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Abstract 

Outdoor thermal comfort is a major concern in urban areas throughout the world. Sophisticated modelling 

techniques have been developed to analyze the interaction of the urban areas with the regional climate. 

However, in most cases, the assessment of outdoor thermal comfort is not based on a long term analysis 

and provides results only for specific meteorological conditions. In this study, we apply a clustering 

method to yearly weather files with the aim of obtaining representative boundary conditions for urban 

microclimatic models. The results describe typical-day weather situations commonly known as weather 

types. The study is carried out in the hot and humid tropical conditions of Singapore, where ten weather 

types are defined. The analysis of the clusters’ performance shows adequate results. ENVI-met (v.4.3) 

model is used to evaluate the impact of weather types on thermal comfort in a courtyard surrounded by 

high-rise buildings. Results not only show different levels of thermal comfort but also different spatial 

distribution and diurnal evolution inside the courtyard for each weather type. We conclude that it is 

relevant to analyze thermal comfort in all predominant weather conditions so as to have an accurate and 

complete assessment of the existing thermal situation. The approach presented in this study will provide 

better support to planners and decision makers in the development of urban spaces in regard to their 

expected use. 

 

Highlights 

k-means clustering method is reliable to develop weather types for thermal comfort assessment 

Ten weather types were developed for a specific area of Singapore 

Using weather types is relevant and improves for thermal comfort evaluations 

 

Keywords 

Weather types, modelling, thermal comfort, Singapore 

  

mailto:juanangel@smart.mit.edu


      AUTHOR ACCEPTED MANUSCRIPT     

© 2019 Springer-Verlag GmbH Austria, part of Springer Nature 

1. Introduction 

During the last decade the topic of outdoor thermal comfort has become a priority to attain sustainable 

and livable cities (Chen and Ng 2012; Emmanuel 2016). One of the reasons is the global increase of air 

temperature due to climate change and the other is the influence of the urban heat island (UHI). On the 

whole urban areas present different climatic characteristics than nearby rural areas (Stewart and Oke 

2012) that affect the outdoor thermal comfort. 

 

Different urban developments and urban designs have different impact on local thermal comfort 

depending on the influence of regional climate and the surrounding land use. Generally, urban areas tend 

to increase air temperature due to accumulation of heat, reduce humidity due to a decrease of vegetative 

elements and pervious grounds, and slow the mean air flow in the urban area due to the increase of 

surface roughness caused by buildings and urban elements of different heights (Oke 1987). 

 

Many studies have analyzed strategies and measures to improve urban thermal comfort focusing on 

materials (Santamouris et al. 2011; Erell et al. 2014; Taleghani and Berardi 2016); vegetation (Ng et al. 

2012; Tan et al. 2014; Lobaccaro and Acero 2015; Zölch et al. 2016; Besir and Cuce 2018); ventilation 

(Ali-Toudert and Mayer 2006; Ng 2009; Krüger et al. 2011; Ignatius et al. 2015; Hong and Lin 2015) and 

water bodies (Nishimura et al. 1998; Shashua-bar et al. 2009; Steeneveld et al. 2014). The impact of these 

can be assessed by means of measurements and/or modelling (Gulyás et al. 2006; Chow et al. 2011; Zölch 

et al. 2016). Reliable results are obtained from the former but the costs in terms of time and resources are 

significant. Additionally, the evaluation of certain mitigation measures, individually or combination, 

cannot always be undertaken with measurements, especially if they are not yet implemented. Numerical 

modelling can overcome these limitations despite a certain level of inaccuracy in the results that must be 

assumed (Acero and Herranz-Pascual 2015). 

 

In the case of numerical modelling of thermal comfort, different tools/approaches that combine 

computational fluid dynamic models with radiative models can be used, e.g. ENVI-met (Bruse and Fleer 

1998) and OpenFOAM (Weller et al. 1998). All of these require significant computing power and can 

take a huge amount of time to perform their calculations especially if they are to provide results during a 

representative period of time (e.g. more than one year). Thus, to shorten the amount of calculations, most 

of the studies select specific weather conditions (many times based on measured data) to evaluate their 

impact on thermal comfort. However, these do not represent all the weather conditions and thus cannot 

always provide reliable results when assessing thermal comfort on an annual basis. In this sense, the real 

impact of mitigation measures can be misleading or incomplete. Actually, most of the studies carried out 

consider only one or perhaps a few meteorological conditions (Ketterer and Matzarakis 2014; Müller et 

al. 2014; Taleghani et al. 2015; Morakinyo et al. 2017).  

 

Weather patterns have been used to identify relationships between the synoptic scale atmospheric 

circulations and local scale meteorological impacts such as air quality (Demuzere and van Lipzig 2010), 

and urban climate (Morris and Simmonds 2000; Hidalgo et al. 2014). Also, they are used to dynamically 

downscale broader scale atmospheric models (Pinto et al. 2010) to higher resolution scales, especially for 

climate change impact scenarios (Hoffmann and Heinke SchlüNzen 2013; Hidalgo et al. 2014). 

 

One of the most commonly used methods to classify weather types is the cluster analysis, especially the 

k-means-based method (Huth et al. 2008). Although there are other methods (e.g artificial-neural-

network-based), the former seems to perform well. Recently, Hidalgo and Jougla (2018) have applied the 

Partitioning Around Medoids (PAM) method to an urban climate study in Toulouse (France).  
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In this study, we present a new approach for the annual evaluation of outdoor thermal comfort based on 

the use of weather types. Specifically, they have been obtained to be used as boundary conditions of a 

microscale model (ENVI-met). The overall impact of the weather types is compared with individual 

conditions showing the relevance of using a set of representative weather conditions for annual outdoor 

thermal comfort assessments. 

2. Methods 

2.1 Study area and regional climate 

The study has been developed in Singapore, an island located at the southern end of the Malayan 

Peninsula (1˚N, 104˚E) with an approximate land area of 712 km
2
 and a population of 5.6 million 

inhabitants in 2016 (Singapore Department of Statistics 2017). 

The climate in Singapore is classified as tropical rainforest (Koppen climate classification Af). Typically, 

high and uniform air temperatures together with high humidity occur throughout the year. The annual 

mean temperature is ~27.5 ˚C with minor monthly variation (< 2 ˚C). The hottest months are April and 

May, due to light winds and strong sunshine. The diurnal temperature range is relatively small (~7 ˚C). 

The daily maximum temperature is 31-33 ˚C while the minimum temperature is 23-25 ˚C. Relative 

humidity varies from 90% in the morning (before sunrise) to 60% in the afternoon (when no rain). In 

periods of rain, values can reach 100% and the annual average is 84%. Annual total precipitation is high, 

reaching ~2190 mm (Roth and Chow 2012). 

