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Abstract: 

Street aspect ratios and urban thermal storage largely determine the thermal 

environment in cities. By performing scaled outdoor measurements in summer of 

2017 in Guangzhou, China, we investigate these impacts on spatial/temporal 

characteristics of urban thermal environment which are still unclear so far. Two types 

of street canyon models are investigated, i.e. the 'hollow' model resembling hollow 

concrete buildings and the 'sand' model consisting of buildings filled with sand 

attaining much greater thermal storage. For each model, three street aspect ratios 

(building height/street width, H/W=1, 2, 3; H=1.2 m) are considered.  

The diurnal variations of air-wall surface temperatures are observed and their 

characteristics are quantified for various cases. The daily average temperature and 

daily temperature range (DTR) of wall temperature vary significantly with different 

aspect ratios and thermal storage. During the daytime, wider street canyon (H/W=1) 

with less shading area experiences higher temperature than narrower ones (H/W=2, 3) 

as more solar radiation received by wall surfaces. At night, wider street canyon cools 

down quicker due to stronger upward longwave radiation and night ventilation. For 

hollow models, H/W=1 attains DTR of 12.1 ℃, which is 1.2 and 2.1 ℃ larger than 

that of H/W=2, 3. Moreover, the sand models experience smaller DTR and a less 

changing rate of wall temperature than hollow models because larger thermal storage 

absorbs more heat in the daytime and releases more at night. DTR of hollow models 

with H/W=1, 2, 3 is 4.5, 4.6 and 3.8 ℃ greater than sand models respectively. For 
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both hollow and sand models, wider streets experience a little higher daily average 

temperature (0.3-0.6 ℃) than narrower ones. Our study provides direct evidence in 

how man-made urban structures influence urban climate and also suggests the 

possibility to control outdoor thermal environment by optimize urban morphology and 

thermal storage.  

 

Keywords: Scaled outdoor measurement of urban climate and health (SOMUCH), 

Street canyon, Aspect ratio, Thermal storage, Daily temperature cycle, Daily 

temperature range (DTR) 

 

1. Introduction 

Due to urbanization, our cities are becoming higher and denser. The increased 

human-made urban structures have greatly altered the surface energy balance of the 

urban area, and formed the unique urban climate differing from rural area (Arnfield, 

2003; Fernando et al., 2010), such as the relative poorer urban ventilation (Britter and 

Hanna, 2003; Hang et al., 2015; Chen et al., 2017) and the warmer air/wall 

temperature than the surrounding rural areas, i.e. urban heat island (Zhao et al., 2014; 

Oke et al., 1991 and 2017). The urban heat island has been verified to produce a 

substantial increase of building energy consumption for summer cooling in cities 

(Fung et al., 2006; Santamouris, 2014; Yang et al., 2015), adverse effects on outdoor 

thermal comfort (Salata et al., 2017) and public health (Mora et al., 2017), especially 

during heatwave period (Hass and Ellis, 2019). Thus, understanding the correlations 
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between human-made urban structures and urban thermal environment is essential for 

the mitigation of urban heat island and the development of sustainable and healthy 

urban-built environment.  

Urban heat island is mostly resulted from the high thermal capacity of urban 

materials, reduced greenery and evaporative cooling, the impacts of canyon geometry 

on radiation capture and weakened urban airflow, as well as the associated 

anthropogenic heat and pollutant emissions (Arnfield, 2003; Oke et al., 2017). Apart 

from high albedo material and suitable tree planting (Mackey et al., 2012; 

Santamouris, 2014; Yan et al., 2018; Chatterjee et al., 2019; Manoli et al., 2019), 

sustainable urban thermal properties and urban geometrical layouts are also confirmed 

as effective technique to improve urban ventilation and reduce urban heat island 

intensities (Grimmond et al., 2010; Zhao et al., 2014; Lai et al., 2019). High thermal 

capacity of urban surface materials contributes to urban heat island that a larger 

amount of the incoming solar radiation is stored during the daytime then released at 

night (Oke et al., 1991 and 2017; Peng et al., 2012). Urban morphology influences not 

only urban airflows and pollutant dispersion (Lin et al., 2014; Chen et al., 2017; 

Scungio et al., 2018; Yuan et al., 2019; Zhang et al., 2019) but also the amount of both 

incoming and outgoing radiation (Oke et al., 1991 and 2017; Arnfield, 2003; Harman 

et al., 2004). As depicted in Fig. 1a, from shallow to deep street canyons, it tends to 

change both ventilation and radiation processes, which results in a non-linear 

relationship between urban geometrical morphologies and urban thermal environment 

due to the counteracting processes including cooling by convection, the shading and 
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trapping effects of solar radiation (Oke, 1988; Zhao et al., 2014; Song and Wang, 

2015). Further investigations are still required to distinguish the impacts of urban 

morphologies and building thermal capacities on urban thermal environment.  

The idealized two-dimensional (2D) street canyon means an infinitely long street 

surrounded by buildings on both sides with a perpendicular approaching wind to street 

axis. As reviewed in the literature (e.g. Zhang et al., 2018), it has been commonly 

employed to study and clarify the basic governing mechanisms of many phenomena 

in urban areas, due to its simple but fundamental geometry to synthesize the physical 

processes (e.g. Gu et al., 2011; Dallman et al., 2014; Hang et al., 2017). 

Numerical modelling is one of the effective approaches to investigate the 

influence of urban morphologies on urban airflow, pollutant dispersion and thermal 

environment in street canyons. Many previous numerical simulations have 

investigated the impacts of street aspect ratios (Hang et al., 2017; Zhang et al., 2019), 

urban vegetation (Gromke et al., 2008; Hong and Lin, 2015), buoyancy force induced 

by wall heating and solar heating (Allegrini et al., 2014; Li et al., 2016; Lin et al., 

2016) etc. However, high-quality experimental data on urban thermal environment are 

necessary and still rare to validate the numerical accuracy and further improve the 

numerical model. 

Monitoring and full-scale field experiments in realistic urban environment are 

essential to provide direct evidence of urban warming and analyze the characteristics 

of urban heat island (Grimmond et al., 2010). A number of full-scale field 

experiments in real street canyons have been carried out to study the characteristics of 
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urban thermal environment. Nakamura and Oke (1988) observed the characteristics of 

air-wall temperature under different stability conditions in an east-west street canyon 

(H/W=1.06). The maximum surface-air temperature differences can reach around 

12-14 ℃  during the experiment. Santamouris et al. (1999) conducted a field 

experiment to investigate the thermal characteristics in a deep (H/W=2.5) street 

canyon with NW-SE orientation under hot weather conditions. The surface 

temperature difference between two opposite building walls can reach up to 19 ℃ 

due to different absorption of solar radiation. Louka et al. (2002) investigated the 

thermal effects on the airflow when the windward side is heated (H/W=1.4). A thin 

thermal layer was revealed within only few centimeters from the heated wall, which 

indicates thermal effects were only significant very close to the wall. Johansson (2006) 

compared outdoor thermal comfort between an extremely deep (H/W=9.7) and a 

shallow (H/W=0.6) street canyon in Fez, Morocco. During summer, the deep canyon 

exhibited a better comfortable level due to better solar shading effect. However, 

during winter, the shallow canyon is more comfortable because of adequate solar 

access. Niachou et al. (2008) studied air and surface temperature distribution in a 

street canyon with the aspect ratio (H/W) of 1.7, under hot weather conditions in 

Athens. No significant variations in the vertical distribution of air temperature was 

observed in the centre of canyon. Giannopoulou et al. (2010) performed comparative 

and simultaneous outdoor measurements to investigate the effect of urban 

morphologies (H=21 m, H/W=1.7, 2.1 and 3) on the night thermal regime and they 

found that street canyons with higher aspect ratios experienced lower cooling rates.  
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All these full-scale experimental studies help understanding the influencing 

mechanisms of urban thermal environment. However, their spatial and temporal 

resolutions are usually limited. Moreover, these full-scale field experiments mostly 

emphasized case studies which locate in different cities under various meteorological 

conditions. Nevertheless, high-quality parametric observational studies in realistic 

street canyons have several challenges. Firstly, it is not easy to control urban 

geometries and thermal properties (building materials and surface colors etc.) in real 

cities. Secondly, spatial characteristics of urban geometries and thermal properties are 

heterogeneous and complicated (Yang and Li, 2009; Stewart and Oke, 2012). Such 

complexity may reduce the representativeness of the spatial coverage and cause data 

uncertainties and errors in field measurements. Finally, instrumentation installation is 

also challenging at different heights far from pedestrian levels and building surfaces 

due to cost, logistics and permit issues (Eliasson et al., 2006; Offerle et al., 2007; Fan 

et al., 2016). Therefore, high-quality parametric studies of urban thermal environment 

in such full-scale outdoor measurement are essential, but usually difficult. The 

impacts of different aspect ratios and thermal storage on urban thermal environment 

under the same meteorological conditions have been rarely investigated by parametric 

full-scale outdoor experiments. 

