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Abstract

:

The street thermal environment is important for thermal comfort, urban climate and pollutant dispersion. A 24-h vehicle traverse study was conducted over the Kowloon Peninsula of Hong Kong in summer, with each measurement period consisting of 2–3 full days. The data covered a total of 158 loops in 198 h along the route on sunny days. The measured data were averaged by three methods (direct average, FFT filter and interpolated by the piecewise cubic Hermite interpolation). The average street air temperatures were found to be 1–3 °C higher than those recorded at nearby fixed weather stations. The street warming phenomenon observed in the study has substantial implications as usually urban heat island (UHI) intensity is estimated from measurement at fixed weather stations, and therefore the UHI intensity in the built areas of the city may have been underestimated. This significant difference is of interest for studies on outdoor air temperature, thermal comfort, urban environment and pollutant dispersion. The differences were simulated by an improved one-dimensional temperature model (ZERO-CAT) using different urban morphology parameters. The model can correct the underestimation of street air temperature. Further sensitivity studies show that the building arrangement in the daytime and nighttime plays different roles for air temperature in the street. City designers can choose different parameters based on their purpose.
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1. Introduction


Streets are where life, traffic, and commercial activities mingle together in large cities. Streets represent the immediate thermal environment for buildings, and the heat, moisture, wind, and so on emitted from buildings also change the environment in the street. The street thermal environment determines the thermal comfort of citizens, especially important for outdoor workers [1,2,3] and, as climate is warming globally, cities such as Hong Kong will experience greater stress. Accurate information about the street thermal environment is also important for the analysis of urban climate and pollutant dispersion. Being high-rise and compact, Hong Kong has had an urban warming rate of 2 °C over the last 100 years, which is much higher than the global warming rate of 0.7 °C over the same period [4].



The outdoor air temperature is a main factor to determine physiological equivalent temperature, which is important for evaluation of thermal comfort [5]. However, obtaining accurate air temperature in the street is not easy. It is known that weather station data depend on the location of the station and its surroundings. For stations installed in the urban canopy layer, the radius of influence is usually below 500 m [6]. Since weather stations are usually surrounded by open and/or green areas, whether data from weather stations alone can accurately represent air temperature within high-rise city is still an unanswered question. Installing fixed station in the streets and using vehicle traverse methods are two other options, but the former may not be suitable everywhere due to logistical restrictions.



Vehicle traverse methods have been used to measure air temperatures in cities. The monitored air temperature data from traverse experiments have been used to determine air temperatures over a whole city [7,8,9,10], but most of these field studies were carried out in cities where the building arrangement is sparse such as Singapore and Utrecht [7,11], and few studies [12] have been carried out in high-rise cities, such as Tokyo and Hong Kong. Pioneering work on street canyons [13,14] has led to an improved understanding of heat and turbulent transport in street canyons [15,16,17,18,19,20,21]. Field studies of thermal and airflow characteristics in streets have been carried out [22,23]. Simple models have also been developed to understand changes in air temperature in street canyons [24]. However, most studies of street canyons and air temperature were focused on isolated canyons. Very few studies have focused on the average air temperatures in street canyons over a large part of a city, particularly in high-rise compact cities.



Thermal imagery and thermal remote sensing techniques are other methods to quantify land surface temperature and near surface air temperature to monitor and study the urban heat island effect [25,26,27]. Studies have found that both the urban morphology, which shows different arrangement of building clusters and the surface (impervious surface or vegetation cover) play important roles for surface and air temperature in an urban environment [5,28]. This method has also been also used in Hong Kong, where Fung et al. [29] and Nichol et al. [30] analyzed surface temperature distributions on a winter night. However, the disadvantage of remote sensing is that the air temperature must be derived from surface temperature. Since full diurnal cycles of air and surface temperature have pronounced hysteresis effects at local scale, the derivation of the air temperature from surfaces may not be accurate at local scale [31].