Annual variations in regional climate caused by the Asian monsoon affect cloudiness, surface  wind 

speed, and wind direction (Chow and Roth 2006). Higher surface wind speeds occur from November to 

February and are consistent with winds from the Northeast between December and March (NE monsoon 

season). However, between May and September surface winds are generally from South to Southeast (SE 

monsoon season). These two seasons are separated by two Inter-monsoon seasons characterized by 

variable wind direction and light winds (Meteorological Service Singapore 2016). During these periods, 

sea breezes can frequently be developed and the urban heat island phenomenon has more emphasis (Li 

and Norford 2016). Although precipitation occurs during all the year (i.e. no clearly defined wet and dry 

season), higher levels occur in the first months of the NE monsoon season (i.e. December and January). 

Due to its location close to the equator, cloudiness in Singapore is high, and completely covered or mostly 

covered skies are frequent (Meteorological Service Singapore 2016). 

Inside Singapore we have selected a courtyard between high-rise buildings where we have tested and 

evaluated our approach for thermal comfort assessment (see section 2.2). Courtyards are usually designed 

by the Singapore Housing Development Board (HDB) to be used for outdoor activities. Our study area is 

located in Punggol in the northern part of the island (Fig. 1).  
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Fig. 1 Location of the study area in Singapore and the morphology of the analyzed courtyard in between 

high-rise buildings  

2.2 Development of weather types 

2.2.1 Data 

In order to define weather types (WT) that describe the representative meteorological conditions close to 

the surface, hourly data of air temperature (Ta), relative humidity (RH), wind speed (WS) and direction 

(WD), and Solar Radiation (SolRad) have been used. The first four climate variables were selected from 

the meteorological station of Seletar and the last one was taken from Changi Airport. Both belong to the 

National Environmental Agency (NEA) of Singapore (Fig. 1). 

For the calculation of WTs (see section 2.2.3), data of year 2016 were used. Only days with data available 

at least 75% of the time were selected (i.e. 336 days, 92% of the total). 

2.2.2 Clustering method 

The statistical k-means method has been applied to define clusters that represent the characteristics of the 

weather conditions of our study area. Previous studies (Beck and Philipp 2010; Hidalgo et al. 2014) 

suggest that this method is reliable for defining WTs (Hoffmann and Heinke SchlüNzen 2013). 

The k-means method is based on calculating the squared Euclidean distance (SED) between two data 

objects that can include one or more variables. In an interactive process, the algorithm looks for the 

minimum value of the so called ‘within-cluster sum of squares (WSS)’ (Hoffmann and Heinke SchlüNzen 

2013) that is defined as the sum of the squared differences between the observations and the 

corresponding centroid: 

𝑊𝑆𝑆 = ∑ ∑ ‖𝑥 − 𝑧𝑖‖2

 

𝑥∈𝐶𝑖

𝑘

𝑖=1

 

where x denotes all the data belonging to the cluster Ci; zi is the ith corresponding cluster centroid (CC) 

and k is the number of clusters. 

The iteration process starts with the selection of cluster centroids (CC). The SED is calculated for each 

combination of CC and data objects. All data objects are assigned to their nearest CC to form the cluster. 

Data objects of each cluster are averaged to provide a new CC. This procedure of CC reassignment and 

calculation of SED ends when no data needs to be reassigned to another CC. Thus, data objects are 

grouped with respect to their similarity. The final CC are unique values of the considered variables that 

represent the data objects in the clusters. 

The outcome provided by the k-means algorithm depends on the initial selection of CC. Thus, to 

minimize deviation we have run the k-means algorithm 5000 times and selected the CC with the lowest 

WSS. 

For the selection of the optimal number of clusters (i.e. weather types) in which our data should be 

divided, we have used the dynamic validity Index (DVIndex) developed by Shen et al. (2005). This index 

manages to balance in an effective way the compactness and the separateness of the clusters. With a 

higher number of clusters, the intracluster compactness increases while the intercluster separation 

decreases. To achieve the optimal number of clusters, the sum of compactness and separation should be at 

a minimum.  

From Shen et al (2005), DVIndex is defined for each cluster as: 



      AUTHOR ACCEPTED MANUSCRIPT     

© 2019 Springer-Verlag GmbH Austria, part of Springer Nature 

𝐷𝑉𝐼𝑛𝑑𝑒𝑥(𝑘) = 𝐼𝑛𝑡𝑟𝑎𝑅𝑎𝑡𝑖𝑜(𝑘) + 𝛾 ∙ 𝐼𝑛𝑡𝑒𝑟𝑅𝑎𝑡𝑖𝑜(𝑘) 

where 

𝐼𝑛𝑡𝑟𝑎𝑅𝑎𝑡𝑖𝑜(𝑘) =
𝐼𝑛𝑡𝑟𝑎(𝑘)

𝑀𝑎𝑥𝐼𝑛𝑡𝑟𝑎
 

𝐼𝑛𝑡𝑒𝑟𝑅𝑎𝑡𝑖𝑜(𝑘) =
𝐼𝑛𝑡𝑒𝑟(𝑘)

𝑀𝑎𝑥𝐼𝑛𝑡𝑒𝑟
 

𝐼𝑛𝑡𝑟𝑎(𝑘) =
1

𝑁
∙ ∑ ∑ ‖𝑥 − 𝑧𝑖‖2

 

𝑥∈𝐶𝑖

𝑘

𝑖=1

 

𝑀𝑎𝑥𝐼𝑛𝑡𝑟𝑎 = max
𝑖=1,…,𝐾

(𝐼𝑛𝑡𝑟𝑎(𝑖))  

𝐼𝑛𝑡𝑒𝑟(𝑘) =
𝑀𝑎𝑥𝑖,𝑗(‖𝑧𝑖 − 𝑧𝑗‖

2
)

𝑀𝑖𝑛𝑖≠𝑗(‖𝑧𝑖 − 𝑧𝑗‖
2

)
∙ ∑ (

1

∑ (‖𝑧𝑖 − 𝑧𝑗‖
2

)𝑘
𝑗=1

)

𝑘

𝑖=1

 

𝑀𝑎𝑥𝐼𝑛𝑡𝑒𝑟 = max
𝑖=1,…,𝐾

(𝐼𝑛𝑡𝑒𝑟(𝑖))  

where N is the number of data objects to be clustered, K is the pre-defined upper bound number of 

clusters (20 in our case), zi is the CC of the cluster Ci, and ϒ is a tuning parameter. 

Following Hoffmann and Heinke SchlüNzen (2013), ϒ was assigned a value of 0.5. 

2.2.3 Procedure for cluster calculations 

With the aim of representing daily weather patterns (i.e. daily mean cycles) we have defined the cluster 

structure using the following variables: daily mean temperature, daily temperature amplitude, daily mean 

vapour pressure, daily mean global radiation, and mean u – v wind components. 