Among scaled studies, wind tunnel experiments provide the good approach to 

control urban geometrical parameters, that have been widely conducted to study the 

influence of urban layouts and uniform wall heating on characteristic of urban airflow 

and pollutant dispersion (Uehara et al., 2000; Allegrini et al., 2013; Cui et al., 2016；
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Chen et al., 2017). However, the diurnal cycles of solar radiation and building heat 

storage are hardly realized in wind tunnel. Furthermore, water tank experiments can 

effectively investigate the interactions of dynamic force and buoyancy force in urban 

airflow (Fan et al., 2018a and 2018b) but they cannot simulate the daily cycle of 

urban thermal environment with heat storage and radiation processes either. Scaled 

outdoor measurements are verified as the good option to perform parametric 

experimental study of flow and urban thermal environment. Not only building 

parameters can be easily controlled to test the influence of various urban 

configurations under the same meteorological condition, thermodynamic similarity 

requirements can also be satisfied (Kanda et al., 2005; Kanda, 2006; Kawai and 

Kanda, 2010a). Aida (1982) used cubic concrete blocks (0.15 m width) with same 

surface quality to examine the effect of the surface irregularity on urban albedo. It is 

found that the albedo decreases as the surface irregularity increases. The MUST 

experiment (Yee and Biltoft, 2004) adopted ship containers to build a scaled 3D ideal 

city of sparse building clusters (H=2.54 m, plan area density 𝜆𝑝=0.096, frontal area 

density 𝜆𝑓=0.1), which mainly used to study the characteristics of urban turbulence 

and pollutant dispersion. The COSMO field experiments used 512 uniform cubic 

concrete models (H=1.5 m, 𝜆𝑝=0.25, λ𝑓=0.25) to mock urban area and study the 

basic features of the surface energy balance through a long-term measurement (Kawai 

and Kanda, 2010a and 2010b). In addition, Park et al. (2012) studied the effect of 

urban vegetation and Syafii et al. (2017) examined the influence of various water 

body configurations on the urban thermal environment in COSMO. Wang et al. (2018) 
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investigated the effect of urban morphology on daily temperature cycle in the Stone 

Forest. The literature (Pearlmutter et al., 2006 and 2007a) used an open-air scaled 

model to quantify the influence of 2D urban geometry (H=0.2 and 0.4 m; H/W=0.33, 

0.66, 1, 2) on pedestrian energy exchange under typical hot-arid summer conditions. 

Dallman et al. (2014) constructed a 2D street canyon with ship containers (H=2.5 m, 

H/W=2/3) to measure the wind or heat-dominated flow characteristics and they 

defined a buoyancy factor to distinguish the dominant mechanism. Such scaled 

outdoor measurements can also provide high-quality parametric experimental data for 

numerical simulation and theoretical modeling (Silva et al., 2009; Toparlar et al., 2015; 

Yang and Li, 2015; Meroney et al., 2016; Yang et al., 2017; Athamena et al., 2018a 

and 2018b; Liang et al., 2018; Antoniou et al., 2019).   

This paper aims to present a scaled outdoor model which mimic 2D street 

canyon, and investigate the impact of urban thermal storage (i.e. hollow model and 

sand model) and typical aspect ratios (H=1.2 m, H/W=1, 2, 3) on the characteristics of 

turbulence and urban thermal environment, which are still rare so far. The diurnal 

cycles of urban air and wall temperature are first characterized here. Direct evidence 

in how man-made urban structures influence urban thermal environment is revealed. 

And the high-quality experimental data can be adopted for validation of numerical 

and theoretical models in future urban climate studies.  

 

2. Methodology 

2.1 Experimental setup 
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The scaled outdoor field experiment was conducted in the campus of Sun Yat-sen 

University, locating in the suburb of Guangzhou, P.R. China (23°4' N, 113°23' E). We 

chose an experimental field with impermeable concrete floor, and the distance to the 

surrounding buildings is sufficiently far (as shown in Fig. 1a-b) to reduce the impact 

of surrounding buildings on local wind in this outdoor platform. In this study, the 

idealized urban models are simplified consisting of hollow concrete cubic models (0.5 

m0.5 m1.2 m) with 0.015 m thickness and the constant building height (H=1.2 m). 

To study the impact of heat storage, two types of urban configurations were used here, 

named as the 'hollow' model and the 'sand' model. The 'hollow' model resembles the 

hollow buildings with less thermal storage capacity while the 'sand' model is made up 

of concrete building models filled with sand to produce much greater heat capacity. 

The dimensionless parameter τ can be used to evaluate the effect of thermal inertia 

(Yam et al., 2003). The larger the parameter τ, the stronger the heat storage capacity. 

For instance, as H/W=1, τ of hollow model is around 87.3 s, while for sand model, τ 

is about 1224 s (Wang et al., 2017). In order to mimic canyons with different 

morphologies, different street widths were set, i.e. W=1.2 m, 0.6 m, or 0.4 m, and the 

aspect ratio H/W=1, 2, 3 accordingly. Each aspect ratio contains six street canyons and 

each row of street canyon consists of 25 building models, with street length of 12.5 m 

(L>10 H). In total, there were 2000 concrete building models, forming 40-row 

north-south street canyons for each urban model (Fig. 1a-b). Furthermore, the detailed 

definitions of street canyon surfaces are shown in Fig. 1c. The experimental period is 

May-June, 2017, and this paper focuses on typical weather conditions in hot summer 
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of a subtropical region.  

During the experimental period, ultrasonic anemometers (Gill WindMaster), 

ibuttons, thermocouples and weather stations were used to measure the three velocity 

components (𝑈𝑥, 𝑈𝑦, 𝑈𝑧) and turbulence, air temperature, surface temperature and 

background atmospheric condition respectively. For street canyons with different 

aspect ratios and thermal storage, measurements were performed simultaneously and 

the placements of all the instruments were similar. The detailed specifications and 

configurations of the instrumentations used in the present study are given in Table 1, 

Fig. 1b (top view) and Fig. 2a-c (side view). 

  Fig. 2a shows that twenty-two three-dimensional (3D) sonic anemometers 

(Gill WindMaster) were horizontally instrumented at five different heights (z=0.3 m, 

0.6 m, 0.9 m, 1.44 m, 2.4 m) along the centerline of the canyon (H/W=2, 3; H=1.2 m), 

to measure the detailed 3D velocity and turbulence within and above street canyons. 

Due to the limited numbers of instrument, only one sonic anemometer was installed at 

z=0.3 m in the centerline of the widest street canyon (H/W=1).  

Thirty temperature sensors (ibutton, DS1922L) with radiation shield were used 

to measure air temperature at the interval of 10 minutes. As shown in Fig. 2b, five of 

them were placed at different heights (z=0.1 m, 0.3 m, 0.6 m, 0.9 m, 1.44 m) along the 

centerline of each street canyon. The measurement range and accuracy of this sensor 

were -40 to 85 ℃ and ± 0.5 ℃.  

As depicted in Fig. 2b, 246 thermocouples (Type K) were mounted on the 

vertical walls, the ground and roof surfaces to measure the surface temperatures of all 
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surfaces in the canopy. In addition, the thermocouples were also arranged inside the 

concrete model to measure the internal air or sand temperature within buildings and 

placed in the center of street canyon to measure street air temperature. These 

temperature data were recorded continuously by Agilent 34972A data loggers at 

intervals of 1 minute. The positions of the thermocouples on the wall and inside 

building were the same for all street canyons (z=0.3 m, 0.6 m, 0.9 m, 1.1 m). Five 

thermocouples were placed evenly at the centreline of the ground surface at the 

north-south direction. Four thermocouples were placed for air temperature in the 

center of the canyon at different heights (z=0.1 m, 0.3 m, 0.6 m, 1.44 m) and four 

thermocouples were evenly arranged on the roof surface.  

In order to obtain more comprehensive information of building surface 

temperature, two infrared cameras (R500) were applied to measure the temperature at 

wall surfaces. The spatial resolution of R500 infrared camera is 640 × 480 with the 

temperature measurement accuracy at ± 1 ℃. The temperature measurement range 

and the field of view are -40 to 500 ℃ and 32° × 24°. The infrared camera 

measurements require the input parameter emissivity, which is affected by the angle 

between the surface and the camera. To minimize the error induced by the angle, the 

direction of the infrared camera is preferably perpendicular to the wall surface. For 

this purpose, we adopted an up-down controlling system to fix the exact vertical 

location of the infrared camera and take multiple images in the vertical direction by 

infrared camera to measure the entire wall surface temperature inside the street 

canyon (Fig. 2c). We took infrared images every hour during selected sunny days 
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(June 24
th

 -27
th

, 2017) to capture the detailed vertical variation of the wall 

temperature.  

As depicted in Fig. 1a-b, two weather stations (RainWise PortLog) were put in 

the central of the experiment site to measure the background air temperature (𝑇𝑏), 

barometric pressure, solar radiation, rainfall, wind direction and wind speed. The 

monitoring time interval was set as 10 minutes. The sensors of the weather station 

were set at a height of 2.4 m (i.e. 2H) above the ground. 

