the graph where the GnPR = 0, the average air temperature reduces when
the building level is between 2 and 16. It shows that the increase of building height
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reduces the openness to the sky (SVF), i.e. provide shading. Once the canyon is
completely shaded by the surrounding buildings, the further increase of building
height, which further increases the WALL areas and shows the building density of the
environment, starts having impact on the increase of the average air temperature.
When the greenery density is increased, the turning point of graph (from reduced into
increased average air temperature) is shifted towards the lower building heights,
showing the relationship of GnPR in reducing the SVF value. A similar behavior has
also appeared in the predicted maximum air temperature (see Figure 9.8). However,
since the greenery density has indirect relationship with the maximum air temperature
through its relation with the SVF, the reduction of maximum air temperature yields at
GnPR = 5. Once the canyon is completely shaded, either due to buildings or due to
greenery, the building density becomes the main contributor to the increase of
maximum air temperature. The maximum air temperature is expected to remain at the
same level when the GnPR = 0 and number of storeys at 30, before it starts increasing
when the building height is above 60 storeys.
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Figure 9.8. Predicted Tmax for various values of No of storeys and GnPR
Figure 9.9 - 9.11 show the predicted air temperature due to the increase of canyon
width. In the T min model, the increase of canyon width increases the pavement area
(PAVE), which also increases the minimum air temperature, shown as an increasing
trend when the canyon width is changed progressively from 15m to 45m. Meanwhile,
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in the Tavg and T max models, the increase of average and maximum air temperatures is
governed by the increase of PAVE and SVF values (see Figure 9.10 and 9.11). At the
same canyon width (e.g. at 15m), in the Tavg model, the reduction of air temperature is
governed by both GnPR and its impact on the reduction of SVF. When the greenery
completely shades the canyon (SVF=0), only the greenery density (GnPR) reduces the
air temperature. On the other hand, at the same canyon width in T max model, once the
SVF is 0, further increase on greenery density (GnPR) will not have any further
reduction in the maximum air temperature. Figure 9.11 shows the GnPR value yields
at GnPR = 5.
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Figure 9.9. Predicted Tmin for various values of canyon width and GnPR
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Figure 9.10. Predicted Tavg for various values of canyon width and GnPR
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Figure 9.11. Predicted Tmax for various values of canyon width and GnPR
These sensitivity analyses have shown the relationships between some important
urban planning variables. It is important for urban planners to find the optimum
solutions between greenery, building characteristics and pavement distributions.
Increasing the building height is not always having a negative impact (i.e. increase of
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air temperature). To a certain extent, it provides shading to the environment. On the
other hand, widening the canyon width may have adverse impact during daytime,
since it increases the openness to the sky, which increases the incoming solar
radiation. In this situation, greenery has an important role in reducing the air
temperature, through not only its evaporative cooling but also its shading. In these
sensitivity analyses, the greenery density was calculated and limited only to the fixed
greenery area and the density of trees. However, in the planning process, within the
same radius of 50m, the greenery area can be increased, for example, by using vertical
greenery and rooftop greening, since the concept Green Plot Ratio (GnPR) itself is
three-dimensional.
9.2.2 Air temperature prediction models application


Set 1 – The importance of green belt to the environment

Figure 9.12 shows the temperature maps and the profiles of maximum air temperature
on master plan model 1 (Figure 9.12b) and master plan model 2 (Figure 9.12c) as
compared to the current condition (Figure 9.12a). Overall, the changes of maximum
air temperature distribution pattern at different master plan models are mainly due to
the change of greenery and building distributions. The major development in the Vista
Xchange zone (refer to Figure 9.4) will remove large part of the greenery and replace
it with buildings. The change of temperature color is clearly observed from blue color
in the current condition model to yellow color in the master plan models. On the other
hand, dense building density in the Life Xchange and the Northern part of Wessex
Estate has no adverse impact to the maximum air temperature, shown as blue color, as
compared to current condition, shown as yellow color. The main factor of this
phenomenon is the SVF variable. In current condition, the Vista Xchange has mature
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trees covering most part of the area. Mature trees provide shading (lower SVF values)
to the environment, which leads to a lower maximum air temperature. Meanwhile, in
the Life Xchange, shading is provided by dense buildings arrangement, not trees.
Similar to the above observation, green belt that has higher GnPR (i.e. 3), has a more
obvious impact in reducing the maximum air temperature, shown as blue and cyan
colors (Figure 9.12c). Meanwhile, if the green belt is planted only with grass, it will
have no positive impact to the environment (Figure 9.12b). The temperature profile
that cut through the site (noted with Section A-A) shows that master plan model 2 has
a lower maximum air temperature of 32oC as compared to the master plan model 1
and current condition at 32.2oC and 32.4oC respectively. The change of building
distributions in the proposed master plan (master plan model 1 and 2) between Point
A4 and 24 has also lowered the maximum air temperature, which again is mainly
influenced by shading from the buildings.
The temperature maps of the predicted average air temperature are shown in the
Figure 9.13. The impact of green belt in the master plan model 2 seems more
noticeable, creating a larger “cool island” in the middle of one-north site (Figure
9.13c). Overall, the green belt in the master plan model 2 lowers the range of average
air temperature at 27.7oC – 28.3oC as compared to the other master plan models. The
temperature is calculated at about 27.7oC in the middle of green belt, i.e. Point 24.
Meanwhile, the temperature map of master plan model 1 shows that grass alone on
green belt has no ability to provide cooling on average air temperature. Looking at the
temperature specifically to Point 24 in the master plan model 1, it has a higher air
temperature than in the current condition (see temperature profile graph). New
buildings located near Point 24 increase the air temperature condition due to the
existence of wall area that contributed heat to the environment.
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As comparing to current condition, Figure 9.14 shows that higher building density
increases the minimum air temperature. The impact of green belt with GnPR of 3 is
clear on minimum air temperature, dividing the higher minimum air temperature on
high built up areas (see Figure 9.14c). The areas that have greenery have a lower air
temperature, shown as cyan and blue colors. The trees in green belt have a better
ability in lowering the minimum air temperature at 25.1oC as compared to grass, only
at 25.7oC. On the other hand, the urban heat island effect appears in the high built up
area, shown as yellow to red colors, for example, the dense building density in the
Life Xchange and the Northern part of Wessex Estate. These areas previously have a
lower maximum air temperature than the other areas due to the shading from
buildings (lower SVF values). However, the minimum air temperature prediction
shows the otherwise.
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Figure 9.12. The calculated maximum air temperature of current condition (a), master plan model 1 (b) and master plan model 2 (c)
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Figure 9.13. The calculated average air temperature of current condition (a), master plan model 1 (b) and master plan model 2 (c)
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Figure 9.14. The calculated minimum air temperature of current condition (a), master plan model 1 (b) and master plan model 2 (c)
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Set 2 – Improvement of the air temperature condition in the high built up
areas.