Some local studies in Hong Kong have focused on deep street canyons [32,33] using computational fluid dynamics (CFD) simulations, but consideration of the thermal environment is limited. Street air temperatures are measured at the neighborhood-scale [34,35,36], but most studies focus on the specific time of day, such as noon, afternoon, or nighttime. However, only a few studies have considered the variation of the full diurnal cycle of temperature, which is important to further understand the mechanisms of temperature variation.



Furthermore, numerical models for street temperature have usually focused on local scale, and the simple mesoscale model which includes the effect within streets is limited. Silva et al. [37] developed a zero-dimensional mesoscale model to evaluate energy balance including simplified complex urban geometry. However, in this model, the urban surface temperature and air temperature were set to uniform, while they are known as very different [38]. Yang et al. [39] improved the model by developing separated characteristic temperatures for urban air and urban surfaces. However, flow pattern in compact street areas are different from open areas or the ideal city. Therefore, the model should be improved if we want to improve our understanding of the impact of urban morphology on urban air temperature, especially street temperatures.



In streets of the compact high-rise city, the low ventilation rate [40] leads to high temperature, while the low sky view factor causes low incoming solar radiation [39,41]. The interaction of such factors is complicated and still not fully resolved. The purpose of this paper is to study the diurnal air temperature profile and its impact in street canyons of Hong Kong using both traverse data and an improved urban canopy layer temperature model based on the ZERO-CAT model [39], in the attempt to accurately reproduce street air temperature. This should allow sensitivity studies of different factors of urban morphology based on the model to be analyzed, thereby helping designers understand the influence of these factors on thermal comfort.




2. Experiments


2.1. Experimental Area


The experiment was conducted in the southern part of Kowloon Peninsula (Figure 1), one of the core urban areas in Hong Kong. Due to high population density [42], the study area comprises narrow streets and very tall buildings (Figure 1), making it a compact, high-rise area.




2.2. Designed Traverse Route


The traverse route was designed to measure the air temperature in the streets in the chosen experimental area, which is the Kowloon Peninsula area of the city (Figure 2 top). The experiment was conducted along roads forming a loop that represent the main character of the city center, including main roads and small alleys, the CBD area, and green areas (Figure 2 bottom). The speed of the vehicle was approximately 30 km/h, and both the starting and ending locations were at the Hong Kong Polytechnic University, indicated by a blue triangle in Figure 2 (top). The route consisted of an anticlockwise loop, and most loops were completed within an hour. The elevation gradient of the route is less than 50 m, which is small enough to ignore the temperature–altitude correction [43]. The designed route also passed by the area near the two fixed weather stations operated by Hong Kong Observatory: the Hong Kong Observatory (HKO) station and King’s Park (KP) station (Figure 2 top). Both stations are located in the urban area and the temperature obtained from HKO station is usually adopted to represent the city temperature in Hong Kong [4].




2.3. Instrumentation


The data were collected along the designated route by an instrumented vehicle. Instruments included three air temperature sensors and two global positioning system (GPS) sensors (eTrex, Garmin, Olathe, KS, USA). The GPSs, with recording frequency of 1 s, were attached to the vehicle. Three temperature sensors were located on the vehicle roof, the height of which is about 2 m (Figure 3). The top of vehicle roof is a common location for measuring temperature in traverse experiments [7,10,11,44]. The air temperature sensors are marked by the black circle in Figure 3. A two-layer well-insulated and mechanically-ventilated plastic tube with aluminum foil was used as a cover to shield solar radiation, an improvement from the tube used in several studies. The K type thermocouple probes (Model EW-08505-86, Cole-Parmer, Vernon Hills, IL, USA) was placed in the middle of the tube and recorded every 4 s by a thermometer data logger (Extech-HD 200, Extech Instruments, Nashua, NH, USA) [11,12]. The record frequency was higher than that of Wong et al. [11]. The temperature record and the GPS record were matched to local time, which was calibrated in each instrument and experiment.