In the following analysis, the impacts of two types of building heat storage 

(hollow and sand models) and three street aspect ratios (H/W=1, 2, 3) on diurnal cycle 

characteristics of wall and air temperature will be characterized. For temperature 

analysis, T means the original temperature data, 𝑇 represents temporal averaged 

temperature for 10 minutes or one day/several days (if not specified, the temperature 

data will be averaged for 10 minutes) and <T> denotes spatially-averaged temperature. 

<𝑇> denotes spatially-averaged values of temporal averaged temperature (i.e. 𝑇 at 

building walls <𝑇𝑤𝑎𝑙𝑙>, building roof <𝑇𝑟𝑜𝑜𝑓>, ground <𝑇𝑔𝑟𝑜𝑢𝑛𝑑>, and street air 

<𝑇𝑎𝑖𝑟> at various points). 

 

2.2 Similarity analysis 

To mimic real world, scale modeling requires both geometrical similarity (not 

fundamentally difficult) and dynamical similarity (much more difficult) between the 

scaled model and the real world (Kanda, 2006; Oke et al., 2017; Wang et al., 2018). 
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The dynamical similarity requires the similarities of air flow, radiation and thermal 

inertia. 

To get a similar flow field compared to the real world, Reynolds number (Lu et 

al., 1997; Allegrini et al., 2013) can be used to the similarity criterion: 

v

HU refRe                                                         (1) 

where Uref is the background reference velocity, H is the street canyon height and v is 

the kinematic viscosity.  

Table 2 summarizes typical Reynolds numbers (Re) with characteristic reference 

velocity in our study period (Uref=0.1 m/s, 0.5 m/s and 2 m/s; H=1.2 m). Although it is 

difficult to reach the same Reynolds number in scaled model compared to the 

full-scale realistic street canyon, the flow structure is similar as long as the Reynolds 

number independence requirement is satisfied for which the critical Reynolds number 

is about 11000, i.e. Re>>11000 (Snyder, 1972). During the scaled experiment period, 

the Reynolds numbers are 41096 at characteristic Uref=0.5 m/s and 164384 at typical 

Uref=2 m/s (here H=1.2 m, see Table 2) which are sufficiently large to ensure 

Reynolds number independence (Snyder, 1972). 

Wind-driven dynamic force and thermal buoyancy force are two main driving 

forces in urban ventilation airflow and pollutant dispersion. The bulk Richardson 

number (Rib) can be used to characterize the relative importance of buoyancy force 

and wind-driven dynamic force on turbulent flow (Xie et al., 2005; Richards et al., 

2006), which is defined as below: 
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                                  (2) 

where Uref is the background reference velocity, Tref is the reference air temperature 

and ref1/T is the thermal expansion coefficient, g is the gravitational 

acceleration, H is the street canyon height, Tw is the canyon surface temperature, and 

∆𝑇(Tw-Tref) is the temperature difference between canyon surface and background air.  

It is well known that three situations can be classified (Xie et al., 2005; Richards 

et al., 2006): If Rib>>1 (i.e. much greater than one), thermal buoyancy force 

dominates urban airflow; If Rib<<1 (i.e. much smaller than one), wind-driven 

dynamic force dominates and buoyancy force can be disregarded; If Rib is in order of 

1, both forces are significant and interact in determining urban turbulence.  

Table 2 lists the further calculated bulk Richardson number (Rib) with typical 

reference values in our study period (Uref=0.1 m/s, 0.5 m/s and 2 m/s; H=1.2 m, 

Tref=300 K, T =Tw-Tref=10 K). The urban airflow that can be simulated in our 

scaled model (H=1.2 m) mainly corresponds to the situation when wind-driven 

dynamic force dominates (e.g. Uref=2 m/s, Re=164384, Rib=0.1<<1) or both forces 

cannot be neglected with important interactions (e.g. Uref=0.5 m/s, Re=41096, 

Rib=1.57~1). The case with buoyancy force dominated urban airflow (Rib>>1) in our 

scaled model (H=1.2 m) seldom occurs if only the background wind speed is smaller 

(e.g. Rib=39.2 as Uref~0.1 m/s and T =Tw-Tref=10 K). However, in this situation, it 

is difficult to attain a sufficiently large Re (e.g. Re=8219 in Table 2) and cannot satisfy 

Reynolds number independence requirement (i.e. Re>>11000) (Snyder, 1972). Thus 

the buoyancy-force-dominated urban airflow (Rib>>1) seldom appears in the present 
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scaled street canyons. And it is worth noting that, for the case with both thermal 

buoyancy and wind-driven dynamic forces cannot be neglected (Rib~1), 

wind-tunnel-scale model (Kovar-Panskus et al., 2002; Allegrini et al., 2013) requires 

a larger temperature difference (~100 ℃), while our scaled model only needs a 

normal temperature difference (~10 ℃).  

To achieve similarities of radiation and thermal inertial, our experiment uses 

concrete materials to match the thermal properties of real urban city. The detailed 

physical properties of materials used in the experiment are shown in Table 3 and the 

calculated thermal admittance   (the square root of the product of the material’s 

thermal conductivity   and volumetric heat capacity s) of concrete material (

=1761 Jm
-2

s
-1/2

K
-1

) used in our experiment falls within the range ( =1200-2100 

Jm
-2

s
-1/2

K
-1

) of typical urban materials (Oke, 1981). The similarity of radiation and 

thermal inertia in such scaled models (H~1 m) are also discussed in the literature 

(Aida, 1982; Kanda et al., 2005; Kanda, 2006; Pearlmutter et al., 2005 and 2007b) 

which is similar with present study. 

 

3. Results and discussions 

3.1 A typical diurnal cycle of urban thermal environment 

We measured spatial and temporal wall temperature at least three consecutive 

days by two infrared cameras and a number of thermocouples simultaneously. As an 

example, Fig. 3a displays the daily cycle characteristic of wall temperature (𝑇𝑤𝑎𝑙𝑙) 

captured by infrared camera in one typical day (June 26
th

, 2017). It is obvious that the 
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wall begins to be heated up in the morning, and reaches the highest temperature in the 

mid-afternoon (about 15:00 to 16:00), then it cools down from the late afternoon and 

at night due to longwave radiative and convective cooling. Similar daily cycle 

phenomena are also observed by �̅�𝑤𝑎𝑙𝑙 that measured by thermocouples (Fig. 3b).  

 

Diurnal cycle of wall and air temperature at various height 

In order to study the vertical temperature profiles within the canopy, the wall 

temperature �̅�𝑤𝑎𝑙𝑙 were also measured by thermocouples at four heights of z=0.3 m, 

0.6 m, 0.9 m, 1.1 m (H=1.2 m). Fig. 3b is the diurnal profiles of �̅�𝑤𝑎𝑙𝑙 at different 

levels on June 26
th

, 2017 (the same day with Fig. 3a). It shows that the upper levels 

(e.g. z=1.1 m and 0.9 m) experience higher �̅�𝑤𝑎𝑙𝑙 than the low levels (e.g. z=0.6 m 

and 0.3 m) in the daytime as upper canopy receives more solar radiation with less 

solar shading than that near the ground. However, it shows the opposite trend at night, 

i.e. the upper levels tend to be cooled down faster induced by stronger ventilation and 

longwave radiation. The distribution of the air temperature �̅�𝑎𝑖𝑟 at various heights 

measured by ibuttons in the centre of street canyon is shown in Fig. 3c. The relatively 

uniform �̅�𝑎𝑖𝑟 distribution at various heights suggest that turbulent flows in street 

canyons significantly enhance the turbulent mixing of air and energy. This is 

consistent with the observations in realistic street canyon of Niachou et al. (2008). 

 

Comparison between thermocouple data and IR results  

We further quantified the difference in the measured wall temperature between 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

18 
 

thermocouple and infrared camera, to verify whether measuring spatially-averaged 

wall temperature at selected points by thermocouples be representative of the entire 

wall temperature. Fig. 3d displays the example of diurnal <𝑇𝑤𝑎𝑙𝑙> profiles of the 

south wall of hollow model (H/W=3) that measured by both thermocouples and 

infrared camera on June 26
th

 2017. Obviously both <𝑇𝑤𝑎𝑙𝑙> averaged at four heights 

by thermocouples and averaged at the entire wall surface by infrared camera show 

similar characteristics of diurnal cycle of wall temperature. Furthermore, as shown in 

Table 4, the mean absolute error (MAE) between infrared camera and thermocouple is 

0.7 ℃, the root mean squared error (RMSE) is 0.87  ℃ , suggesting a good 

consistency between two measurements. Considering the accuracy of thermocouples 

(±0.3 ℃) and R500 infrared camera (±1 ℃), it confirms the measurements by 

thermocouples at current selected heights can be used to represent the <𝑇𝑤𝑎𝑙𝑙> at the 

entire wall surface. 