The previous set of study has shown the importance of green belt in creating cool
island in the middle of the estate. On the other hand, higher building density creates a
higher air temperature, which should be mitigated. In this study, introduction of more
greenery was the main mitigation method in reducing the urban heat island effect.
Figure 9.15 depicts the calculated maximum air temperature of master plan model 2
(as the base comparison), master plan model 3 and master plan model 4. The increase
of greenery reduces the maximum air temperature especially in the Future Xchange
area. The yellow color of temperature map in the master plan model 2 has diminished,
as compared to master plan model 3 (Figure 9.15b). The temperature profile of
Section A-A shows the reduction of maximum air temperature from a maximum of
32oC to 31.6oC. Introduction of more trees to the estate has further reduced the
maximum air temperature (see Figure 9.15c). Cyan and deep blue colors appear in the
Vista Central and Future Xchange. Across the Section A-A, the air temperature has
become similar at around 31.3oC. The trees reduce the sky openness, i.e. the SVF, and
provide shading to the environment.
The positive impact of greenery can be seen also in the temperature maps of
calculated average air temperature (see Figure 9.16). The yellow color temperature
distribution across the Future, Vista and Life Xchange in the master plan model 2 has
changed into cyan color in the master plan model 3, which means a lower air
temperature (Figure 9.16b). The average air temperature is reduced at about 0.3K,
from 28.3oC to around 28oC between Points A4 and 25. In the master plan model 4,
the introduction of more trees further reduces the average air temperature condition at
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about 0.2K (Figure 9.16c). Some light yellow spots around the Vista Xchange and
Wessex Estate has changed into blue color.
High minimum air temperature around the high built up areas can be expected, shown
as orange and yellow colors in the temperature map of master plan model 2 (Figure
9.17a). The increase of greenery density has reduced the minimum air temperature up
to around 0.4K between Point A4 and Point 25. The temperature map color around the
buildings has changed into light yellow color (Figure 9.17b). Meanwhile, further
increase greenery density has changed the yellow color of temperature map around
the dense building areas into green color (Figure 9.17c). The temperature reduction as
shown in the Section A-A temperature profile is about 0.2K.
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Figure 9.15. The calculated maximum air temperature of master plan model 2 (a), master plan model 3 (b) and master plan model 4 (c)
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Figure 9.16. The calculated average air temperature of master plan model 2 (a), master plan model 3 (b) and master plan model 4 (c)

206

(a)

(b)

(c)

207

Figure 9.17. The calculated minimum air temperature of master plan model 2 (a), master plan model 3 (b) and master plan model 4 (c)
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The first set of models application scenario has demonstrated a simple method in
using the air temperature prediction models, not only to predict the temperature
impact on a proposed Master Plan as compared to the current condition, but also to
design or to set a benchmark of the green belt that is able to provide positive
temperature impact to the surrounding environment. Using grass to cover the green
belt was proven to have no benefit in cooling the environment. On the other hand,
planting trees and shrubs are favorable. Large urban parks can extend the positive
effects to the surrounding built environment. The air temperatures have strong
relationship with the density of plants, which plants with higher LAIs may cause
lower ambient temperatures (Chen, 2006).
Meanwhile, the second set of models application scenario has used the air temperature
prediction models to calculate the reductions of air temperature in the identified hot
spot areas by means of greenery. In the next stage, urban planners are able to translate
the parameter of GnPR into various types of trees and shrubs with their corresponding
LAI based on the collected trees and shrubs database (Wong, 2008).
In a master plan design process, by means of the air temperature prediction models,
urban planners are not limited to use greenery as the mitigation method. They are able
to do changes on their designs by focusing on the variables that determining the air
temperatures as shown in the air temperature prediction models, eqn. 8.1 - 8.3, such as
building heights and areas, pavement areas, environment’s albedo and so on.
9.3. Conclusion
The sensitivity analyses have successfully shown the performance of the air
temperature prediction models in relation to their variables. There is a close
relationship between greenery, building characteristics and pavement distributions in
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influencing the air temperature conditions. Urban planners play an important role to
minimize the negative impact to the environment as the result of their designs.
It is important to learn that increasing the building height is not always having a
negative impact (i.e. increase of air temperature). It can be used to provide shading to
the environment. On the other hand, increasing the canyon width may have adverse
impact during daytime, since it increases the openness to the sky, which in turn
increases the incoming solar radiation. In this situation, greenery has an important role
in reducing the air temperature, not only by its evaporative cooling but also by its
shading. Therefore, urban planners should find the optimum design by adjusting the
variables that meet the design objectives, including the economic objectives.
The air temperature prediction models, when used in the GIS platform, have the
ability to capture the urban heat island pattern visually by the generated temperature
maps. Temperature maps could help the planners to understand the temperature
distribution across the site and easily point out the areas that need to be rectified.
This chapter validates the proposed Estate Level Climate Impact Assessment
Framework (refer to Figure 3.1). The one-north existing condition and its proposed
master plan represent the “Estate Existing Condition/Development Proposal” box in
the framework. Meanwhile, the sensitivity analyses and two sets of models
application scenarios represent the “Alternatives/Possible Mitigation Methods” box in
the framework. By means of air temperature prediction models, the air temperature
conditions can be evaluated. When the predicted air temperature is not acceptable,
some alternatives of mitigation can be employed until the predicted results are within
the acceptable range.
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CHAPTER 10. SCREENING TOOL FOR ESTATE
ENVIRONMENT EVALUATION (STEVE)
Researchers have conducted various investigations and measurements in relation to
the urban and built environment. As the results, they have come out with various
prediction models for different purposes, including the impact mitigation strategies,
climate predictions, improved weather forecasting and air quality forecasting
(Grimmond, 2008). However, these prediction models are too complicated for
educated non-scientists, such as urban planners. At the end, they are often kept in the
shelves until the scientists are engaged to do the assessment. By the time scientists
finish their assessments, the planners have no time to redesign their master plan based
on the scientists’ findings. There is a gap between scientists and planners.
Furthermore, at building design level, CAD software has been developed and
integrated with some simulation software, called as Building Information Modeling
(BIM). However, at urban or estate planning level, there is still no software or tool
that can equip planners to design and perform assessment at the same time. These
findings emphasize the need to develop a tool for planners.
10.1. STEVE web application
The Screening Tool for Estate Environment Evaluation (STEVE) was developed with
a motivation as discussed above, to bridge the research findings, especially air
temperature prediction models and urban planners. STEVE is a web-based application
that is specific to an estate and it calculates the Tmin, Tavg and Tmax of a point of
interest for the existing condition and future condition (proposed master plan) of an
estate. The air temperature prediction models that have been discussed in Chapter 8
and 9 were used in this application. In this version, STEVE was made for one-north
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estate (see Figure 10.1) and consists of three main interfaces: Estate’s existing
condition map, Estate’s proposed master plan map and Calculator of air temperature
predictions. There are several steps involved in running STEVE, written as follows:
1. Select the estate condition: existing site or future development.
2. Select a point of location
3. Fill in the various variables listed in the Calculator page

Figure 10.1. STEVE main menus on first page
10.2. Existing condition or future development interface
The map of estate’s existing condition or future development is displayed in this
interface. The viewing level of the map is set into three levels. In level 1 (Figure
10.2), it displays a complete estate map including the zoning boundaries, which are
darkened when the mouse is pointed to a selected zone. The users are able to zoom-in
the map into the second view level by clicking either the selected zone or the zoom-in
button (Figure 10.3). The designated points appear for the users’ selection in this
viewing level and then, users are able to predict air temperatures condition by clicking
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the selected point. A circle with the radius of 50 meters blinks to provide indication of
urban morphology distribution that has the influence on air temperature at the selected
point (Figure 10.4).