The selected variables were suitable to analyze outdoor thermal comfort in the context of the Singapore 

climate. Similar variables were used by Hidalgo et al. (2014). 

After applying the clustering method (see section 2.2.2) to the previous variables, each day was assigned 

to a specific cluster and thus was associated with others with similar climatic features. For each cluster of 

days a diurnal mean cycle was calculated to represent the climatic variability for that specific WT. Hourly 

series for Ta and RH were obtained by averaging data in each cluster. 

Although the clustering method was initially applied independently to different seasons of the year (NE 

monsoon, SE monsoon and Inter-monsoon), the final clusters (i.e. WTs) were calculated with a unique 

annual dataset. In the climate context of Singapore, with small annual variations in weather variables (see 

section 2.1), this is a valid approach that can reduce the total number of WTs and thus reduce the outdoor 

thermal comfort conditions to be assessed in our study area (see section 2.3). 

2.3 Modelling the impact of outdoor thermal comfort 

To evaluate the impact of WTs on thermal comfort we have used ENVI-met model (see section 2.3.1). 

Climatic outputs of the model (Ta, RH, mean radiant temperature (Tmrt) and WS) were used to calculate 

the Physiological Equivalent Temperature (PET) (Höppe 1999) on an hourly basis. The human metabolic 
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rate and other human parameters were standardized (age: 35 years; height: 1.74 m.; metabolic rate: 80 

w/m2; clothing: 0.9; weight:75 kg; sex: male). 

2.3.1 Description of ENVI-met model 

This is a well-known and extended used model that is frequently applied to analyze the impact of the 

urban environment on the microclimate and thermal comfort (Krüger et al. 2011; Ng et al. 2012; Müller et 

al. 2014; Jänicke et al. 2015; Lobaccaro and Acero 2015; Yang et al. 2015, 2016; Taleghani and Berardi 

2016; Morakinyo et al. 2017). The model simulates surface-plant-atmosphere interactions with a spatial 

resolution between 0.5 to 10 meters. Air flow is solved with the standard k-ɛ turbulence closure model for 

the Reynold Average Navier-Stokes (RANS) equations. The model considers a complete radiation budget 

(i.e. direct, reflected and diffused solar radiation and longwave radiation). However, certain 

approximations are included (Huttner 2012) that need to be taken into account during the assessment of 

the results. The performance of the model has been evaluated in several studies (Chow et al. 2011; Yang 

et al. 2013; Jänicke et al. 2015; Acero and Arrizabalaga 2018) 

Version 4.3 of ENVI-met allows forcing climate variables along the simulation to account for the 

variation of meteorological variables along the day. However, only boundary conditions of Ta and RH 

can be updated during the diurnal simulation. WS and WD as well as cloudiness remain constant. 

Initial conditions of soil moisture and temperature are also input values required by ENVI-met. 

Especially, initial soil moisture is an extremely sensitive parameter if unsealed surfaces are present to a 

notable degree in the model domain due to their limitation to provide sufficient water for evaporation 

(Bruse, person. comm.). On the contrary, initial soil temperature is a less sensitive variable because it can 

quickly adjust to the calculated conditions. A sensitivity study carried out by Roth and Lim (2017) in 

Singapore showed the importance of the initial soil moisture in predicting air temperature when 

conditions become too dry. 

2.3.2 Model setup 

The spatial domain of the model has been extended further away of the limits of the courtyard (our study 

area) to consider the influence of the surrounding urban elements. Although version 4.3 of ENVI-met has 

no limitations in the model size, a compromise between size of model domain, resolution and 

computation time has to be met. In our study, a 3 x 3 m horizontal resolution has been selected. On the 

vertical, the grid size was 2 m in the five lowest levels (i.e. up to 10 m. a.g.l.). From this height upwards 

the grid increased the vertical resolution with a telescoping factor of 18%. The model domain covered a 

horizontal area of 399 x 414 m (i.e. 133 x 138 grid cells) and extended in the vertical to 122 m (i.e. 20 

grid cells). 

 

Characteristics of the spatial configuration of the model are presented in Fig. 2. The precise location of 

the buildings was obtained from OpenStreetMap. Height of each building was estimated considering 3 m 

per floor except for the ground floor that 4 m height was assumed. The range of building heights within 

the spatial domain was 13-55 m. In particular, the six residential towers that are located around the 

courtyard (our study area) are 55 m high and the two smaller buildings (carparks) are approximately 17 

m. The buildings envelope (i.e. walls and roofs) has been modeled with a unique material (i.e. concrete 

slab), for which precise properties can be seen in Table 1. The model included the existing grass (10 cm 

high), and the rest of the ground surface was covered with a red brick road, concrete pavement and 

traditional black asphalt road. 

 



      AUTHOR ACCEPTED MANUSCRIPT     

© 2019 Springer-Verlag GmbH Austria, part of Springer Nature 

 
Fig. 2 Modelled spatial domain including building footprint and height, and vegetation (grass) 

 

Table 1 Characteristics of the assigned 

material for the building envelope 

Building material description (walls & roofs) 

Description 
Concrete slab 

(hollow block) 

Thickness [m] 0.30 

Thermal Conductivity (W/m2K) 0.86 

Albedo 0.30 

Emissivity 0.90 

Specific heat (J/kgºC) 840 

 

Meteorological conditions were extracted from weather stations at Seletar and Changi (Fig. 1). These 

were clustered in ten representative WTs following the methodology presented in section 2.2. Ta and RH 

were considered on an hourly basis and the rest of the meteorological conditions remained constant 

during the simulation (i.e. WS, WD, and Cloud Cover). For each WT, model estimation of solar radiation 

was adjusted by comparing hourly direct and diffuse shortwave radiation estimations in the absence of 

buildings with the clustered diurnal cycle of solar radiation. A linear regression analysis of the pairs of 

solar radiation data (clustered & ENVI-met estimations) was performed. For each WT, an adjustment 

factor (slope of the linear equation with constant value equal to 0) was obtained. Considering this 

correction, the RMSE of ENVI-met hourly solar radiation estimations with respect to clustered diurnal 

cycle data ranged for the different WTs between 34.9 to 83.0 Watt/m
2
 (Table 2). 
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Table 2 ENVI-met solar adjustment factor for each weather type, and 

RMSE of the hourly incoming solar radiation estimations 

Weather 
Type 

Reference 
date for 

simulation 

Solar adjustment 
factor  

(slope linear equation) 
RMSE 

0 15
th

 Dec 0.65 34.90 

1 15
th

 Feb 1.06 49.32 

2 15
th

 Apr 1.03 44.14 

3 15
th

 Mar 0.79 58.80 

4 15
th

 Oct 0.78 51.09 

5 15
th

 Jan 0.50 40.32 

6 15
th

 Sept 0.66 54.40 

7 15
th

 Jul 1.05 57.10 

8 15
th

 Jun 1.02 56.97 

9 15
th

 Mar 1.16 83.00 

 

Due to the sensitivity of the model to soil conditions (see section 2.3.1), specific data for Singapore were 

used. For each WT, mean monthly values of soil temperature where extracted from Changi 

(Meteorological Service of Singapore 2017) and soil moisture values were taken from measured data in 

Singapore reported by Roth and Lim (2017).  