 

Comparison of diurnal cycle of < �̅�𝒘𝒂𝒍𝒍 >, < �̅�𝒈𝒓𝒐𝒖𝒏𝒅 >, < �̅�𝒓𝒐𝒐𝒇 >, < �̅�𝒂𝒊𝒓 > and 

background �̅�𝒃 at z=2H 

Furthermore, as depicted in Fig. 3e, various temperature measurements during 

three consecutive days (May 18
th

-20
th

, 2017), including the diurnal variation of 

spatially-averaged roof temperature <�̅�𝑟𝑜𝑜𝑓> at eight points, spatially-averaged wall 

temperature <�̅�𝑤𝑎𝑙𝑙> at eight points of building walls, spatially-averaged ground 

temperature <�̅�𝑔𝑟𝑜𝑢𝑛𝑑> at five points, spatially-averaged air temperature <�̅�𝑎𝑖𝑟> at 

three points (inside street canyon) and the background air temperature (�̅�𝑏) at the 
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height of 2H (above street canyon) of hollow model (H/W=1) are compared here to 

have a holistic view of thermal environment considered in this study. Obviously, all 

surfaces show prominent diurnal cycle characteristics and much higher than the air 

temperature in the daytime and closer to the air temperature during the night. During 

the daytime, temperature is dominated by the solar radiation. The solar radiation 

reaching at the surface heats up the surface temperature first and the air temperature 

increases accordingly through the convective heat transfer between the surface and 

the air. Thus, although the maximum surface temperature varies in three different days 

due to the various weather conditions and net solar radiation, <�̅�𝑟𝑜𝑜𝑓> is the highest 

as there is no solar shading and more solar radiation captured at building roof. 

<�̅�𝑟𝑜𝑜𝑓>, <�̅�𝑤𝑎𝑙𝑙> and <�̅�𝑔𝑟𝑜𝑢𝑛𝑑> are all much higher than <�̅�𝑎𝑖𝑟> and <�̅�𝑎𝑖𝑟> is 

higher than �̅�𝑏, verifying clearly that street wall changes the energy processes and 

results in the hotter air inside street canyon than the background air (�̅�𝑏). The results 

show the maximum surface-air temperature difference is around 10-12 ℃ for the 

building roof, about 6-7 ℃ for the ground and approximately 5-6 ℃ for the building 

wall. It is interesting to point out that the maximum surface temperature occurs in the 

afternoon (around 15:00 pm) in all three days, which is verifying the energy lag 

phenomena (Wang et al., 2018). At night, the differences between various temperature 

are much smaller and close to the background temperature due to nocturnal cooling. 

<�̅�𝑟𝑜𝑜𝑓> is the lowest among all three surfaces (roof, ground, wall) and lower than the 

air temperature. <�̅�𝑔𝑟𝑜𝑢𝑛𝑑> is the highest among all the surfaces. The building roof 

cools down the quickest by the most efficient ventilation and longwave radiative 
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cooling (greatest sky view factor), however the ground is of the weakest wind flow 

and the smallest sky view factor which results in the slowest temperature reduction 

rate. 

 

3.2 Impact of street-wall orientation and weather conditions on �̅�𝒘𝒂𝒍𝒍  and 

<�̅�𝒘𝒂𝒍𝒍> 

As the surface temperature is determined by the solar radiation reaching at the 

surface, the street-wall orientation and weather condition are important factor in 

affecting the wall temperature. Fig. 4a-b display the hourly infrared images of south 

wall and north wall of the hollow model (H/W=1) on June 26
th

, 2017. During the 

daytime (Fig. 4a), the surface temperature of the south wall is always higher than that 

of the north wall as the south wall receives more direct shortwave radiation while the 

north wall gets more shading area. Besides, the temperature difference between north 

wall and south wall increases when the solar radiation becomes stronger. However, 

during the night (Fig. 4b), the temperature difference between north wall and south 

wall is negligible because of the absence of solar radiation and cooling processes is 

similar between two walls. 

Fig. 4c-d further demonstrate the impact of weather condition on wall surface 

temperature. The diurnal variation of single-point wall temperature �̅�𝑤𝑎𝑙𝑙  (z=0.6 m, 1 

point for north wall, 1 point for south wall) and spatially-averaged temperature 

<�̅�𝑤𝑎𝑙𝑙> (4 points for north wall, 4 points for south wall and 8 points for both wall) of 

hollow model (H/W=1) are compared between a sunny day and cloudy day. On one 
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hand, during the daytime of the sunny day (Fig. 4c), the wall temperature has 

increased significantly along with the enhancement of solar radiation. Thus, the single 

peak of wall temperature appears. However, on cloudy day (Fig. 4d), obviously the 

single peak of wall temperature diurnal cycle does not exist anymore due to the 

variations of clouds and solar radiation. The comparison suggests again that the 

weather condition and solar radiation have a significant effect on wall temperature. 

On the other hand, the diurnal variations of single point temperature �̅�𝑤𝑎𝑙𝑙  and 

<�̅�𝑤𝑎𝑙𝑙> are very similar between north wall and south wall (Fig. 4c-d). Thus, in order 

to present more representative information about thermal environment, the 

spatially-averaged temperature will mainly be shown in the following analysis. 

 

3.3 Impact of aspect ratio on urban thermal environment 

Aspect ratio is an important parameter indicating the urban form and 

compactness, which influences the urban thermal environment by changing both 

radiation and air flow. Fig. 5 displays some example daily cycles of wall temperature 

that measured by infrared camera (Fig. 5a) and thermocouples (Fig. 5b) in street 

canyons with three different aspect ratios (H/W=1, 2, 3).  

As depicted in Fig. 5a, obviously in the morning, deeper and narrower street 

canyon (H/W=2, 3) is cooler since its sky view factor is smaller and the shading effect 

is larger, especially the lower level of deep street canyons attain much less radiation. 

Wider street canyon (H/W=1) gains more solar radiation and warms up faster in the 

morning. Overall, the wider the street canyon, the higher the wall temperature in the 
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daytime.  

In addition, Fig. 5b shows diurnal variation of wall temperature in different street 

canyons. During the daytime, the temperature difference between wide (H/W=1) and 

narrow (H/W=2, 3) street canyon is increasing, and the maximum difference can reach 

up to 2.6 ℃ around the noon time. However, at night, wider street canyon (H/W=1) 

cools down quicker than the narrower street canyons (H/W=2, 3) because of the better 

ventilation and the quicker longwave radiative cooling. Besides, the temperature 

difference between wider (H/W=1) and narrower (H/W=2, 3) street canyon becomes 

smaller during the night, which is less than 0.5 ℃. 

 

3.4 Impact of thermal storage on urban thermal environment 

Building thermal storage is another key parameter influencing urban thermal 

environment. Fig. 6a-c show the infrared images of the canyons with three different 

aspect ratios (H/W=1, 2, 3) between hollow model and sand model measured on June 

26
th

, 2017. It verifies that, during the daytime, the hollow model always warms up 

faster than the sand model, but at night the sand model is hotter because buildings 

with larger storage tend to store more heat in the daytime which keeps the building to 

be warmer during night. In addition, the difference in nighttime wall temperature 

between hollow model and sand model becomes more obvious when the aspect ratio 

is larger.  

Such findings are also confirmed by the thermocouple measurements under 

different conditions. Fig. 6d-e display the diurnal profile of <�̅�𝑤𝑎𝑙𝑙> at eight points of 
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hollow and sand model (H/W=1) measured by thermocouples under different weather 

condition. During the daytime on sunny day (Fig. 6d), <�̅�𝑤𝑎𝑙𝑙> of hollow model is 

higher than the sand model. Furthermore, there is a temperature phase lag between the 

hollow model and sand model, i.e. the maximum <�̅�𝑤𝑎𝑙𝑙> of hollow model occurs 

earlier (around 13:50) than the sand model (about 14:40, 1 hour time lag). What’s 

more, the difference between the maximum and minimum temperature of hollow 

model (i.e. daily temperature range, DTR) is significantly larger than the sand model. 

DTR of <�̅�𝑤𝑎𝑙𝑙> of hollow model is 14.9 ℃ while the sand model is 9.5 ℃. 

In addition, Fig. 6e shows the diurnal variation of <�̅�𝑤𝑎𝑙𝑙> on a cloudy day. As 

discussed before, the single peak of diurnal wall temperature does not exist anymore 

on the cloudy day, no significant temperature phase difference is observed in this case. 

However, even in the cloudy weather condition, similar findings can be found that the 

sand model experiences lower wall temperature in the daytime but attains higher wall 

temperature at night than the hollow model, though the difference in DTR of <�̅�𝑤𝑎𝑙𝑙> 

between hollow model (10.0 ℃) and sand model (8.6 ℃) is much smaller than that in 

a sunny day.  

In general, the comparison confirms that, due to the smaller heat capacity and 

thermal mass, the hollow model experiences less heat storage, faster response to the 

change of radiation and is easier to reach a peak temperature in the daytime, 

meanwhile also easier to cool down at night. 

 

3.5 Vertical distribution of 𝑻𝒘𝒂𝒍𝒍 at lower and upper levels as H/W=1, 2, 3  
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The vertical distribution of wall temperatures are further investigated by 

comparing the wall temperature (𝑇𝑤𝑎𝑙𝑙) distribution of the lower and upper levels. Fig. 