Figure 10.2. First viewing level of the map

Figure 10.3. Second viewing level of the map
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Figure 10.4. Third viewing level of the map
10.3. Calculator interface
At the left hand side of the existing or proposed master plan map, Calculator interface
appears with the preloaded values of different parameters for the selected point
(Figure 10.5). The preloaded values can be changed according to the users’ need and
the predicted air temperature results will appear with a push on the “Calculate”
button.
The climatic predictors, Ref Tmin, Ref Tavg, Ref Tmax, SOLARtotal and SOLARmax, can
be obtained from either meteorological website or the available recorded data inside
STEVE by clicking each predictor. The other urban morphology predictors, PAVE,
Average Building Height, BDG, WALL and ALB, are straightforward to be obtained.
However, the GnPR and SVF predictors are rather complicated. Hence, STEVE also
provides the GnPR and SVF calculators. A pop-up window will appear for the
respective calculator by clicking each predictor.
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In the GnPR calculator (Figure 10.6), users need to specify up to a maximum of ten
vegetation types, their quantities and their shade areas. The “Vegetation Type (LAI)”
is the Leaf Area Index (LAI) values of the vegetations, which can be found in the
shrubs and trees list. There are a total of 290 vegetation types inside the list. “Shade
Area (m2)” is actually the area of vegetation from its plan view. In the case of grass,
both of “Vegetation Type (LAI) and “Nos. of vegetation” should be filled with a
value of 1 while, “Shade Area (m2)” is the area size of the grass itself. “Surface Area
(m2)” is the three-dimensional (3-D) area of a circle with the radius of 50 meters when
the area is not a flat land surface. Otherwise, it is simply a two-dimensional (2-D)
circle area.
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Figure 10.5. Calculator interface
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Figure 10.6. GnPR calculator

Figure 10.7. SVF calculator
The SVF calculator (Figure 10.7) was developed based on the method by Oke (1981)
and the corrected version of Steyn method (1980) by Barring (1985). Oke estimates
the SVF by measuring the H/W ratio of the buildings with the assumption of ideal and
infinitely long canyon geometry. Meanwhile, in Steyn’s method, the SVF obtained
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from fish-eye photographs is considered as the real SVF value than the Oke method,
which was found underestimating the real SVF value. Barring further corrected the
Steyn’s method by regressing it with SVF by Oke’s method as shown in eqn. 10.4.
The corresponding formulas for SVF calculator are written, as follows:
θ = tan-1(H/(0.5W))

(10.1)

SVFwall = 0.5 (sin2θ + cos θ – 1) (cos θ)-1

(10.2)

SVFsky = (1 – 2 SVFwall)

(10.3)

SVF’steyn = 0.033 + 1.004 SVFsky

(10.4)

In addition to the above corresponding formulas, Chapter 9 has discussed the
relationship between the SVF and GnPR that mainly due to trees. The SVF value
reduces by 0.2 for every increase of 1 GnPR. The variable of GnPR has also been
included in the SVF calculator. However, users should remember that they should
only fill in the GnPR variable, when only trees determine its value. Otherwise, the
GnPR variable is 0.
10.4. Conclusion and limitations
In urban climate modeling research, there is a gap between research findings and their
usage by educated non-scientist. Many models are often too complicated and less user
friendly for urban planners. Hence, it is necessary to develop a tool that bridges this
gap.
STEVE is a web-based calculator of the air temperature prediction models that can be
used to evaluate an estate’s existing condition and to assess the proposed master plan
for future development. It consists of three main interfaces: Estate’s existing condition
map, Estate’s proposed master plan map and Calculator of air temperature
predictions.
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Some limitations of the first version of STEVE are written, as follows:
1. The existing condition and proposed master plan maps serve only as a guide map
for the users or planners. Planners will not be able to change the master plan
design inside the STEVE platform. Design changes are done in different software,
such as CAD software, calculate the new value of each urban morphology
parameters and then, input them to the STEVE calculator.
2. The locations of points were predetermined during the STEVE development,
working together with planners to select the representative points across the estate.
For this reason, when planners would like to predict the air temperatures at other
predetermined points, they need to get the value urban morphology parameters
from a CAD software and then input them to the STEVE calculator.
To improve the above-mentioned limitations, STEVE will be developed as a GIS
plug-in in the near future. With the GIS plug-in, the planners will be able to use
STEVE more interactively as a design tool. Design changes and air temperature
predictions can be done in the same software/platform. It can extract the value of
urban morphology parameters, calculate the predicted air temperatures and generate
temperature maps in a push of a button.
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CHAPTER 11. CONCLUSION
11.1. Urban environment and urban heat island in Singapore
Urban development is imperative for economic growth and national development.
Differential over development of cities as compared to the neighborhood towns and
villages attracts more inhabitants to the cities leading to an aggravated need to further
develop the cities. According to Laski and Schellekens (2007), in 2008, more than
half of the world population is living in the urban areas and the numbers are estimated
to grow up to 5 billion people by year 2030.
The problem of urbanization is not an exception to Singapore. Urbanization in this
city-state extends beyond its border to its neighboring countries and even to its
regional South East Asian countries. Known as a politically stable and the safest
country in Asia, Singapore attracts a large pool of foreign talent and traders from all
over the world. Furthermore, the government has a plan to increase the population to
6.5 million in 40-50 years from the current 4.5 million inhabitants (AP, 2007). New
urban developments can be expected to accommodate the social and economical
needs of people. With the current inhabitants and limited land area of 707.1 km2 ,
Singapore has already become the second most densely populated independent
country in the world excluding Macau (see: Wikipedia, 2008). Without a careful
urban planning that incorporates environmental sustainability, the adverse impacts on
the urban climate condition may emerge, such as urban heat island (UHI), thermal
discomfort and pollutions. The detail of Singapore urban planning concept has
actually been described in the 2001 Concept Plan. However, by far, an impact
assessment is not a mandatory requirement in the Singapore urban development.

219

Furthermore, urban planners have no assessment tool and method to evaluate their
planning impacts on the environment.
Closely related to the urbanization, UHI phenomenon has become a common problem
in many major cities worldwide (Oke 1971; Padmanabhamurty, 1990/91; Sani
1990/91; Swaid and Hoffman, 1990; Akbari et.al., 1992; Eliasson, 1996; Giridharan,
et.al., 2007) as well as in Singapore (Wong and Chen, 2009). This phenomenon is
mainly due to the loss of greenery area for the purpose of urban development. Based
on a mobile survey conducted in Singapore, the highest air temperature of 28.4oC was
found in the Central Business District (CBD) area that has less vegetation.
Meanwhile, the lowest air temperature of 24.0oC was detected in the Northwestern
part of Singapore, where the forest is located. Figure 11.1 depicts the UHI profile of
Singapore, with the intensity of 4.4K.