 

Table 3 summarizes the meteorological and soil input parameters for ENVI-met 

 

The simulations were launched at 4:00 LAT (Local Apparent Time, GMT+7), approximately 2 hours 

before sunrise, and run for 40 hours. Outputs of the model were analyzed for the last 24 hours of 

simulation (i.e. a complete diurnal cycle) so as to guarantee a suitable spin-up of the model. 
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Table 3 Description of the model meteorological boundary configuration of each weather type. Wind 

speed, wind direction, air temperature, relative humidity and cloud cover values are output from 

the clustering procedure (see section 3.2 and 3.3), specific humidity (2500 m) is from US-NCEP 

data and the soil temperature and moisture is from Roth and Lim (2017). 

 
Weather Type 

0 1 2 3 4 5 6 7 8 9 

Simulation 

reference date 

15
th

 

Dec 
15

th
 Feb 

15
th

 

Apr 

15
th

 

Mar 

15
th

 

Oct 

15
th

 

Jan 
15

th
 Sep 15

th
 Jul 

15
th

 

Jun 

15
th

 

Mar 

Wind Speed 

(m/s) 

(10 m a.g.l.) 

0.8 3.7 1.5 0.7 0.4 2.1 1.6 2.4 1.7 4.8 

Wind direction (º) 350.4 34.3 88.8 353.8 172.8 1.1 228.5 177.6 236.3 22.3 

Minimum air 

temperature (ºC) 

25.9 

(6:00 

LAT) 

26.7 

(6:00 

LAT) 

27.3 

(6:00 

LAT) 

25.9 

(6:00 

LAT) 

26.9 

(6:00 

LAT) 

25.6 

(6:00 

LAT) 

26.7 

(6:00 

LAT) 

27.5 

(6:00 

LAT) 

26.1 

(6:00 

LAT) 

26.4 

(6:00 

LAT) 

Maximum air 

temperature 

(ºC) 

29.2 

(12:00 

LAT) 

31.9 

(12:00 

LAT) 

33.7 

(13:00 

LAT) 

31.6 

(13:00 

LAT) 

31.4 

(13:00 

LAT) 

27 

(15:00 

LAT) 

31.8 

(14:00 

LAT) 

33.6 

(13:00 

LAT) 

33.5 

(14:00 

LAT) 

32.4 

(13:00 

LAT) 

Minimum relative 

humidity 

(%) 

71.6 

(12:00 

LAT) 

59.9 

(13:00 

LAT) 

54.0 

(13:00 

LAT) 

60 

(13:00 

LAT) 

65.8 

(12:00 

LAT) 

81.3 

(15:00 

LAT) 

60.2 

(14:00 

LAT) 

53 

(13:00 

LAT) 

50.3 

(14:00 

LAT) 

52.2 

(14:00 

LAT) 

Maximum 

relative humidity 

(%) 

87.9 

(6:00 

LAT) 

89.6 

(6:00 

LAT) 

87.8 

(5:00 

LAT) 

88.1 

(6:00 

LAT) 

89.2 

(6:00 

LAT) 

87.2 

(6:00 

LAT) 

85 

(6:00 

LAT) 

84.5 

(6:00 

LAT) 

83.5 

(4:00 

LAT) 

83.9 

(6:00 

LAT) 

Cloud cover 

(oktas) 
7.2 6.9 7 7.1 7 7.6 7.1 6.9 7 6.8 

Specific humidity 

(2500 m) 
9.8 g/kg (corresponding to year 2016 mean value) 

Solar adjust 

Factor 
0.65 1.06 1.03 0.79 0.78 0.5 0.66 1.05 1.02 1.16 

Soil upper layer 

(0-20 cm) initial 

temperature 

(ºC) 

27.9 28.1 29.8 30.2 27.8 28.5 28.1 28.3 28.6 30.2 

Soil middle layer 

(20-50 cm) initial 

temperature 

(ºC) 

27.8 28.4 29.9 29.8 28.2 28.5 28.3 28.7 28.8 29.8 

Soil deep layer 

(>50 cm) initial 

temperature 

(ºC) 

28.1 28.5 29.9 29.1 28.5 28.6 28.5 28.8 28.9 29.1 

Soil upper layer 

(0-20 cm) 

moisture content 

(%) 

80 65 60 70 70 80 65 65 65 65 

Soil middle layer 

(20-50 cm) 

moisture content 

(%) 

70 55 50 60 60 70 55 55 55 55 

Soil deep layer 

(>50 cm) 

moisture content 

(%) 

60 45 40 50 50 60 45 45 45 45 
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2.4 Impact assessment of weather types 

To evaluate the influence of WTs in the overall thermal environment, results of ENVI-met were analyzed 

at five moments of the day: 9 h., 12 h., 15 h., 18 h., 21 h. (LT: GMT+8). Output values of Ta, RH, WS, 

Tmrt and PET at 1 m. a.g.l. were extracted and analyzed in the whole courtyard area. 

The results of the different WTs were integrated to provide weighted mean values of the climate output 

variables (Ta, RH, WS, Tmrt) at each space (grid cell) of the courtyard. The contribution of each WT to 

the weighted mean values corresponds to its frequency of occurrence during the year. Thus, at each hour, 

weighted mean values of Ta, RH, WS and Tmrt were calculated as: 

𝑣𝑎𝑟𝑤 = ∑ 𝑓𝑖

𝑘

𝑖=1

∙ 𝑣𝑎𝑟𝑖 

where varw is the weighted mean value of a climate variable at a specific hour; fi is the frequency of 

occurrence of each WT along the year; vari is the value of a climate variable at a specific hour for WT i; 

and k is the total number of WTs. 

A quantitative analysis of the output values of the model (Ta, RH, WS, Tmrt) identified the difference 

between the results of individual WTs and the weighted mean values (integrating all WTs). 

In the case of thermal comfort, a spatial analysis of PET determined the variation of percentage of the 

courtyard area that meets the neutral thermal comfort range. As defined by Heng and Chow (2019) 

acceptable levels of thermal comfort in Singapore are in the PET range of 21.6 ⁰ C to 31.6 ⁰ C. PET was 

calculated on an hourly basis in each grid cell of the 10 individual WTs. The assessment was based on the 

comparison of individual WTs with the whole set of WTs considering the percentage of occurrence 

during the year. In the last case, it was considered that a grid cell met the acceptable thermal comfort 

range when it was met in all the individual WTs during the year. 