7a-b show the boxplots of wall temperature (𝑇𝑤𝑎𝑙𝑙) of the lower level (z=0.3 m) and 

upper level (z=1.1 m) on both north and south facades of hollow model with different 

aspect ratios (H/W=1, 2, 3), during the daytime (07:00-20:00) and night (20:00-07:00) 

period. Data were selected from the 7 days with valid measurements and no rainfall 

between May 11
th

-June 9
th

, 2017. The boxplot demonstrates the distribution of the 

temperature data, including the maximum, 75
th

 percentile, average, median, 25
th

 

percentile and minimum values. Here, we mainly focus on temporal averaged wall 

temperature (�̅�𝑤𝑎𝑙𝑙, which is the mean value of the corresponding selected data) and 

wall temperature range (𝑇𝑇𝑅, which is calculated as the difference between maximum 

and minimum wall temperature of the corresponding selected data) during the 

daytime and at night respectively.  

The upper level receives more solar radiation in the daytime and the maximum 

wall temperature is higher. As displayed in Fig. 7a, during the daytime, for the same 

aspect ratio and wall orientation, both �̅�𝑤𝑎𝑙𝑙  and 𝑇𝑇𝑅 at the upper level (z=1.1 m) are 

always higher than those of the lower level (z=0.3 m), especially in south wall. The 

maximum 𝑇𝑇𝑅 is up to 20.4 ℃, which occurs in upper level of south wall. The 

aspect ratio also affects the vertical temperature distribution as its impact on the 

radiation processes. For the upper level (z=1.1 m, north and south wall), the 

differences of �̅�𝑤𝑎𝑙𝑙  between three different aspect ratios are small, as well as 𝑇𝑇𝑅. 

The maximum ∆�̅�𝑤𝑎𝑙𝑙 and ∆𝑇𝑇𝑅 between different canopies are 0.9 ℃ and 2.0 ℃, 
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respectively. However, for lower level (z=0.3 m, north and south wall), the differences 

in �̅�𝑤𝑎𝑙𝑙  between three different aspect ratios are much greater, as well as the 

differences in 𝑇𝑇𝑅 . The maximum ∆�̅�𝑤𝑎𝑙𝑙  and ∆𝑇𝑇𝑅  are 2.0 ℃  and 3.9 ℃ , 

respectively. This indicates that during the daytime, street aspect ratio has more 

significant impact on the �̅�𝑤𝑎𝑙𝑙  and 𝑇𝑇𝑅  at the lower levels (receive less solar 

radiation with more solar shading) than the upper levels (receive more solar 

radiation). 

The lower level loses less longwave radiation at night and the minimum wall 

temperature is higher. As depicted in Fig. 7b, at night, due to the absence of solar 

radiation, the corresponding �̅�𝑤𝑎𝑙𝑙  and 𝑇𝑇𝑅 of the upper level (z=1.1 m) and lower 

level (z=0.3 m) at night were both smaller than those during the daytime. �̅�𝑤𝑎𝑙𝑙  at the 

lower level is higher than the upper level due to the smaller sky view factor and less 

longwave radiative cooling in the lower level. The smaller wind speeds near the 

ground level may also play a role. In addition, 𝑇𝑇𝑅  of lower level is smaller than the 

upper level. The latter experiences larger temperature range due to better ventilation 

and greater radiation heat transfer in the upper level. Moreover, for both lower and 

upper levels, the differences in �̅�𝑤𝑎𝑙𝑙  between three different aspect ratios are small, 

as well as 𝑇𝑇𝑅. The maximum ∆�̅�𝑤𝑎𝑙𝑙 and ∆𝑇𝑇𝑅  of upper level are 0.4 ℃ and 0.5 

℃, respectively. Besides, the maximum ∆�̅�𝑤𝑎𝑙𝑙 and ∆𝑇𝑇𝑅  of lower level are 0.5 ℃ 

and 0.8 ℃, respectively. This reveals that during the night, street aspect ratio has less 

impact on the �̅�𝑤𝑎𝑙𝑙 and 𝑇𝑇𝑅 for both lower and upper levels. 
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3.6 Quantitative as well as overall effects of aspect ratio and thermal storage 

Analysis of hot and cold area proportion from infrared temperature 

The advantage of infrared camera is that we can measure the surface temperature 

of the entire wall. In our experiment, we used infrared cameras to measure wall 

temperature at the same height in terms of different thermal capacity (hollow and sand 

model), aspect ratios (H/W=1, 2, 3) and wall orientation (north and south wall). Based 

on the measurements, we can quantify the effects of these factors on wall temperature, 

by calculating the hot and cold area proportion of the wall after a temperature 

threshold is defined. The temperature threshold for hot area is set as 35 ℃, so the 

proportion of hot area represents the percentage of wall area with temperature over 35 

℃ to the total wall area. When the hot area proportion is 0, it means no area of the 

wall is exceeding 35 ℃ at that time. When the hot area proportion is 100%, it 

represents all the wall surface exceeds 35 ℃ at that time. The cold area proportion is 

similar, but the threshold is set to 28 ℃ and it shows the proportion of the wall 

surface with temperature lower than this threshold. 

Fig. 8a-d display the hot and cold area proportion of the wall temperature during 

the day, with different heat capacity (hollow and sand model), aspect ratios (H/W=1, 2, 

3) and wall orientation (south and north wall). The data were measured by infrared 

camera on June 26
th

, 2017.  

First, we take the H/W=1 sand model as an example to show the diurnal variation 

of hot and cold area proportion of the wall temperature (Fig. 8a). For hot area 

proportion, the wall temperature larger than 35 ℃  in the day is appeared 
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approximately from 11:00 to 18:00. The wall absorbs heat and surface temperature 

rises after receiving the solar radiation. With the enhancement of the solar radiation, 

11.5% of the wall surface area is higher than 35 ℃ at 11:00. After 13:00, with the 

accumulation of heat, the hot area proportion continues increasing, more than 90% of 

the wall temperature exceeds 35 ℃ and this phenomenon lasts until 18:00. For cold 

area proportion, the wall surface area lower than 28 ℃ is appeared approximately 

from 00:00 to 07:00. The wall releases the heat due to the decrease of solar radiation, 

mainly from longwave radiation and ventilation. After sunset, the wall takes the time 

to drop to 28 ℃. It shows 29.2% of the wall surface area is lower than 28 ℃ at 

00:00 and reaches 81.5% at 04:00. The heat transfer process at night is different from 

the daytime. Solar radiation is of the primary energy source for the wall to heat up 

during the daytime, which can keep the wall warming. However, the factors that 

determine the nocturnal cooling including the complex longwave radiative transfer 

between different walls, ground and sky, and ventilation from both convection and 

advection of heat. All these processes are strongly correlated with the canopy 

morphology. In order to investigate the effect of other factors (aspect ratio, building 

thermal capacity and wall orientation) on hot and cold area proportion, we compare 

the analyses of hot area proportion at four different hours (08:00, 12:00, 14:00, 16:00) 

and cold area proportion at four different moments (22:00, 00:00, 02:00, 04:00). 

As displayed in Fig. 8b, we compare the hot and cold area proportion of wall 

temperature (sand model, south wall) under different aspect ratios (H/W=1, 2, 3). At 

08:00, no wall surface area with three kinds of aspect ratios (H/W=1, 2, 3) exceeds 35 
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℃. At 12:00, the hot area proportion of the wider street (H/W=1) is the largest, which 

reaches up to 65.6%, while the narrower street for the aspect ratio H/W=2, 3 are 6.7%, 

24.6%, respectively. Similar phenomena can be observed in the other two moments 

(14:00 and 16:00). In addition, all the wall surface temperature are higher than 35 ℃ 

for wider street (H/W=1) at 16:00. For cold area proportion, at 22:00, the wall 

temperatures of three aspect ratios (H/W=1, 2, 3) all are higher than 28 ℃. At the rest 

of moments (00:00, 02:00, 04:00), wider street (H/W=1) shows more surface area 

below 28 ℃  than narrower street (H/W=2, 3). It shows the greater longwave 

radiation and better ventilation because of the bigger sky view factor in the wider 

street. 

The hot and cold area proportion of the wall temperature (H/W=3, south wall) 

under different thermal capacity (hollow and sand model) are described in Fig. 8c. For 

hot area proportion (at moments 12:00, 14:00, and 16:00), we can find that hollow 

model shows more surface area higher than 35 ℃ due to the smaller heat capacity. 

The sand model with larger heat capacity is possessed of the slower temperature 

change rate. The wall of the sand model needs more time to heat up during the 

daytime. The cold area proportion at night (02:00 and 04:00) of sand model displays 

less data lower than 28 ℃. At 04:00, 99% of wall surface area of hollow model is 

lower than 28 ℃ while none of sand model does. The wall of the sand model also 

needs more time to cool down during the night. 