Figure 11.1. Sketch of UHI profile in Singapore (Source: Wong and Chen, 2009)
With the projected 6.5 million inhabitants, the impact on the urban air temperature
due to urban development will certainly be negative, unless an impact assessment
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becomes mandatory for each urban development and urban planners are equipped
with a clear framework and prediction tools in order to carry out proper temperature
assessment. The benefit will be not only to evaluate the proposed urban development,
but also to improve the existing urban condition (e.g. to reduce the current urban heat
island intensity).
This thesis proposes Geographic Information System (GIS) based urban climatic
mapping method for climatic related impact assessment on an estate level
development in Singapore. The framework is equipped with air temperature
prediction models as a tool to evaluate the air temperature condition.
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Predicted Impact
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Figure 11.2. Main content of the thesis inside hypothetical model on Estate Level
Climate Impact Assessment Framework
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The main content of this thesis inside the Estate Level Climate Impact Assessment
Framework is shown in the Figure 11.2. Background study was conducted before the
development of the framework to identify the existence of temperature patterns in
relation to the urban morphology conditions, which is important to develop the air
temperature prediction models. This study also employs the GIS as the main analysis
tool.
The study concluded the existence of temperature pattern that is closely related to the
urban land use. It was found that during daytime, the Industrial area exhibits a higher
surface temperature than the Commercial and Business areas, and Park area has the
lowest surface temperature. However, at night, on the contrary, the Commercial and
Business areas exhibit a higher ambient temperature as compared to the Industrial and
Airport areas. The Industrial areas consist of low height buildings, large pavement
areas, less vegetations and light roof structures, which have less shading and extensive
use of heat absorbing building materials. As a result, they have high temperatures
during daytime. On the other hand, it is cool during nighttime, since the heat stored
during daytime is easily released to sky with less obstruction from the surrounding
buildings. This temperature pattern preliminary indicates its relationship with the
surrounding distribution of greenery, building and pavement.
Hence, the hypothesis of urban air temperature is proposed as: “the air temperature of
a point at a certain height level is a function of the local climate characteristics, which
deviates according to the surrounding urban morphology characteristics (building,
pavement and greenery) at a certain radius”.
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11.2. Proposed Estate Level Climate Impact Assessment Framework
To achieve the objectives of this thesis, two green estates of Singapore, NUS Kent
Ridge campus and one-north development, were used as the objects of study. The first
stage of the framework development is the detailed studies on microclimate condition
at estate and canyon level to get a clearer understanding on some urban morphology
variables relate to air temperature condition. It was found that vegetation plays an
important role in reducing the air temperature. The density of vegetations determines
their ability to cool the environment.
Dense vegetations in the form of parks and clusters of trees are able to provide
cooling throughout the day to the surrounding environment. The trees shade the urban
surfaces from strong solar radiation during daytime and their collective evaporative
cooling has a noticeable impact during daytime and nighttime. The ability of dense
vegetations to lower the air temperature has once again been proven in the canyon
level study. Their shading also provides thermal comfort to the pedestrians, shown by
the calculated Physiologically Equivalent Temperature (PET).
Roadside tree plantings and line-up of trees between buildings have the ability to
provide good shading and comfort at daytime. However, the evaporative cooling is
less noticeable to mitigate the heat released by the surrounding buildings and hard
surfaces. Open spaces with less vegetation have high air temperatures at daytime due
to the high solar radiation intensity received by the surface. At night, these areas have
a relatively cool air temperature. This is because the heat that was absorbed during
daytime is released to the sky at a faster rate, since there is no obstruction from
buildings.

223

With the understanding of the importance of greenery in lowering the air temperature,
it is very important to develop a method or framework for planners and estate
managers to evaluate the existing greenery conditions in their estates. Mapping the
existing greenery conditions by means of GIS is found to be very useful, which can be
used as a reference in the estate future development. The detail data of the plants
including type, size, location and the leaves densities were collected, recorded and put
into GIS database. Green rate and Green Plot Ratio (GnPR) are the two measures to
quantify the greenery condition. By combining these two measures, the planners will
have some alternatives in improving the environment condition through greenery
aspect in their estates, as follows:
1. Enlarge the greenery area by increasing the land area through carefully
planning the new buildings allocation.
2. Enlarge the greenery area by converting the unused rooftop for the use of
rooftop greenery.
3. Selection of plants that is able to provide a denser leaf area.
These mitigation alternatives from the greenery variable fit with the Estate Level
Climate Impact Assessment Framework. Besides greenery variable, other variables
can be considered as the mitigation alternatives, such as the building and pavement
variables. The air temperature prediction models considered all of these variables.
11.3. Air temperature prediction models and the application
Daily minimum (Tmin), average (Tavg) and maximum (Tmax) temperature of each point
of measurements were developed as the air temperature prediction models that can be
fit to the Estate Level Climate Impact Assessment Framework.
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The models were regressed from the Climate predictors and Urban morphology
predictors of the surrounding environment at the radius of 50 meters, which can be
written as follows:
Tmin (oC) = 4.061 + 0.839 Ref Tmin (oC) + 0.004 PAVE (%) – 0.193 GnPR – 0.029
HBDG + 1.339E-06 WALL (m2)
R2 = 0.86, F = 1707.45 and Std. Error = 0.47 (Sig. 0.00)

(11.1)

Tavg (oC) = 2.347 + 0.904 Ref Tavg (oC) + 5.786E-05 SOLARtotal (W/m2) + 0.007
PAVE (%) – 0.06 GnPR – 0.015 HBDG + 1.311E-05 WALL (m2) + 0.633 SVF
R2 = 0.91, F = 2170.49 and Std. Error = 0.27 (Sig. 0.00)

(11.2)

Tmax (oC) = 7.542 + 0.684 Ref Tmax (oC) + 0.003 SOLARmax (W/m2) + 0.005 PAVE
(%) – 0.016 HBDG + 6.777E-06 WALL (m2) + 1.467 SVF + 1.466 ALB
R2 = 0.54, F = 241.92 and Std. Error = 0.59 (Sig. 0.00)

(11.3)

The air temperature prediction models were successfully validated and the sensitivity
analyses have shown the performance of the prediction models in relation with their
variables. There is a close relationship between greenery, building and pavement
distributions in influencing the air temperature condition. By means of an “ideal” type
of urban canyon study, the models were also tested by varying some of the following
important parameters: the greenery density (GnPR), which may affect the SVF; the
building height, which affects the SVF, WALL and HBDG values; and canyon width,
which affects the SVF, PAVE AND HBDG values.
The study confirms that during daytime, the increase in the building height has the
benefit in shading the environment. On the other hand, widening the canyon width
increases daytime air temperature, since it increases the incoming solar radiation. To
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reduce the adverse impact of widening the canyon width, trees are very useful to
provide shading and cooling to the environment. Urban planners should find the
optimum design by adjusting the variables that meet the design objectives, including
the economic objectives.
The air temperature prediction models when used in the GIS platform prove to be
very useful for planners to study the air temperature conditions across the estate,
either to improve the estate’s existing condition or to study the air temperature impact
on the future master plan. The generated temperature maps help the planners to point
out the hot spots, so that the planners are able to modify the estates’ morphology
distributions.
11.4. General guidelines for ideal estate and urban developments
This research provides some knowledge and general guidelines in terms of policies
and design guidelines for developing estate and urban areas that consider environment
condition:
1. Geographical Information System (GIS) is a sophisticated and advance tool in
managing estate and urban development. Not only should the government
bodies implement the GIS platform in their systems, but also the urban
planners and estate managers. The GIS has been a common platform and tool
in the government agencies and urban planners. However, it is still lacking at
the estate managers side, which usually rely solely on CAD software.
2. Greenery database is important besides the building and pavement database.
The ideal time to build up the greenery database is at the beginning of an
estate development, the planning process and subsequently need to be updated
during the estate lifetime.
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3. The government agency, such as National Parks in Singapore, should publish
the vegetations data especially the estimated values of leaf area index (LAI).
The agency is in a better position to conduct the research because it is rather
difficult and not cost-efficient for the estate managers and planners to measure
the LAI of plants. With the publication, they are able to measure and use it to
plan the greenery density of their estates.
4. Narrow urban canyon (i.e. low SVF), is able to provide shading during
daytime, but it causes higher nighttime air temperature due to the trapped heat
inside the canyon (UHI phenomenon). Wider urban canyon (i.e. high SVF),
receives more solar radiation during daytime, which leads to a higher daytime
air temperature. On the other hand, this type of canyon has a lower nighttime
air temperature. The optimum solution is to design a wider urban canyon in
combination with introduction of dense canopy vegetations within the canyon
to provide shading.
5. Mature trees are found to provide more cooling to the environment as
compared to the shrubs and grass, through shading during daytime and
evapotranspiration cooling during both daytime and nighttime. Hence, the
planners should give a priority to add more trees with high LAI values up to
the estates’ optimum level, then followed by shrubs and grass.
6. Green Plot Ratio (GnPR) variable is a three dimensional concept to quantify
the greenery density over an area. Besides trees, shrubs and grass, vertical
greenery and rooftop garden also have the influence over the GnPR. However,
according to the scope of this research, the priority of vegetations introduction