3. Results and discussion 

3.1 Performance of the clustering procedure 

Fig. 3 shows the DVIndex (see section 2.2.2) for different numbers of clusters. Calculations were made 

for the annual dataset (336 days) and also for different seasons: NE monsoon (120 days in December, 

January, February and March), SW monsoon (106 days in June, July, August and September) and Inter-

monsoon season (110 days in April, May, October and November). For these cases, the minimum 

DVIndex value corresponds to 10, 7, 9 and 7 clusters, respectively. 

Quantitative measures of the performance of the clustering procedure are presented in Table 4. These 

represent how the measured hourly data is represented by the clustered hourly results. Calculations made 

for different datasets (i.e. annual and three seasons independently) show little difference in Pearson 

correlation coefficient (R
2
) and the root mean square error (RMSE). The dataset for the NE Monsoon 

season performs slightly better than for the annual dataset, while the datasets for the SW Monsoon and 

Inter-Monsoon seasons show similar values of R
2
 and RMSE. In all cases, clustered T, RH and SolRad 

are the variables that perform best. 
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Fig. 3 DVIndex for different datasets in 2016 considering daily variables in the clustering procedure (see 

section 2.2.3). 

 

Table 4 Quantitative measures of clustered hourly variables with respect to available yearly data (on an 

hourly basis) 

Climate 
variable 

Annual dataset NE monsoon SE monsoon Inter-monsoon 

R
2
 RMSE R

2
 RMSE R

2
 RMSE R

2
 RMSE 

Ta 0.752 1.2 0.833 0.9 0.745 1.2 0.732 1.3 

RH 0.756 6.1 0.803 5.3 0.753 6.3 0.745 6.2 

SolarRad 0.862 109.6 0.912 93.7 0.851 109.7 0.839 111.6 

u 0.593 1.8 0.496 1.7 0.409 1.4 0.352 1.5 

v 0.476 1.4 0.503 1.4 0.463 1.3 0.457 1.4 

WS 0.454 1.6 0.497 1.6 0.420 1.3 0.250 1.6 

 

Although some authors consider relevant to cluster WTs in each climatic season (Hoffmann and Heinke 

SchlüNzen 2013), other studies (Hidalgo et al. 2014) have not followed such an approach and have used 
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the annual dataset to obtain WTs. In the context of Singapore, the small climate variations occurring 

during the year (see section 2.1) and the results obtained in our cluster performance analysis (Table 4), 

lead us to consider an annual dataset from which to define the WTs. According to the minimum values of 

DVIndex (Fig. 3) we define ten different WTs for our study area. Hoffmann and Heinke SchlüNzen 

(2013) stated that a reliable number of WTs should not be lower than six. Similarly, a very high number 

of WTs would be difficult to evaluate due to the corresponding increase in the number of simulations (one 

for each WT). 

3.2 Performance of the clusters 

The 10 clusters (WTs) elaborated for the annual dataset represent a similar amount of days. The 

percentage of days grouped in each cluster ranges from 4.8% to 14.3%. The performance of each 

individual cluster varies. For Ta and RH, only Clusters 0, 4 and 5 show R
2
 lower than 0.5 while the rest of 

the clusters present much higher values, reaching in the case of Cluster 9, 0.881 and 0.894 for Ta and RH, 

respectively. In all the clusters, RMSE varies between 0.7 ⁰ C and 1.6 ⁰ C for Ta, and between 4.0% and 

7.6% for RH (Table 5). 

Table 5 Quantitative measures of clustered hourly air temperature (Ta) and relative humidity (RH) with respect to 
available hourly data associated with each cluster (WT) 

Cluster (WT) Frequency Variable R
2
 RMSE 

0 10.42% 
Ta 0.407 1.2 

RH 0.423 6.2 

1 7.74% 
Ta 0.863 0.7 

RH 0.843 4.5 

2 7.44% 
Ta 0.730 1.3 

RH 0.777 6.2 

3 11.61% 
Ta 0.546 1.6 

RH 0.603 7.1 

4 10.42% 
Ta 0.480 1.5 

RH 0.496 7.6 

5 4.76% 
Ta 0.124 1.1 

RH 0.058 7.3 

6 12.2% 
Ta 0.718 1.1 

RH 0.730 5.4 

7 8.33% 
Ta 0.803 1.1 

RH 0.792 5.7 

8 14.29% 
Ta 0.782 1.3 

RH 0.763 6.7 

9 12.8% 
Ta 0.881 0.8 

RH 0.894 4.0 

 

Fig. 4 shows the mean hourly evolution of Ta and RH for each of the WTs. Some of them (e.g. WT 4, 7, 8 

and 9) have similar characteristics. However, as presented in section 2.2, other climatic variables (e.g. 

WS, WD and SolRad) make the difference between the WTs (Table 6). 
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Fig. 4 Hourly evolution of air temperature and relative humidity of the 10 

weather types (WT) used as boundary conditions for ENVI-met. 

 

Regarding WS, WD and Cloud Cover, the performance of each cluster is also different. In this case, since 

the model used for thermal comfort simulations (section 2.3.1) requires constant input values for these 

variables, the representativeness of each WT is based on daily mean values and standard deviation 

calculated from the hourly data included in each the clusters. Table 6, shows the results for all the 

clusters. WD values (daily mean) seem reasonable with a high percentage of situations with flow coming 

from the SW and NE which are the most prevailing WDs in Singapore (section 2.1). WS also agrees with 

the expected intensity of each typical WD in Singapore. However, the deviation of the daily mean WS in 

each cluster is relevant, and Cloud Cover mean values present little differences between WTs. In this 

sense, available data of Cloud Cover measured in Changi is not sufficiently precise for the evaluation of 

thermal comfort, an observation justified by different solar radiation values associated with a similar 

Cloud Cover value. This is the case of WT 2 and 4, which have the same daily mean Cloud Cover but 

different daily mean solar radiation (i.e. 467.5 and 342 Watt/m
2
 respectively). To avoid the use of 

misleading Cloud Cover data in the modelling of thermal comfort, a solar factor (feature of ENVI-met 

model) was used to correct the incoming solar radiation solved by the model with respect to the real value 

estimated in the clusters (see section 2.3.2). 

Results are optimal in the sense that the 10 WTs agree with the climatic characteristics of our study area 

and can be associated with a meteorological condition occurring at a specific season (see section 3.3). 
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However, a more detailed analysis would have had to consider the inter-annual variability of climate. In 

this study we only used data from year 2016 to demonstrate the validity and necessity of the clustering 

approach to assess annual outdoor thermal comfort. Although a longer dataset (e.g. 5-10 years) could 

change the results and the quantitative measures of the clustered data, it is not expected a relevant 

difference due to the characteristics of climate in Singapore (see section 2.1). 