Fig. 8d shows the example of the hot and cold area proportion of the wall surface 

temperature (hollow model, H/W=1) under different orientations (north and south 
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wall). South wall begins to receive solar radiation earlier in the morning and absorbs 

more radiation during the daytime. At 8:00 (the morning), the proportion of hot area 

on the south wall reaches up to 57.3%, while the north wall is only 0.3%. After that, 

as the solar elevation angle increases, the difference in the hot area proportion 

between the south wall and north wall decreases. The difference in proportion of cold 

area between the south and north wall is very small in the beginning. The large 

discrepancy at 4:00 may be related to the difference in heat storage of wall during the 

daytime and wind velocity around the wall.  

 

Analysis of diurnal cycle characteristic (daily average temperature and DTR) 

The temperature variation during the whole day (24 hours) can be represented as 

a sinusoidal function, daily average temperature (< �̅�𝑤𝑎𝑙𝑙 >̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) and daily temperature 

range (DTR) are always used to describe the diurnal cycle variations of urban thermal 

environment. We compare the diurnal cycle characteristics of <�̅�𝑤𝑎𝑙𝑙> of canopies 

with different aspect ratios (H/W=1, 2, 3) and thermal capacities (hollow and sand 

model). The wall temperature data measured by thermocouples from May 6
th

-June 

10
th

, 2017 are selected here. The daily average temperature (< �̅�𝑤𝑎𝑙𝑙 >̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅) is calculated 

as the mean value of <�̅�𝑤𝑎𝑙𝑙> during the whole day. The DTR of <�̅�𝑤𝑎𝑙𝑙> is calculated 

as the difference between maximum temperature (< �̅�𝑤𝑎𝑙𝑙 >𝑚𝑎𝑥 ) and minimum 

temperature (< �̅�𝑤𝑎𝑙𝑙 >𝑚𝑖𝑛) during the whole day. 

Fig. 9a shows the result of < �̅�𝑤𝑎𝑙𝑙 >̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ for each day during the study period (each 

column represents data on the same day, some data for the sand model are lost and 
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cannot be shown here). For hollow models, < �̅�𝑤𝑎𝑙𝑙 >̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ of the wider street (H/W=1) is 

always higher than the narrower street (H/W=2, 3), as wider street always receives 

more solar radiation during the daytime. However there is no significant difference in 

< �̅�𝑤𝑎𝑙𝑙 >̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ between H/W=2 and 3. As the radiation processes in the street canyon 

include both shading and trapping effect, it seems that the radiation exchange process 

in the street canyon becomes more complicated when H/W is larger than 2. Further 

study will be needed to quantify the exact mechanisms. The above results are 

generally consistent with the findings of Wang et al. (2018). As shown in Fig. 9a-b, 

for models with same aspect ratio, < �̅�𝑤𝑎𝑙𝑙 >̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ of the hollow model are higher than 

the sand model in sunny days (e.g. May 11
th

, 2017), however it is the opposite in 

cloudy days (e.g. May 13
th

, 2017) when the solar radiation flux is relatively weaker, 

though the difference is very small. 

Then Fig. 9c presents the DTR of <�̅�𝑤𝑎𝑙𝑙> for each day during the study period 

(each column represents data on the same day, some data for the sand model are lost 

and cannot be shown here). For models with the same heat capacity, DTR of <�̅�𝑤𝑎𝑙𝑙> 

of the wider street (H/W=1) is always larger than the narrower streets (H/W=2, 3). The 

wider street (H/W=1) absorbs more solar radiation than narrower street (H/W=2, 3) 

during the daytime, thus the maximum temperature is much higher. At night, however, 

the wider street (H/W=1) loses more heat producing the relatively lower minimum 

temperature. For canopies with the same aspect ratio but different heat capacity, DTR 

of <�̅�𝑤𝑎𝑙𝑙> of hollow model is always higher than the sand model, highlights the 

impact of thermal storage on the diurnal temperatures, that the < �̅�𝑤𝑎𝑙𝑙 >𝑚𝑎𝑥 of 
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hollow model is larger while < �̅�𝑤𝑎𝑙𝑙 >𝑚𝑖𝑛 is smaller than the sand model. 

To further analyze the detailed information of different aspect ratios and building 

heat capacity, we averaged the multi-day wall temperature characteristics over the 

period May 6
th

 to June 10
th

 2017 (only data of 9 days are valid) which are listed in 

Table 5. For the hollow model, larger aspect ratio leads to lower maximum 

temperature (i.e. 36.4, 35.0, 34.5 ℃ for H/W=1, 2, 3, respectively). For the minimum 

temperature, the differences between various aspect ratios are very small (i.e. less than 

0.4 ℃). Consequently, the daily temperature range (DTR) as H/W=1 (hollow model) 

is the largest (12.1 ℃), which is 1.2 and 2.1 ℃ larger than that of aspect ratios 

H/W=2, 3, respectively. Moreover, the sand model with larger thermal capacity 

experiences the lower maximum temperature but higher the minimum temperature 

than the hollow model. DTR of hollow model is 4.5, 4.6 and 3.8 ℃ larger than sand 

model with the aspect ratio of 1, 2, 3, respectively.  

However, the differences in daily average temperature between different cases 

are much smaller, i.e. less than 0.6 ℃ for different aspect ratios and 0.2 ℃ for 

different thermal capacities. More significantly, for both hollow and sand models, 

wider streets (H/W=1) experience a little higher daily average temperature (0.3-0.6 ℃) 

than narrower ones (H/W=2, 3). 

 

Analysis of heat storage flux calculated from thermocouple temperature 

The increasing human-made structures of the city, such as buildings and roads, 

absorb heat during the daytime and release heat at night, producing more noticeable 
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heat storage effect than rural area. The magnitude of heat storage ∆𝑄𝑠 affects the 

diurnal cycle temperature of a street or urban district. Offerle et al. (2005) proposed 

the element surface temperature method (ESTM) to estimate the total heat storage 

flux in cities through the surface temperature. The calculation formula is:  

 





i piii
i

s xs
t

T
Q                                                (3) 

where ∆𝑇 ∆𝑡⁄  is the rate of temperature change over the period, 𝑠 is the volumetric 

heat capacity, ∆𝑥 is the element height, 𝜆𝑝 is the plan area fraction (fraction of the 

element plan area to the total street canyon plan area) and i represents the basic units 

in street canyon, including building roof, building wall, internal building expressed as 

iBLD (for hollow model, it is air; for sand model, it is sand), ground and external air 

(Fig. 10a). So ∆𝑥𝜆𝑝 represents the total element volume over the plan area, for each 

element i. The detailed thermo-physical properties of basic elements in the ideal street 

canyon for heat storage estimation are given in Table 6. The spatially-averaged 

temperature measured by thermocouples for each basic unit is used to calculate the 

temperature change rate of 10 minutes. ∆𝑄𝑠 based on this temperature change rate is 

performed hourly average.  

Fig. 10b shows the example of total heat storage flux ∆𝑄𝑠 and its heat storage 

from different canopy components (roof, wall, iBLD, ground and external air) of 

hollow model (H/W=3) on May 17
th

, 2017. The value of ∆𝑄𝑠 is positive during from 

06:00 to 13:00 (building model absorbs heat), while the value of ∆𝑄𝑠 is negative 

after 14:00 till early morning next day (building model releases heat). The heat 

storage in the hollow model mainly depends on the ground, building wall, and 
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building roof while the contributions of iBLD and external air are small.  

Fig. 10c displays the example of total heat storage flux ∆𝑄𝑠 and its heat storage 

from different urban components of sand model (H/W=3) on May 17
th

, 2017. The 

diurnal pattern of ∆𝑄𝑠 of sand model is similar to hollow model. The value of ∆𝑄𝑠 

of sand model shows that the model absorbs heat from 06:00 to14:00, which is 1 hour 

more than the hollow model because of larger heat capacity. Moreover, compared 

with the hollow model, the heat storage of iBLD is obviously increased, which 

becomes the major part of heat storage in sand model due to its bigger heat capacity. 

Fig. 10d shows the diurnal hourly ∆𝑄𝑠 of hollow and sand model (H/W=1, 2, 3) 

over the period May 6
th

 -June 10
th

, 2017 (data from 9 days with valid measurements 

and no rainfall). The differences in ∆𝑄𝑠 between different aspect ratios are small 

while the difference is much bigger between different thermal capacities. The sand 

model absorbs and releases more heat than hollow model. The magnitude of ∆𝑄𝑠 of 

sand model is 2.2 times (H/W=1), 2.8 times (H/W=2), 3.2 times (H/W=3) larger than 

hollow model on average. In the late afternoon, the hollow model starts to release heat 

earlier than the sand model. The sand model with larger heat capacity slows down the 

response to heat. The detailed information about the ratios of heat storage component 

of each city unit to the total heat storage flux in the heat absorption and release period 

are listed in Table 7.  