227

should be given at the pedestrian level with the priority level as follows: tree,
shrub, grass, vertical greenery and rooftop greenery.
11.5. Limitations and suggestions for future research
The air temperature prediction models used together with temperature maps within
the Estate Level Climatic Impact Assessment Framework provide urban planners and
estate managers a complete set of method or tool to design, develop and maintain the
estates in Singapore in a sustainable way. The limitations and suggestions for future
research are written, as follows:
1. The regression of air temperature prediction models were developed based on
the weather data in Singapore. Thus, the applicability of the air temperature
prediction models fit only for Singapore. However, the models may be tested
in the neighboring tropical countries.
2. The wind speed was excluded in the model development, since the models
focus on calm day (wind speed <3m/s) weather conditions. Hence, the models
may not be able to predict accurately when the wind speed above 3m/s,
although most of the time, Singapore has an overall wind speed below 5m/s
measured at the reference weather station above the urban canyons.
3. Anthropogenic heat release in the environment was not considered. The
anthropogenic heat is an important factor that influences especially the
daytime air temperature condition. The Tmax model has a fair R2 value of 0.54.
It is believed that the anthropogenic heat, which was not covered in the model
development, has influenced the result.
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4. The air temperature prediction models can be developed as a GIS plug-in
(STEVE plug-in) that can extract the urban morphology variables, calculate
the predicted air temperature and generate the temperature maps at a push of a
button.

229

BIBLIOGRAPHY
Ahmed, K.S. (2003). Comfort in urban spaces: defining the boundaries of outdoor
thermal comfort for the tropical urban environments. Energy and Buildings, 35, 103110.
Arnfield, A.J. (1990). Street design and urban canyon solar access. Energy and
Buildings, 14, 117-131.
Arnfield, A.J. (2003). Two decades of urban climate research: a review of turbulence,
exchanges of energy and water, the urban heat island. International Journal of
Climatology, 23, 1-26.
ASHRAE. (1989). ASHRAE Handbook Fundamentals. ASHRAE, Inc. Atlanta, GA.
Ao, K.F and Ngo, H.T.M. (2000). GIS Analysis of Vancouver's Urban Heat Island.
Retrieved
on
9th
February
2007
from:
http://www.geog.ubc.ca/courses/klink/g470/class00/kfao/abstract.html
Arzamassova, E. (2003). Urban Heat Islands and Urban/Sub Urban Forestry, Center
for Environmental Studies, Brown University. Retrieved on 19th January 2007 from:
http://envstudies.brown.edu/classes/es201/2003/Forestry/heatislands.htm
Akbari, H. et al. (1992). Cooling our communities – a guidebook on tree planting and
light coloured surfacing. US Environmental Protection Agency. Office of Policy
Analysis, Climate Change Division.
Akbari, H., Bretz, S., Kurn, D.M. and Hanford, J. (1997). Peak power and cooling
energy savings of shade trees. Energy and buildings, 25, 139-148.
Akbari, H., Pomerantz, M. and. Taha, H. (2001). Cool surfaces and shade trees to
reduce energy use and improve air quality in urban areas. Solar Energy, 70, 295-310.
Associated Press. (2007). Singapore projects population will expand to 6.5 million in
40-50 years: cabinet minister. Retrieved on 25th September 2008 from:
http://www.iht.com/articles/ap/2007/02/27/asia/AS-GEN-Singapore-Population.php
Bärring, I., Mattsson, J.O. and Lindqvist, S. (1985). Canyon geometry, street
temperatures and urban heat island in Malmö, Sweden. International Journal of
Climatology, 5, 433-444.
Berdahl, P. and Bretz, S. (1997). Preliminary survey of the solar reflectance of cool
roofing materials. Energy and Buildings Special Issue on Urban Heat Islands and
Cool Communities. 25(2), 149–158.
Blennow, K. (1995). Sky view factors from high resolution scanned fish-eye lens
photograghic negatives. Journal of Atmospheric and Oceanic Technology, 12, 13571362.
Burton, I. (1996). The growth of adaptation capacity: practice and policy. In: Smith,
J.B., Bhatti, N., Menzhulin, G.V., Benioff, R., Campos, M., Jallow, B., Rijsberman,
F., Budyko, M.I. and Dixon, R.K. (eds.). Adapting to Climate Change: An
International Perspective. Springer-Verlag, New York, NY, USA, pp. 55–67.

230

Ca, V.T., Asaeda, T. and Abu, E.M. (1998). Reductions in air conditioning energy
caused by a nearby park. Energy and Buildings, 29, 83–92.
Chapman, L., Thornes, J.E. and Bradley, A.V. (2001). Rapid determination of canyon
geometry parameters for use in surface radiation budgets. Theoretical and Applied
Climatology, 69, 81-89.
City Farmer. (2003). Urban Agriculture Notes. Rooftop Garden. Retrieved on 19th
January 2007 from: http://www.cityfarmer.org/rooftop59.html
Chen, Y. (2006). The intervention of plants in the conflicts between buildings and
climate – a case study in Singapore. PhD Thesis. National University of Singapore.
Chen, Y. and Wong, N.H. (2006). Thermal benefits of city parks. Energy and
Buildings, 38, 105-120.
Cheong, K.H. (2008). Strategies for Sustainable Urban Development in Singapore.
Speech in Forum on 'Sustainable urbanization in the information age' at the United
Nations
headquarters,
New
York,
23
April
2008.
http://www.ura.gov.sg/pr/text/2008/pr08-42.html. Retrieved on 8 July 2008.
Clark, W.C. and Munn, R.E. (1986). Sustainable Development of Biosphere.
Cambridge University Press, Cambridge, 491pp.
Cleugh, H. (1995). Urban climates. In: Henderson-Sellers, A. (ed.). Future climates of
the world: a modelling perspective. Amsterdam; New York: Elsevier. pp. 488.
Crutzen, P.J. (2004). The growing urban heat and pollution "island" effect—impact
on chemistry and climate. Atmospheric Environment, 38, 3539-3540.
Dale, O.J. (2008). Sustainable City Centre Development: The Singapore City Centre
in the Context of Sustainable Development. In: Wong, T.C., Belinda, Y. and
Goldblum, C. (eds.). Spatial Planning for a Sustainable Singapore. Springer,
Dordrecht, London, UK.
Department of Geography, NUS. (2008). Geography Weather Station. Retrieved on
6th
April,
2008,
from:
http://courses.nus.edu.sg/course/geomr/front/fresearch/metstation/info01.htm
Dickinson, R.E. (1986). Impact of human activities on climate - a framework. In:
Clark, W.C. and Munn, R.E. (eds.), Sustainable Development of the Biosphere.
Cambridge University Press. Cambridge, pp. 252-288.
Doulos, L., Santamouris, M. and Livada, I. (2004) Passive cooling of outdoor urban
spaces. The role of materials. Solar Energy, 77, 231–249.
Elnahas, M.M. and Williamson, T.J. (1997). An improvement of the CTTC model for
predicting urban air temperatures. Energy and Buildings, 25, 41-49.
Eliasson, I. (1990/91). Urban geometry, surface temperature and air temperature.
Energy and Buildings, 15-16, 141-145.
Eliasson, I. (1996). Urban nocturnal temperatures, street geometry and land use.
Atmospheric Environment, 30, 379-392.
ENVI Software. http://www.ittvis.com/envi/index.asp