Table 6 Frequency of occurrence of each WT, and mean value and standard deviation of solar radiation 

(Watt/m
2
), cloud cover (oktas), wind speed (m/s) and direction (º). 

Cluster 
(WT) 

Freq 
(%) 

SolRad 
mean 

SolRad 
std 

SolRad 
max 

CloudCov 
mean 

CloudCov 
std 

WS 
mean 

WS 
std 

WD 
mean 

WD 
std 

0 10.42 252.8 193.6 409.1 7.2 0.4 0.8 2.2 350.4 82.6 

1 7.74 462.2 288.9 751.1 6.9 0.4 3.7 1.7 34.3 32.9 

2 7.44 467.5 294.3 807 7 0.2 1.5 1.8 88.8 70.4 

3 11.61 344.7 268.8 638.7 7.1 0.3 0.7 2.2 353.8 82.7 

4 10.42 342.2 256.1 618 7 0.3 0.4 1.8 172.8 96.8 

5 4.76 133.1 113.1 231.5 7.6 0.5 2.1 2.6 1.1 60.9 

6 12.2 303.9 207.6 495.5 7.1 0.3 1.6 1.4 228.5 52.6 

7 8.33 478.5 276.7 782.9 6.9 0.3 2.4 1.9 177.6 53.8 

8 14.29 447 287.1 780.9 7 0.2 1.7 1.6 236.3 56.5 

9 12.8 537.2 318 931.2 6.8 0.5 4.8 1.9 22.3 21.1 

 

In our work, outputs of the clustering procedure were adapted to the requirements of the model used for 

outdoor thermal comfort assessment (ENVI-met). Other models might need other input climate data, but 

the same clustering method could still be valid. This approach is especially useful in models that are 

based on Computational Fluid Dynamics (CFD) which require high computational costs. Other models 

like SOLWEIG (Lindberg et al. 2008, 2016) and Rayman (Matzarakis et al. 2007), based on radiation 

fluxes, can have less computation requirements. They can support large input datasets (e.g. annual hourly 

data) to assess long-term thermal comfort levels. However, the weather clustering approach may still be 

used to analyse in depth the impact characteristics (e.g. spatial distribution of thermal comfort levels) of 

representative meteorological conditions. 

3.3 Climatic classification of weather types 

Following a description of the WTs is presented: 

 WP0 describes 10.4% of the days. It represents a situation with low Tmax (29.2 ºC) and diurnal 

amplitude of air temperature. Global Incoming Radiation values are low (daily maximum, 409.1 

Watt/m2, and daily mean, 252.8 Watt/m2). Cloud cover is expected to be high and precipitation 

will occur (relative humidity is significantly high during daytime). WS is low and WD is variable 

but with a North component. This WT is not specific to a climate season of Singapore and thus 

can occur at any time along the year. 

 WT1 represents 7.7% of the days, with mid-range values of Tmax (31.9 ºC) and high maximum 

incoming solar radiation (751.1 Watt/m2). WS is high during daytime (5.1 m/s) but reduces 

significantly during night-time (1.9 m/s). WD is from the NE and quite constant. At midday, 

relative humidity is not high (60 %) and no or little precipitation can be expected. This day can be 

representative of the NE Monsoon  

 WT2 accounts for 7.4% of the days with highest Tmax (33.5 ºC) and highest maximum global 

radiation (807 Watt/m2). WD is variable with E component (NE in night-time and SE in daytime) 

and WS is low (1.5 m/s). Relative humidity is low (54%) at midday and no or little precipitation 
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is expected. This WT can occur in any season but is more likely in the Inter-monsoon and in the 

middle of the year. 

 WT3 describes 11.6% of the days. It represents a situation with mid-range values of Tmax (31.4 

C). Incoming solar radiation presents mid values (daytime mean is 344.7 Watt/m2 and maximum 

is 638.7 Watt/m2). WD is variable with N component changing from NW to NE at midday. WS is 

low (0.7 m/s). Daytime relative humidity values are moderate (in the middle of the observed 

range) and increase during the afternoon. Precipitation is expected to occur, especially during the 

afternoon. These conditions can be representative of any period of the year with cloudy skies. 

 WT4 represents 10.4% of the days with mid-range Tmax (31.4 ºC). Temperature amplitude along 

the day is small (i.e. high daily minimum temperatures). Incoming solar radiation presents 

moderate values (similar to cluster 3). During night-time, WD is variable and WS is very low. 

However, during daytime WS increases at midday and afternoon to 1.7 m/s with prevailing WD 

from the S-SW. Daytime relative humidity values show moderate values and increase during the 

afternoon. Precipitation is expected to occur, especially during the afternoon. This WT is 

characteristic of the Inter-monsoon season due to low WS and sea breeze development from SW. 

 WT5 accounts for 4.8% of the days and shows no relevant change in temperature values. These 

are low (Tmax: 26.9 ºC and Tmin: 25.6 ºC). Radiation is the lowest registered in Singapore 

(daytime mean is 133.1 Watt/m2 and maximum is 231.5 Watt/m2). Similarly, cloud cover is 

highest is Singapore. WD is quite constant during the day and close to the N. WS is similar 

during all day with mid values (2.1 m/s). Relative humidity is extremely high during all day 

(83%) and severe precipitation can be expected. These days are representative of the wet NE 

Monsoon with heavy rain all throughout the day, and low temperatures. 

 WT6 represents 12.2% of the days. It shows moderate Tmax (31.8 ºC). Incoming Solar Radiation 

are mid-low (daytime mean is 303.9 Watt/m2 and maximum is 495.5 Watt/m2). WD is constant 

from SW during all day with WS increasing during daytime to 2.8 m/s. Daytime relative humidity 

values show moderate values, and little and sparse precipitation can be expected. This WT is 

characteristic of the Inter-monsoon season with sea breeze development or the SW monsoon with 

some precipitation. 

 WT7 describes 8.3% of diurnal of climate conditions in Singapore. It presents highest Tmax (33.6 

C) and also high maximum incoming solar radiation (782.9 Watt/m2). Cloud cover is low for 

Singapore. WD is constant with S component (SE during night-time and S during daytime) and 

mid WS values (2.4 m/s). Relative humidity is low (53%) at midday. These days are 

representative of the SW Monsoon (in the middle of the year) with no precipitation. 

 WT8 accounts for 13.4% of the days. Its characteristics are quite similar to WT7, except that WD 

remains mostly constant from the SW and WS is slightly lower. These days are representative of 

the SW Monsoon (in the middle of the year) with no precipitation but also can be associated with 

sea breezes in the Inter-monsoon season (April, May). 