During the heat absorption period (∆𝑄𝑠>0), for the hollow model, the increment 

of the aspect ratio contributes to an increase of heat storage flux of wall, from 23.72% 

(H/W=1) to 39.11% (H/W=2) and 50.13% (H/W=3). The proportion of heat storage 
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flux of roof is smaller than the wall. The proportions of heat storage flux of roof are 

7.00%, 13.48%, 19.94% for the canyons with aspect ratios of 1, 2, 3 respectively. For 

external air and iBLD in hollow model, the variations of both heat storage 

components are small, they contribute less than 1% to the total heat storage flux due 

to the smaller heat capacity of air. However, increase of the aspect ratio leads to a 

decrease of heat storage flux of ground from 68.48% to 46.44% and 28.83% in the 

street canyons with aspect ratio equal to 1, 2, 3. As material of most surfaces in the 

experiment are the same (roof, wall and ground), the differences in the contributions 

from various components between heat storage flux of surface and aspect ratio are 

due to the differences in total volume over the plan area (∆𝑥𝜆𝑝) of each surface. 

∆𝑥𝜆𝑝 of ground decreases as the aspect ratio increases, while ∆𝑥𝜆𝑝 of wall and roof 

increases with the aspect ratio.  

The variations of heat storage proportion of the corresponding unit in sand model 

in terms of the change of aspect ratio are similar to the hollow model. However, the 

proportion of heat storage flux of iBLD is significantly increased. Consequently, the 

proportions of heat storage flux of other components are larger in the hollow model 

than those in sand model with the same aspect ratio. The heat storage flux of iBLD 

becomes the primary source of total heat storage flux of sand model. What’s more, 

similar results can be observed during the heat release period (∆𝑄𝑠<0). 

 

3.7 Limitation and future work 

Scaled outdoor measurement of urban models, which are the simplification of 
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realistic urban areas, have been proved to be a useful approach to study the physical 

processes of urban climate (Kanda, 2006). Our study presents outdoor scaled street 

canyon models that the key urban parameters, such as the aspect ratio and thermal 

storage can be flexibly controlled and modified, however in real city it is difficult. In 

contrast to full-scale street canyons, the scaled model used in the present study can 

attain the flow phenomena when wind-driven dynamic force dominates or both 

thermal buoyancy and wind-driven dynamic forces are significant and interact, but 

hardly get buoyancy-force-dominated urban airflow with sufficiently large Re at the 

same time. Nevertheless, based on the large amount of data from one month extensive 

measurements, the results show our scaled model is a good option to quantify the 

relative significance and impacts of urban parameters on urban climate. This paper 

first considers 2D street canyons (H/W=1, 2, 3) that are built by concrete building 

blocks (H=1.2 m), to investigate the influence of aspect ratio and thermal storage on 

urban thermal environment. The present study is focusing more on the diurnal cycle 

characteristics of air and surface temperature within the urban canopy.  

Further investigations will be performed to examine the relative importance of 

factors within the complex energy-exchange processes, including heat storage of 

building and ground, fluxes of shortwave radiation, longwave radiation and sensible 

heat in 2D street canyon or 3D urban districts, which will make new contribution to 

the understandings of the spatial and temporal features of urban thermal environment 

and energy balance. In addition, our experiment can also provide high-quality 

parametric field data that can be used in the validation and to improve the accuracy of 
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numerical simulations and theoretical models. Moreover, further attention will also be 

paid to adopt more urban parameters, such as greenery, into our scaled outdoor 

experiment, to investigate the quantitative impacts of different urban parameters on 

urban micro-climate, and then provide meaningful guidance for sustainable urban 

climate design. 

 

4. Conclusion 

The street aspect ratio and thermal storage capacity are two essential urban 

parameters that largely determine urban micro-climate, such as the urban heat island 

and urban turbulence characteristics. However, the complex energy-exchange 

processes and the exact mechanisms of the impacts from both factors are still rarely 

investigated so far. In this study, we conducted a scaled outdoor field measurement to 

investigate the influence of street aspect ratios (H=1.2 m, H/W=1, 2, 3) and building 

heat storage (hollow and sand model) on urban thermal environment. The daily 

average temperature and daily temperature range (DTR) are adopted as key indexes of 

diurnal cycle characteristics. The conclusions are as following. 

(1) The obvious diurnal-cycle characteristics of wall and air temperature are 

observed. The wall heats up in the morning, and reaches the highest temperature in 

the afternoon (around 15:00), then it cools down in the late afternoon till night due to 

longwave radiation and convective ventilation cooling. Furthermore, the weather 

condition and solar radiation play the significant role on daily cycle of wall 

temperature. A single peak of wall temperature occurs on sunny day, while the wall 
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temperature decreases in the cloudy days due to the reduction of solar radiation.  

(2) The upper levels of the wall that receive more solar radiation experience 

higher temperature than the lower levels during the daytime. However, the upper 

levels tend to be cooled down faster due to the better ventilation and greater longwave 

radiation loss at night. Compared with wall temperature, the variation of air 

temperature at different heights of the central street canyon is small due to the 

significant turbulent mixing. The maximum surface-air temperature differences can 

reach up to 10-12 ℃ during our study period.  

(3) The wall receiving more solar radiation with less shading area usually 

experiences higher temperature. During the daytime, wider street canyon (H/W=1) 

warms up faster and presents larger hot area proportion (the proportion of the wall 

temperature over 35 ℃ to the total wall temperature). However, at night, wider street 

canyon (H/W=1) cools down quicker and shows a larger cold area proportion (the 

proportion of the wall temperature below 28 ℃ to the total wall temperature) than 

narrower street canyons (H/W=2, 3). As a result, the daily average temperature and 

daily temperature range (DTR) of wider street canyon (H/W=1) are always higher than 

narrower street canyon (H/W=2, 3). According to ensemble mean of diurnal features 

of wall temperature, the differences in the daily average temperature between three 

aspect ratios are small (i.e. less than 0.6 ℃). But for DTR, as H/W=1 (i.e. hollow 

model) is 12.1 ℃, which is 1.2 and 2.1 ℃ larger than aspect ratio of H/W=2, 3, 

respectively. In addition, the impact of street aspect ratio on the average temperature 

and temperature range is more significant at lower level (z=0.3 m) than upper level 
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(z=1.1 m) during the daytime (the absorption of solar radiation at lower level is more 

sensitive to the change in aspect ratio than upper level), while such impact is small on 

both lower and upper level at night.  

(4) The sand model with larger heat capacity exhibits the slower changing rate of 

the wall temperature. During the daytime, the hollow model (larger hot area 

proportion and smaller heat storage flux) warms up faster and stores less heat than the 

sand model (smaller hot area proportion and greater heat storage flux). However, at 

night, the sand model (smaller cold area proportion and higher heat storage flux) is 

warmer and releases more heat than hollow model. Therefore, DTR of hollow model 

are always greater than the sand model. From ensemble mean of diurnal 

characteristics of wall temperature, the differences in the daily average temperature 

with different thermal capacity are small (i.e. less than 0.2 ℃). DTR of hollow model 

is 4.5, 4.6 and 3.8 ℃ larger than sand model with the aspect ratio of 1, 2, 3, 

respectively. 

Although further investigations are still required to reveal the influencing 

mechanisms of urban thermal environment and provide practical guidelines, this 

paper is one of the first attempts to develop a parametric scaled outdoor field 

measurement, to experimentally quantify how street aspect ratios, thermal storage and 

weather conditions influence daily cycle characteristics of urban air-wall temperatures. 

The effective methodologies are proposed for more urban morphologies and building 

thermal capacities with various meteorological conditions. By coupling with massive 

experimental data of radiation fluxes and turbulence characteristics, present results 
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can be adopted to provide validation and evaluation for theoretical models and 

numerical simulations. 
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Fig. 1 (a) The experiment site of scaled outdoor field measurement and the direction 

of coordinate axis (positive X: south, positive Y: west, positive Z: vertical upward); 

Schematic illustration of: (b) the plan of street canyons (hollow & sand model) with 

aspect ratios H/W=1, 2, 3 and measurement positions in X-Y plane (top view); (c) the 

definitions of street canyon surfaces (roof, north wall, south wall and ground) in X-Z 

plane (side view). 