231

ESRI. (2007). GIS and Mapping Software. http://www.esri.com/
French, H.F. (1990). Green revolutions: environmental reconstruction in Eastern
Europe and the Soviet Union. Worldwatch Paper 99, Worldwatch Institute.
Giridharan, R., Ganesan, S. and Lau, S.S.Y. (2004) Daytime urban heat island effect
in high-rise and high-density residential developments in Hong Kong. Energy and
Buildings, 36, 525-534.
Giridharan, R., Lau S.S.Y. and Ganesan, S. (2005). Nocturnal heat island effect in
urban residential developments of Hong Kong. Energy and Buildings, 37, 964-971.
Giridharan, R., Lau, S.S.Y., Ganesan, S. and Givoni, B. (2007). Urban design factors
influencing heat island intensity in high rise high density environments of Hong
Kong. Building and Environment, 42, 3669-3684.
Giridharan, R., Lau, S.S.Y., Ganesan, S. and Givoni, B. (2008). Lowering the outdoor
temperature in high-rise residential developments of coastal Hong Kong: the
vegetation influence. Building and Environment, 43, 1583-1595.
Goldblum, C. (2008). Planning the World Metropolis on an Island-City Scale: Urban
Innovation as a Constraint and Tool for Global Change. In: Wong, T.C., Belinda, Y.
and Goldblum, C. (eds.). Spatial Planning for a Sustainable Singapore. Springer,
Dordrecht, London, UK.
Google Earth Application. http://earth.google.com/
Grimmond, S. and Blackett, M. (2008). Urban surface energy balance: land surface
scheme comparison. January 2008 Newsletter: Issue 1. Department of Geography.
King’s College London, University of London.
Henderson-Sellers, A. and McGuffie, K. (1987). A Climate Model Primer. Wiley,
New York, 217 pp.
Henderson-Sellers, A. (1990a). Getting GARP to grow grass: landsurfaces in global
climate models. Australian Meteorological Magazine, 38: 245-254.
Henderson-Sellers, A. (1995). Human Effects on Climate through the large scale
impacts of land use change. In: Henderson-Sellers, A. (ed.). Future climates of the
world: a modelling perspective. Amsterdam; New York: Elsevier.
Hoppe, P. (1999). The physiological equivalent temperature – a universal index for
the biometeorological assessment of the thermal environment. International Journal
of Biometeorology, 43, 71–75.
Houghton, J.T., Jenkins, G.J. and Ephraums, J.J. (eds.). (1990). Climate Change. The
IPCC Scientific Assessment. Cambridge University Press, 365 pp. Cambridge.
Houghton, J.T., Callander, B. and Varney, S.K. (eds.). (1992). Climate Change1992.
The Supplementary Report to the IPCC Scientific Assessment. Cambridge University
Press, 200pp. Cambridge.
Hoyano, A. (1988). Climatological uses of plants for solar control and the effects on
the thermal environment of a building. Energy and Buildings, 11, 181-199.
I.H.V.E. (1970). I.H.V.E. Guide Book: A design data. Institution of Heating and
Ventilation Engineers, London.
232

ISO, 1975, Standard atmosphere,
Organization).

ISO 2533:1975

(International Standard

Jauregui, E. (1990/91). Influence of a large urban park on temperature and convective
precipitation in tropical city. Energy and Buildings, 15-16, 457-463.
Johansson, E. and Emmanuel, R. (2006). The influence of urban design on outdoor
thermal comfort in the hot, humid city of Colombo, Sri Lanka. International Journal
of Biometeorology, 51, 119–133.
Jones, H.G. (1992). Plants and microclimate, a quantitative approach to
environmental plant physiology. 2nd edition. Cambridge University Press. Great
Britain.
Katzschner, L (1988). The Urban Climate as a Parameter for Urban Development,
Energy and Buildings, 11, 137 - 147
Katzschner, L., Bosch, U. and Röttgen, M. (2004). A methodology for bioclimatic
microscale mapping of urban spaces. University of Kassel, Kassel, Germany
Katzschner, L. and Ng, E. (2007). Urban Climatic Map and Standards for Wind
Environment - Feasibility Study. Working Paper 1A: Urban Climatic Analysis Map
November 2007. Chinese University of Hong Kong, Hong Kong, China.
Katzschner, L. and Mülder, J. (2008). Regional climatic mapping as a tool for
sustainable development, Journal of Environmental Management, 87 (2), 262-267.
Kawashima, S. (1990/ 1991). Effect of vegetation on surface temperature in urban and
suburban areas in winter, Energy and Buildings 15–16, 465–469.
Kiehl, J.T. (1992). Atmospheric general circulation modeling. In: Trenberth, K.E.
(editor), Climate System Modelling. Cambridge University Press, Cambridge, pp. 319370.
Kinouchi, T., Yoshinaka, T., Fukae, N. and Kanda, M. (2004). Development of cool
pavement with dark colored high albedo coating. In Proceedings of the Fifth
Conference on Urban Environment, American Meteorological Society, USA.
Kinya, K. and Koumura, K. (2003). The Analysis of Greening Effects on the Urban
Environment Using GIS.
Retrieved on 13th March 2007 from:
http://gis.esri.com/library/userconf/proc02/pap1159/p1159.htm
Knowles, R.L. (1977). Energy and form: An ecological approach to urban growth.
The MIT Press, USA.
Kjelgeren, R. and Montague, T. (1998). Urban tree transpiration over turf and asphalt
surfaces. Atmospheric Environment, 1, 35-41.
Koster, E. (1998). Urban morphology and computers. Urban Morphology, 2(1), 3-7.
Kruger, E. and Givoni, B. (2007). Outdoor measurements and temperature
comparisons of seven monitoring stations: preliminary studies in Curitiba, Brazil.
Building and Environment, 42, 1685-1698.
Laing, R., Miller, D., Davies, A.M., and Scott, S. (2006). Urban green space: the
incorporation of environmental values in a decision support system. Journal of
Information Technology in Construction, 11, 177 - 196
233

Landsat Project Science Office in NASA's Goddard Space Flight Center. (2006). The
Landsat-7 Science Data User's Handbook, Maryland. USA.
Laski, L. and Schellekens, S. (2007). Growing up urban. In Marshal, A. and Singer,
A. (eds.), The state of world population 2007 youth supplement. United Nations
Population Fund (UNFPA).
Li, W., Putra, S.Y., Li, Z., and Yang, P. (2004a). Climatic Performance of 3-D Urban
Geometry: A GIS-based analysis tool for climatic evaluation of Singapore downtown
space. In Proceedings of the 6th Biennial Conference of the International Urban
Planning and Environmental Association, Louisville, KY, USA.
Li, W., Putra, S.Y., Li, Z., and Yang, P. (2004b). GIS Analysis for the Climatic
Evaluation of 3-D Urban Geometry – The Development of GIS Analysis Tools for
Sky View Factor. In Proceedings of GIS in Developing Countries (GISDECO) 2004
Conference, Johor Bahru.
Lowry, W.P. (1988). Atmospheric ecology for designers and planners. McMinnile,
Oregon: Peavine Publications.
Matzarakis, A., Mayer, H. and Iziomon, M.,(1999). Applications of a universal
thermal index: physiological equivalent temperature. International Journal of
Biometeorology, 43, 76-84.
Matzarakis, A., Rutz, F., and Mayer, H. (2000). Estimation and calculation of the
mean radiant temperature within urban structures. In: de Dear, R.J., Kalma, J.D., Oke,
T.R. and Auliciems, A.(eds.). Biometeorology and Urban Climatology at the Turn of
the Millennium. Selected Papers from the Conference ICB-ICUC'99, Sydney,
WCASP-50, WMO/TD No. 1026, 273-278.
Matzarakis, A., Zygmuntowski, M., Koch, E. and Rudel, E. (2004) Mapping the
thermal bioclimate of Austria for health and recreation tourism. In: Matzarakis, A., de
Freitas, C., Scott, D. (eds.) Advances in tourism climatology. Ber. Meteorol. Inst.
Univ. Freiburg Nr. 12, 10-18.
Martinez, C.F., Córica, L. and Endrizzi, M. (2006). Effect of Urban Forest on
Daylight Availability in Built Environments. The case of Metropolitan area in
Mendoza. In Proceedings of PLEA 2006, 23rd International Conference, Geneva
Switzerland 6-8 September 2006.
McPherson, E.G., Herrington, L.P. and Heisler, M. (1988). Impacts of vegetation on
residential heating and cooling. Energy and Buildings, 12, 41-51.
MEWR. (2006). The Singapore green plan 2012. Ministry of Environment and Water
Resources. Singapore.
Morris, W. (1982). The American heritage dictionary of the English language.
Boston: Houghton Mifflin.
Myers, N. (1992). The Primary Source: Tropical Forests and Our Future, 2nd edition.
W.W. Norton, New York, 416 pp.Takahashi, K., Yoshida, H., Tanaka, Y. Aotake, N.
and Wang, F. (2004). Measurement of Thermal Environment in Kyoto City and Its
Prediction by CFD Simulation. Energy and Buildings, 16, 771-779.