 WT9 represents 12.8% of the days with high Tmax (32.4 ºC) and the highest incoming solar 

radiation (931 Watt/m2). Cloud cover is lowest in Singapore. WD is constant and from NE during 

all day. WS is high during daytime (6 m/s) but reduces during night (2.5 m/s). Relative humidity 

at midday corresponds to the lowest (52.2%) in Singapore, and no precipitation is expected 

during these days. They are representative of the NE Monsoon in the dry period. 

The information included in each of the previous WTs is considered suitable to analyze thermal comfort 

in our study area in Singapore. Although a climate dataset of several years could have been used (as 

discussed in section 3.2), the results presented agree with the climate characteristics of Singapore 

regarding prevailing wind flow and intensity and ranges of temperatures and relative humidity (see 

section 2.1). In this sense, the k-means statistical method is proved to be adequate to the construction of 

diurnal cycles of T and RH, and can also represent relatively well air flow on a daily basis. 
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The main advantage of applying this method to thermal comfort assessment is that it allows a complete 

assessment of the microscale thermal environment on an annual basis. Due to high demand of 

computational resources, thermal comfort evaluation on a high spatial resolution has been frequently 

carried out using one or several meteorological conditions often extracted from one or several days of 

records in a meteorological station. Conclusions extracted from these evaluations can be misleading due 

to the use of data that does not represent the whole range of meteorological conditions to which an area is 

exposed. 

The 10 WTs in our study describe meteorological conditions on a diurnal basis that manage to represent 

the conditions during the year. These 10 diurnal meteorological conditions can then be related to thermal 

comfort levels (spatially distributed) by the use of modelling techniques (see section 2.3). Since the 

percentage of occurrence of each WT is known, a better understanding of the temporal distribution of 

thermal comfort levels is available. Together with the spatial distribution of thermal comfort levels, 

information of the temporal variations is relevant to fine tune decision-making and urban design in the 

context of outdoor thermal comfort. 

3.4 Impact of weather types on the thermal environment 

3.4.1 Climate variables 

In our study area, the distribution of values of T, RH, WS, Tmrt show relevant difference between the 

weighted mean values (including all the WTs) and the values of individual WTs. 

 

Fig. 5 Distribution of climatic values (Wind Speed, Air Temperature, Mean Radiant Temperature and 

Relative Humidity) in the courtyard area. Weighted mean values for all WTs as well as values for WT8 

are presented. 

Fig. 5 presents the distribution of T, RH, WS and Tmrt values at different hours for weighted mean values 

and for WT8. The comparison of both highlights the different distribution of climatic values. As expected 

WT8 has higher levels of T and Tmrt (already mentioned in section 3.3), especially during daytime. 



      AUTHOR ACCEPTED MANUSCRIPT     

© 2019 Springer-Verlag GmbH Austria, part of Springer Nature 

Actually, WT8 is representative of a situation with high thermal stress (high solar radiation, high air 

temperature and low wind speed), which is a common meteorological condition used in many thermal 

comfort studies (Ali-Toudert and Mayer 2007; Ng et al. 2012; Yang et al. 2015, 2016). Thus, it turns that 

using a unique meteorological condition will lead to wrong conclusions if the overall thermal comfort 

levels of the study area are meant to be analyzed (see section 3.4.2). 

Although results from some WTs differ less from the weighted mean results, none of them could 

represent thoroughly the ten WTs defined for our case study. Spatial median values of T, RH and WS at 

9h, 12h, 15h, 18h, 21h of WT1 and WT6 show low difference with respect to the weighted mean results 

(Table 7). However, at midday and afternoon spatial median Tmrt values of WT3 and WT4 are closer to 

the weighted mean values that consider all the WTs. 

The highest differences with respect to weighted mean values occur specially in WT5 for RH and Tmrt in 

accordance with the low solar radiation and high level of precipitation expected in these days (see section 

3.3). On the contrary, WTs with higher solar radiation levels (e.g. WT9), show higher Tmrt values than 

mean weighted values, during midday and afternoon. 

 

Table 7 Difference in spatial median values between the median weighted variables and the individual 

WT results (in our study area). ∆T= Tw-Ti; ∆RH= RHw-RHi; ∆WS= WSw-WSi; ∆Tmrt= Tmrtw-Tmrti. 

(subindex w represent the weighted mean values and subindex i represents the individual WT value). 

hour 
 

WT0 WT1 WT2 WT3 WT4 WT5 WT6 WT7 WT8 WT9 

 
∆T 1.1 -0.1 -1.3 0.8 -0.5 2.0 -0.1 -1.2 -0.3 0.0 

9 ∆RH -4.4 -2.3 2.8 -2.0 -5.2 -8.2 2.5 4.0 5.5 1.6 

 
∆WS 0.1 0.2 -0.4 0.2 0.2 0.0 0.1 -0.3 0.0 -0.1 

 
∆Tmrt 3.0 0.1 -2.7 1.7 -1.7 5.8 1.1 -1.4 -0.9 -1.6 

 
∆T 1.8 -0.4 -1.7 0.9 -0.1 3.4 0.2 -1.4 -0.7 -0.7 

12 ∆RH -7.3 0.5 5.2 -2.1 -6.2 -15.2 -0.7 5.0 6.1 5.9 

 
∆WS 0.1 0.2 -0.4 0.2 0.2 0.0 0.1 -0.3 0.0 -0.1 

 
∆Tmrt 8.6 -3.7 -5.9 2.7 2.1 13.3 4.8 -5.5 -4.1 -7.7 

 
∆T 2.5 -0.4 -1.7 1.0 0.4 4.2 0.2 -1.8 -1.3 -1.1 

15 ∆RH -9.9 0.8 5.2 -2.5 -7.8 -17.6 -0.7 6.6 7.8 7.5 

 
∆WS 0.1 0.1 -0.4 0.2 0.2 -0.1 0.1 -0.3 0.0 -0.1 

 
∆Tmrt 10.0 -4.5 -6.3 2.6 3.6 14.3 5.0 -6.4 -4.8 -8.6 

 
∆T 2.1 -0.2 -1.2 1.3 0.2 3.6 -0.3 -1.7 -1.3 -0.7 

18 ∆RH -9.0 0.3 3.1 -5.4 -7.4 -15.4 2.0 7.2 8.0 6.5 

 
∆WS 0.1 0.1 -0.3 0.2 0.2 -0.1 0.1 -0.3 0.0 -0.1 

 
∆Tmrt 5.0 -2.0 -2.4 1.4 2.8 6.2 1.5 -3.5 -2.3 -3.2 

 
∆T 1.4 0.1 -1.0 1.1 -0.4 2.7 -0.4 -1.5 -0.9 0.0 

21 ∆RH -6.3 -1.0 1.7 -4.0 -4.9 -11.5 2.4 6.8 6.7 2.8 

 
∆WS 0.1 0.1 -0.3 0.2 0.2 -0.1 0.1 -0.3 0.0 -0.1 

 
∆Tmrt 1.7 0.0 -1.3 1.2 -0.2 2.9 -0.2 -1.7 -1.1 -0.2 

 