 

 

 

Fig. 2 Schematic setup of the experimental instruments: (a) sonic anemometers, (b) 

thermocouples and ibuttons, (c) infrared camera 

 

 

 

 

 

Fig. 3 Example figures showing diurnal cycle temperature in canyon measured on 

June 26
th

, 2017: (a) 24-hour infrared images of hollow model (south wall, H/W=1), (b) 

�̅�𝑤𝑎𝑙𝑙  (hollow model, south wall, H/W=1) at different heights measured by 

thermocouples, (c) �̅�𝑎𝑖𝑟 (hollow model, H/W=1) at various heights along street 

centreline measured by ibuttons, (d) The difference of <𝑇𝑤𝑎𝑙𝑙> (hollow model, north 

wall, H/W=3) between thermocouples and infrared camera, (e) <𝑇> at wall, ground 

and roof, < 𝑇 > of air within canyon (hollow model, H/W=1) measured by 

thermocouples, background air temperature �̅�𝑏at z=2H and downward shortwave 

radiation measured by weather station during three consecutive days (May 18
th 

- 20
th

, 

2017) 
 

 

 

 

 

 

Fig. 4 Example figures comparing wall temperature in canyon with different 

orientation (north & south wall, hollow model, H/W = 1), infrared images measured 

on June 26
th

, 2017: (a) during the daytime, (b) during the night; Diurnal variation of 

wall temperature (hollow model, H/W=1) measured by thermocouples including 

single point temperature �̅�𝑤𝑎𝑙𝑙  and spatially-averaged temperature <�̅�𝑤𝑎𝑙𝑙 >, and 

downward shortwave radiation measured by weather station: (c) on May 28
th

, 2017, 

sunny day, (d) on June 9
th

, 2017, cloudy day 
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Fig. 5 Example figures comparing wall temperature in canyon with various aspect 

ratios (hollow model, H/W = 1, 2, 3): (a) Infrared images of south wall on June 26
th

, 

2017, (b) <�̅�𝑤𝑎𝑙𝑙> at 8 points (north & south wall) measured by thermocouples on 

May 11
th

, 2017 

 

Fig. 6 Example figures comparing wall temperature in canyon with different thermal 

capacity (hollow & sand model), infrared images of south wall measured on June 26
th

, 

2017: (a) H/W = 1, (b) H/W = 2, (c) H/W = 3; <𝑇wall > at 8 points (north & south wall, 

H/W=1) measured by thermocouples and downward shortwave radiation measured by 

weather station: (d) on May 11
th

, 2017, (e) on June 9
th

, 2017 
 

Fig. 7 Boxplots of wall temperature of the lower level (z=0.3 m) and upper level 

(z=1.1 m) on both north and south facades of hollow model with different aspect 

ratios (H/W=1, 2, 3), note: 7 days data selected from May 11
th

-June 9
th

, 2017: (a) 

during the daytime, 07:00-20:00, (b) during the night, 20:00-07:00 

 

 

 

 

 

Fig. 8 Example figures showing hot area proportion (𝑇𝑤𝑎𝑙𝑙 > 35 ℃) and cold area 

proportion (𝑇𝑤𝑎𝑙𝑙 < 28 ℃) calculated from infrared data measured on June 26
th

, 2017: 

(a) diurnal variation (sand model, H/W=1, south wall), (b) different aspect ratio 

(H/W=1, 2, 3), south wall of the sand model, (c) different heat capacity (hollow and 

sand model), south wall with the aspect ratio 3, (d) different orientation (north and 

south wall), hollow model with the aspect ratio 1 

 

Fig. 9 Diurnal cycle characteristics of <�̅�𝑤𝑎𝑙𝑙> with different aspect ratios (H/W=1, 2, 

3) and thermal capacity (hollow and sand model) measured by thermocouples during 

the day, over the period of May 6
th

-June 10
th

, 2017: (a) < �̅�𝑤𝑎𝑙𝑙 >̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ , (b) Downward 

shortwave radiation measured by weather station: May 11
th

, 13
th

, 2017, (c) DTR of 

< �̅�𝑤𝑎𝑙𝑙 >, note: some data for sand model are lost and cannot be shown here. 
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Fig. 10 (a) Schematic illustration of basic units in street canyon, including roof, wall, 

internal building, ground and external air; Example figures showing total heat storage 

flux ∆𝑄𝑠 and its heat storage components of street model (H/W=3) on May 17
th

, 

2017: (b) hollow model, (c) sand model; (d) Diurnal hourly ∆𝑄𝑠 of hollow and sand 

model (H/W=1, 2, 3) over the period May 6
th

-June 10
th

 , 2017 (only data of 9 days are 

valid). 
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Table 1. Instruments for measurement 

Measured parameter Instrument Horizontal 

position 

Vertical position  Sampling rate Quantity 

Wind velocity within 

and above canyon  

Sonic anemometer 

(Gill WindMaster) 

Refer to 

Fig. 1b 

Refer to Fig. 2a 20 Hz 22 

Canyon air 

temperature 

Ibutton (DS1922L) Refer to Fig. 2b 10 min 30 

Canyon surface and 

air temperature 

Thermocouple 

(K-type, Φ0.255 

mm) 

Refer to Fig. 2b 1 min 246 

Canyon wall 

temperature 

Infrared camera 

(R500) 

Refer to Fig. 2c 1 h 2 

Background air 

temperature, wind 

speed, solar 

radiation and rainfall 

Weather station 

(RainWise PortLog) 

Height: 2.4 m 

(above the 

ground) 

10 min 2 

 

Table 2. Typical Reynolds number and bulk Richardson number in scaled urban 

airflow with characteristic reference values ( T =Tw-Tref=10 K, Tref=300 K, H=1.2 m) 

during the experimental period 

Aspect ratio 

(H/W) 

Background 

reference velocity 

(Uref) 

Reynolds number 

(Re = UrefH/v) 

bulk Richardson number 

(
2

/

ref

ref
b

U

TTgH
Ri


 ) 

1, 2, 3 

0.1 m/s 8219 39.2 

0.5 m/s 41096 1.57 

2 m/s 164384 0.1 

 

Table 3. Physical properties of street canyon materials (hollow model: concrete, sand 

model: concrete and sand) 

Material Density, 𝜌 

(g/c𝑚3) 

Conductivity, λ 

(W/mK) 

Diffusivity, D 

(𝑚𝑚2/𝑠) 

Volumetric heat capacity, s 

(MJ/𝑚3𝐾) 

Emissivity, 𝜀 

Concrete 2.42 2.073 1.386 1.496 0.87 

Sand 0.79 0.36 0.49 0.733 - 

 

Table 4. Summary of the statistical performance of wall temperature measurement 

differences (mean absolute error MAE and root mean squared error RMSE) between 
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the infrared camera and thermocouple 

Statistics MAE (℃) RMSE (℃) 

Hollow model (H/W=3, north wall) 0.70 0.87 

 

Table 5. Summary of the multi-day averaged wall temperature characteristics of 

different aspect ratios and building heat capacity over the period May 6
th

-June 10
th

, 

2017 (only data of 9 days are valid) 

Model type Aspect ratio 𝑇𝑚𝑎𝑥 𝑇𝑚𝑖𝑛 𝐷𝑇𝑅 �̅�𝑑𝑎𝑦 

Hollow H/W = 1 36.4 24.3 12.1 29.0 

 H/W = 2 35.0 24.1 10.9 28.4 

 H/W = 3 34.5 24.5 10.0 28.5 

Sand H/W = 1 33.4 25.7 7.6 28.8 

 H/W = 2 32.2 25.8 6.3 28.5 

 H/W = 3 31.9 25.7 6.2 28.3 

 

Table 6. Properties of basic elements in the ideal model (hollow and sand model) for 

heat storage estimation 

Element Aspect 

ratio  

Material Volumetric heat 

capacity, 

𝑠 (MJK−1𝑚−3) 

Element 

height, 

∆x (m) 

Plan area 

fraction, 

𝜆𝑝 

Roof H/W=1 

Concrete 1.496 0.015 

0.294 

H/W=2 0.455 

H/W=3 0.556 

Wall H/W=1 

Concrete 1.496 1.200 

0.018 

H/W=2 0.027 

H/W=3 0.033 

Internal building 

(iBLD) 

H/W=1 Air (for hollow 

model), Sand (for 

sand model) 

1.211× 10−3 (for 

air), 0.733 (for 

sand) 
1.200 

0.276 

H/W=2 0.427 

H/W=3 0.522 

Ground H/W=1 
Concrete 1.496 0.100 

0.706 

H/W=2 0.545 
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H/W=3 0.444 

External air H/W=1 

Air 1.211× 10−3 1.200 

0.706 

H/W=2 0.545 

H/W=3 0.444 

 

Table 7. Summary of the ratio (%) of heat storage component of each city unit to the 

total heat storage flux during the heat absorption (∆𝑄𝑠 > 0) and release (∆𝑄𝑠 < 0) 

period 

Heat storage flux ∆𝑄𝑠 > 0 ∆𝑄𝑠 < 0 

Model 

type 

Aspect 

ratio 

Wall Roof External 

air 

Internal 

building 

Ground Wall Roof External 

air 

Internal 

building 

Ground 

Hollow H/W = 1 23.72 7.00 0.52 0.28 68.48 23.58 7.07 0.50 0.28 68.57 

H/W = 2 39.11 13.48 0.49 0.48 46.44 39.13 13.89 0.48 0.48 46.02 

H/W = 3 50.13 19.94 0.42 0.68 28.83 49.78 20.50 0.41 0.68 28.63 

Sand H/W = 1 10.90 5.30 0.34 37.02 46.44 11.25 5.71 0.34 33.67 49.03 

H/W = 2 14.28 8.90 0.24 52.49 24.09 14.84 9.75 0.25 49.42 25.74 

H/W = 3 16.07 9.83 0.17 57.52 16.41 16.65 10.68 0.17 54.94 17.56 
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Scaled outdoor measurements of urban climate(SOMUCH) in 2D street canyon 

are tested.  

Impact of aspect ratio(H/W=1,2,3; H=1.2m)/thermal storage on T profiles is 

studied.  

Wider street is warmer in daytime and cools down quicker at night than narrower 

one. 

Sand models with more thermal mass get less daily temperature range(DTR) than 

hollow models. 

Upper walls receive more radiation in daytime but cool down quicker than lower 

walls. 
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