234

Mills, G. (1997). The radiative effects of building groups on single structures.
Energy and Buildings, 25, 51-61.
Nichol, J. and Wong, M.S. (2005). Modelling urban environmental quality in a
tropical city. Landscape and Urban Planning, 75, 49-58.
NParks and CTBP (2002). Handbook on skyrise greening in Singapore. Singapore,
NParks & NUS.
Oke, T.R. and Eas, C. (1971). The urban boundary layer in Montreal. Boundary-Layer
Meteorology, 1, 411-437.
Oke, T.R. (1981). Canyon geometry and the nocturnal urban heat island: comparison
of scale model and field observations. International Journal of Climatology, 1(1-4),
237-254.
Oke, T.R. (1987). Boundary Layer Climates. Routledge, London.
Oke, T.R. (1989). The micrometeorology of the urban forest. Philosophical
Transactions of the Royal Society of London, Series B, 324, 335-349.
Oke, T.R., Johnson, G.T., Steyn, D.G. and Watson, I.D. (1991). Simulation of surface
urban heat islands under ‘ideal’ conditions at night. Part 2: Diagnosis of causation.
Boundary-Layer Meteorology, 56, 339-358
Ong, B.L. (2003). Green plot ratio: an ecological measure for architecture and urban
planning. Landscape and Urban Planning, 63, 197-211.
Padmanabhamurty. (1990/91) Microclimates in tropical urban complexes. Energy and
Buildings, 15 (3-4), 83-92.
Reuter, U. and Baumiiller, J. (1985). Regionalklimatologische Grundlagenforschung,
Promet, 15 (1).
Robinson, D. (2006). Urban morphology and indicators of radiation availability.
Solar Energy, 80, 1643-1648.
Sagan, C., Toon, O.B. and Pollack, J.B. (1979). Antropogenic albedo changes and the
earth’s climate. Science, 206, 1363-1368.
Sani, S. (1990/91). Urban climatology in Malaysia: an overview. Energy and
Buildings, 15 (3-4), 105-117.
Santamouris, M. (2001). The canyon effect. In: Santamouris, M. (editor). Energy and
climate in the urban built environment. James & James Science Publishers, London.
Schneider, S.H. (1992). Introduction to climate modeling. In: Trenberth, K.E. (ed.),
Climate system modeling. Cambridge University Press, pp. 3-26.
Sharlin, N. and Hoffman M.E. (1984). The urban complex as a factor in the air
temperature pattern in a Mediterannean coastal region. Energy and buildings, 7, 149158.
Shasua-bar, L. and Hoffman, M.E. (2000). Vegetation as a climatic component in the
design of an urban street, an empirical model for predicting the cooling effect of
urban green areas with trees. Energy and Buildings, 31, 221-235.

235

Shasua-Bar, L. and Hoffman, M.E. (2002). The Green CTTC model for predicting the
air temperature in small urban wooded sites. Building and environment, 37, 12791288.
Smit, B. (ed.). (1993). Adaptation to climatic variability and change. Report of the
task force on climate adaptation, the Canadian Climate Program. Occasional Paper
no 9, Department of Geography, University of Guelph.
Smit, B. and Pilivosofa, O. (2001). Adaptation to Climate Change in the Context of
Sustainable Development and Equity. In: McCarthy, J.J., Canziani, O.F., Leary, N.A.,
Dokken, D.J. and White, K.S. (eds.). Climate Change 2001: Impacts, Adaptation, and
Vulnerability. Contribution of Working Group II to the Third Assessment Report of
the Intergovernmental Panel on Climate Change. Published for the Intergovernmental
Panel on Climate Change. Cambridge University Press. UK.
Spagnolo, J.C. and de Dear, R.J. (2003). A field study of thermal comfort in outdoor
and semi-outdoor environments in subtropical Sydney Australia. Building and
Environment, 38, 721-738
Steyn, D.G. (1980). The calculation of view factors from fisheye-lens photographs.
Atmosphere-Ocean, 18(3), 254.
Stocks, C.E. and Wise, S. (2000). The role of GIS in environmental modeling.
Geographical & Environmental Modelling, 4(2), 219 – 235.
Streiling, S. and Matzarakis, A. (2003). Influence of single and small clusters of trees
on the bioclimate of a city: a case study. Journal Arboriculture, 29 (6), 309-316.
Swaid, H. and Hoffman, M.E. (1989). The prediction of impervious ground surface
temperature by Surface Thermal Time Constant (STTC). Energy and Buildings, 13,
149-157.
Swaid, H. and Hoffman M.E. (1990). Prediction of urban air temperature variations
using the analytical CTTC model. Energy and Buildings, 14, 313–324.
Taha, B. (1997). Modeling the impacts of large-scale albedo changes on ozone air
quality in the South Coast Air Basin. Atmospheric Environment, 31, 1667-1676.
Taha, H., Akbari, H., Rosenfeld, A. and Huang, J. (1988). Residential cooling loads
and the urban heat island-the effects of albedo. Building and Environment, 23(4), 271283.
Taplin, R. (1995). Climate Impact Assessment. In: Frank, V. and Daniel A.B. (eds.)
Environmental and social impact assessment. Chichester ; New York: J. Wiley.
URA. (2001). Concept Plan 2001 Towards a thriving world class city in the 21st
century.
Retrieved
on
19th
February
2007
from:
http://www.ura.gov.sg/conceptplan2001/index.html
URA. (2008). www.ura.gov.sg
Wikipedia. (2008). List of countries by population density. Retrieved on 25th
September
2008
from:
http://en.wikipedia.org/wiki/List_of_countries_by_population_density

236

Wong, N.H., Tay, S.F., Wong, R., Chui, L.O. and Sia, A. (2003). Life cycle cost
analysis of rooftop gardens in Singapore. Building and Environment, 38(3), 499 –
509.
Wong, N.H., Chen, Y., Chui, L.O. and Sia, A. (2003). Inverstigation of thermal
benefits of rooftop garden in the tropical environment. Building and Environment, 38
(2), 261–270.
Wong N.H. and Chen, Y. (2006). A comparison of two rooftop systems in tropical
climates. In Proceedings of 2nd iNTA Conference, Jogjakarta, Indonesia.
Wong, N.H., Jusuf, S.K. La Win, A.A., Htun, K.T., Negara, T.S. and Wu, X. (2007).
Environmental study of the impact of greenery in an institutional campus in the
tropics. Building and environment, 42, 2949–2970.
Wong, N.H., Tan, P.Y. and Chen, Y. (2007). Study of thermal performance of
extensive rooftop greenery systems in the tropical climate. Building and environment,
42, 25–54.
Wong, N.H. and Chen, Y. (2009). Tropical urban heat islands: Climate, building and
greenery. Taylor and Francis, UK.
Wong, T. and Goldblum, C. (2008). Sustainability Planning and Its Theory and
Practice: An Introduction. In: Wong, T.C., Belinda, Y. and Goldblum, C. (eds.).
Spatial Planning for a Sustainable Singapore. Springer, Dordrecht, London, UK.
Yamashita, S., Sekine, K., Shoda, M., Yamashita, K. and Hara, Y. (1986). On the
relationship between heat island and sky view factor in the cities of Tama River
Basin, Japan. Atmospheric Environment, 20 (4), 681-686.