Additionally, the spatial distribution of climatic values in the courtyard is different in each WT. Fig. 6 

presents for hour 15:00 the range of differences between the weighted mean values and the individual WT 

values. In our study, WT5 shows a high spread of ∆Tmrt (Tmrtw-Tmrti; where subindex w represent the 

weighted mean values and the subindex i represents the individual WT value) followed by WT1, WT8 

and WT9. It is important to notice that there is no relationship between the spatial median differences of 
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∆T, ∆RH, ∆WS, ∆Tmrt (Table 7) and the range of values in the courtyard. This is the case of the WT2 

and WT7, which show a different pattern of ∆Tmrt values (Fig. 6) while the spatial median difference is 

very similar. A similar situation occurs for ∆T, ∆RH and ∆Tmrt when we compared WT8 and WT9. 

Thus, with respect to the weighted mean values each individual WT presents a different spatial 

distribution and range of climatic values depending of the interaction on the weather condition with the 

case study location. Higher spatial median differences between a WT and the weighted mean values are 

not associated with a higher spread of values in the courtyard.  

These results are again relevant for urban planning since it is important to know accurately the spatial 

climatic differences in a study area to assure a better definition of uses of spaces in accordance with the 

local microclimate and thermal comfort. 

 

Fig. 6 Normalized box plots of climate values difference between the weighted mean values (considering 

all WTs) and each individual WT at 15.00 h. Each climate variable and WT has been normalized by the 

spatial median value. 

 

3.4.2 Thermal comfort 

As presented in the previous sections, different WTs affect in a different way climate variables inside the 

courtyard. The temporal evolution and spatial distribution of climatic values in each individual WTs 

differ from the weighted mean values (including all WTs) and thus affect levels of thermal comfort. 

In our study area each WT produces a different impact on thermal comfort and thus a different percentage 

of area that meets a thermal comfort acceptability criteria. 
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Considering the thermal comfort acceptability range defined for Singapore by Heng and Chow (2019), the 

whole courtyard (100% of the area) meets the acceptability criteria all the time (i.e. all the WTs) only at 

21.00 h. At 12h and 15h no space inside the courtyard has acceptable thermal comfort levels throughout 

the year (Fig. 7). However, at these hours there are WTs when thermal comfort comes to be acceptable, at 

least in some parts of the courtyard. This is the case of WT0 that reaches the acceptability criteria in 

40.6% and 46.7 % of the area at 12h and 15h, respectively. Even WT5 attains the criteria in the whole 

courtyard (100% of the area) at 12h and 15 h. (Fig. 8). Results correspond with the characteristics of the 

WTs affecting the study area (see section 3.3). 

 

Fig. 7 Percentage of area in the courtyard that meets the thermal acceptability criteria all time (i.e. in all 

WTs) 

Comparison between the area with acceptable thermal comfort in one WT and the area that attains the 

acceptability criteria in all the WTs, shows significant differences in accordance with the climatic values 

and their spatial distribution for each WT. This is clear during the evening (18 h), when 5 WTs (WT0, 

WT3, WT4, WT5, WT6) attain a thermal acceptable situation in 100% of the area, representing 49.4% of 

the time throughout the year. However, at the same time of the day (18h) when considering all the WTs 

(i.e. 100% of the year), there is only 4.4% of the area that matches the acceptable thermal comfort range 

(Fig. 7). 

Even if we consider a heat stress situation like WT8 when the percentage of courtyard that reaches an 

acceptable thermal comfort is low (0%, 0% and 24.4% at 12h, 15h and 18h, respectively), we find that 

including the rest of the WTs reduces more the percentage of area. Thus, if we consider all the weather 

types there will 19.9% less of area at 18h with acceptable thermal comfort than in WT8 (Fig. 8). 
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Fig. 8 Difference (in percentage) of area that meets the thermal comfort acceptability criteria between the 

individual WTs and all WTs 

These results justify a significant difference in the levels of thermal comfort both in the spatial and 

temporal scale when comparing unique weather condition versus a complete set of representative 

conditions. Misleading conclusions can outcome if outdoor thermal comfort is not evaluated in all 

climatic situations. This is a relevant issue since urban design needs to consider all the weather conditions 

so as to provide a suitable and more convenient environment in larger spaces and during a higher number 

of hours. However, it should be considered that not all outdoor spaces require the same levels of thermal 

comfort and not all of them are used during all the time. Thus, it is relevant to use reliable and detailed 

information (spatial and temporal distribution) of the existing or predicted thermal comfort levels to 

define the use or purpose of different outdoor spaces. 

4. Conclusions 

This study presents a new approach for outdoor thermal comfort assessment. Contrary to previous studies 

when only certain weather conditions were evaluated (usually a high thermal stress situation), we now 

show the importance of analyzing all the relevant weather conditions which a specific urban area is 

exposed to. 

The clustering method to obtain WTs from long term weather files has proved to be reliable and adequate 

for thermal comfort analysis in Singapore. In this case, 10 weather types have been defined to represent 

the main features of typical-day weather conditions in our study area. These seem reasonable regarding 

the small annual variation of climate conditions in Singapore and also can be considered suitable from a 

computational effort perspective. The quantitative measures of the clusters performance (i.e. how the 

weather types represent the available/measured data) show adequate values for a thermal comfort 

evaluation. 

As expected, climate values vary significantly between WTs. Also spatial and temporal patterns are 

different in each WT. Results have shown that the percentage of surface attaining the thermal comfort 

acceptability criteria has relevant differences between weather conditions. Thus, inadequate and 

incomplete conclusions in a thermal comfort assessment can appear if all climatic situations are not 

evaluated. 
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The main advantage of applying this method is that it allows a complete assessment of the thermal 

environment on an annual basis by overcoming costly computational requirements of models that 

evaluate wind dynamics (i.e. CFD) in the microscale. With the approach presented in this work the whole 

range of representative weather conditions are analyzed avoiding misleading evaluations on the thermal 

comfort levels of an area. 

Although this study is focused on a courtyard the outcomes can be extended to other urban areas. Overall, 

it proposes a methodology to be implemented in the evaluation of thermal comfort and can help urban 

design by providing more accurate information that can improve the definition of use of outdoor spaces 

considering different weather conditions along the year. Similarly, the impact of mitigation measures 

would be more reliable and accurate considering all weather conditions. 
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