237

LIST OF PUBLICATIONS
International Journal Papers
Wong Nyuk Hien, Steve Kardinal Jusuf, Aung Aung La Win, Htun Kyaw Thu, To Syatia
Negara and Wu Xuchao. (2007). Environmental Study of the Impact of Greenery in an
Institutional Campus in the Tropics. Building and Environment, 42, 2949–2970.
Steve Kardinal Jusuf, Wong Nyuk Hien, Emlyn Hagen, Roni Anggoro, Yan Hong.
(2007). The influence of land use on the urban heat island in Singapore. Habitat
International, 31, 232-242.
Wong Nyuk Hien and Steve Kardinal Jusuf (2008). GIS-based greenery evaluation on
campus master plan. Landscape and Urban Planning, 84, 166–182.
Wong Nyuk Hien and Steve Kardinal Jusuf (2008). An Assessment Method for Existing
Greenery Conditions in a University Campus. Architectural Science Review, 51(3), 212222.
Wong Nyuk Hien and Steve Kardinal Jusuf. Study on the Impact of Trees along
Pedestrian Canyon in Tropical University Campus. Accepted for publication in
Architectural Science Review.
Wong Nyuk Hien and Steve Kardinal Jusuf. Air temperature distribution and the
influence of sky view factor on air temperature in a green Singapore estate. Accepted for
publication in Journal of Urban Planning and Development.
Wong Nyuk Hien and Steve Kardinal Jusuf. Influence of urban morphology on air
temperature variation: an empirical model for an estate level air temperature prediction in
Singapore. Submitted to Environment and Planning B.
Wong Nyuk Hien and Steve Kardinal Jusuf. Sensitivity analyses and the applications of
empirical models of estate level air temperature prediction in Singapore. Submitted to
Building Research and Information.

International Conference Paper
Steve Kardinal Jusuf, Wong Nyuk Hien, Aung Aung La Win, Htun Kyaw Thu, To Syatia
Negara, Wu Xuchao. (2006). Study on effect of greenery in NUS environment.
Proceedings of iNTA 2006, iNTA 2nd International Conference on Sustainable
Architecture and Urban Design in Tropical Regions: “Harmony in Culture and Nature”,
Jogjakarta – Indonesia, 3-5 April 2006.
Steve Kardinal Jusuf, Wong Nyuk Hien, Aung Aung La Win, Htun Kyaw Thu, To Syatia
Negara, Wu Xuchao. (2006). Study on effect of greenery in campus area. Proceedings of
PLEA 2006, 23rd International Conference on Passive and Low Energy Architecture,
Geneva – Switzerland, 6-8 September 2006
Wong Nyuk Hien and Steve Kardinal Jusuf. (2007). GIS-Based and Computer
Simulation Evaluation on NUS Campus Master Plan. Proceedings of 2nd Palenc
Conference and 28th AIVC Conference. Building low energy cooling and advanced
ventilation technologies in the 21st century, Crete Island – Greece, 27-29 September 2007.

238

Wong Nyuk Hien and Steve Kardinal Jusuf. (2007). GIS-Based Urban Elements Study
and Its Rooftop Greenery Potential in NUS Campus. Proceedings of 2nd Palenc
Conference and 28th AIVC Conference. Building low energy cooling and advanced
ventilation technologies in the 21st century, Crete Island – Greece, 27-29 September 2007.
Wong Nyuk Hien and Steve Kardinal Jusuf. (2007). GIS-Based urban heat island study
in university campus. Proceedings of PLEA 2007, 24th International Conference on Passive
and Low Energy Architecture, Singapore 22-24 November 2007.
Steve Kardinal Jusuf and Wong Nyuk Hien. (2009). Development of empirical models
for an estate level air temperature prediction in Singapore. Second International
Conference on Countermeasures to Urban Heat Islands, Berkeley, USA, 21-23 September
2009.
Steve Kardinal Jusuf and Wong Nyuk Hien. (2009). STEVE tool: a web application of
Singapore air temperature prediction model. iNTA-SEGA 2009: Bridging innovation,
technology and tradition, Bangkok, Thailand, 2-4 December 2009.
Steve Kardinal Jusuf, Wong Nyuk Hien and Nedyomukti Imam Syafii. (2009). Influence
of water feature on air temperature condition in hot humid climate. iNTA-SEGA 2009:
Bridging innovation, technology and tradition, Bangkok, Thailand, 2-4 December 2009.

Citations in International Journal Paper
Alex Waldman and Franco Montalto. (2008). Best management practices literature review.
Sustainable Stormwater Management Plan 2008, New York City.
Melissa A. Hart and David J. Sailor. (2008). Quantifying the influence of land-use and
surface characteristics on spatial variability in the urban heat island. Theoretical and
Applied Climatology, 95 (3-4), 397-406.
Takashi Asawa, Akira Hoyano and Kazuaki Nakaohbuko. (2008). Thermal design tool for
outdoor spaces based on heat balance simulation using a 3D-CAD system. Building and
Environment, 42, 2112-2123.
Wong Nyuk Hien, Alex Yong Kwang Tan, Tan Puay Yok and Wong Ngiang Chung.
(2009). Energy simulations on vertical greenery systems. Energy and Buildings. Energy
and Buildings, 41(12), 1401-1408.
Yaiprasert, C., Jaroensutasinee, K. and Jaroensutasinee, J. (2007). The pixel value data
approach for rainfall forecasting based on GOES-9 satellite image sequence analysis.
Proceedings of world academy of science, Engineering and Technology, 26, 186-191.
Yongming Xu, Zhihao Qin and Jingjing Lu. (2008). Comparative analysis of urban heat
island and associated land cover changes based in Suzhou city using landsat data.
ettandgrs, vol. 2, pp.316-319, 2008 International Workshop on Education Technology and
Training & 2008 International Workshop on Geoscience and Remote Sensing.

239

Reviewer in International Journal Paper
Kruger, E.L. and Pearlmutter, D. (2007). The effect of urban evaporation on building
energy demand. Energy and Buildings.
Su, W., Gu, C. and Yang, G. (2008). Assessing the impact of land use on urban heat island
pattern in Nanjing City, China. Journal of Urban Planning and Development.
Jean de La Paex Mpenzi, Jiwen Ge and Gabriel Habiyaremye. (2009). Spatial distribution
and evaluation of Pentacost churches in Africa urban environment: a case study of
Lubumbashi city in D.R. Congo. Journal of Urban Planning and Development.
- . (2009). The role of urban planning in the reduction of earthquake vulnerability: the
experience of Bam, Iran. Journal of Urban Planning and Development.

240