The probes were first calibrated by plotting the thermocouple’s voltage–temperature curve. The tube was aspirated at a rate of 3.5 m/s by a fan at one end of the tube. All tubes were installed in a single direction to ensure air flow from the front of the vehicle. The data were averaged among three temperature sensors located on the vehicle roof to minimize the effect of the possible exhaust gas plumes from other vehicles in front and on either side of the experiment vehicle. The three tubes on the vehicle roof were at equal distance (around 500 mm) to one another. The tube was also tested for 24 h at a location 15 m from the KP station. The average difference between the measured air temperatures of the two sensors was less than 0.1 °C for non-rainy days, as shown in Figure A1, Appendix A. Before each experiment, all sensors were calibrated and the GPSs were compared with one another.




2.4. Data Analysis and Validation


The field measurements were conducted from August to September 2012. A total of 158 vehicle traverse loops was conducted in a total of nine days, with each period consisting of 2–3 full days. Sunny days with low background wind speed were selected, to represent the typical UHI situation. Table 1 presents details of each measurement. General weather information is provided in Table A1, Appendix B. Due to a small bias of the GPS coordinate during the experiment, we used the “cell” (as defined above) to represent the location. The study area was sub-divided into 100 × 100 m2 cells, as shown in Figure 4, with the choice of the length scale 100 m determined from the temperature recording frequency, vehicle speed and the responding time of temperature sensors. Data when the car speed was zero were deleted to avoid the influence of traffic jams. The remaining temperatures in each cell were averaged. For further data analysis, only the data of a whole day (0:00–23:59) were used for Fast Fourier transformation (FFT). Therefore, three experiments were conducted to collect adequate data samples.





3. Numerical Simulation


3.1. Model Description


Yang et al. [39] developed a model to determine the air temperature in the city, which is referred to as zero-dimensional City Air Temperature (zero-CAT) model. However, the ventilation rate and the anthropogenic heat in the zero-CAT model is not applicable for the street, especially in a compact high-rise city such as Hong Kong. The model is improved in this section.



The original model is based on the zero-dimensional mesoscale model to determine urban surface temperature originally developed by Silva et al. [37]. The zero-CAT model cataloged the urban fabric into different types and linked the air and surface temperature together through an analytical solution of urban air temperature. Two assumptions are made to simplify the city to a simple and ideal control volume for the zero-CAT model (Figure 5).




	(1)

	
The city is composed of buildings, streets, plants, and vehicles. The underlying surface is concrete with uniform distribution for the city area. The plan area (   A p   ) includes the area of the green zone (   A g   ), such as plants and parks; the area of the streets covered by pavement (   A c   ); and the building roof area (   A r   ). The total area of the surfaces (   A t   ) in the control volume includes both the plan area (   A p   ) and the surface area of the buildings (   A b   ), including wall surfaces and the roof of buildings. The relation of the terms is shown in Equations (1) and (2).


   A t  =  A p  +  A b     



(1)






   A p  =  A g  +  A c  +  A r     



(2)




The plan area coverage ratio    λ p   , calculated by Equation (3), represents the density of the city. The frontal area ratio    λ f   , is calculated by the area of the wall of the building which facing the inflow (   A f   ) and the total plan area, as shown in Equation (4) [45]


   λ p  =    A r   /   A p       



(3)






   λ f  =    A f   /   A p       



(4)








	(2)

	
The airflow is assumed to be fully mixed, so the air temperature (   T a   ) distribution in the domain is uniform. The temperature distribution in the thermal mass except for the underlying surface is also assumed to be uniform, and the surface temperature is referred to as    T s   . The rural air temperature    T 0    is also uniform. The air temperature from the representative rural station was used as the temperature of the incoming air [39].









With all assumptions, two heat balance equations are used in the city, one for the outdoor air and one for the surface temperature. The balance equation of the urban air is


   ρ  a i r    c p  q  (   T 0  −  T a   )  +  h  s h    A t   (   T s  −  T a   )  +  q  a n t h    A p  = 0    



(5)




where    ρ  a i r     is the density of the air,    c p    is the heat capacity of the air,  q  is the ventilation rate,    h  s h     is the sensible heat flux transfer coefficient, and    q  a n t h     is the anthropogenic heat.



The surface energy balance equation is:


  m c   d  T s    d t   =  A p   (  1 − α  )   q  s o l   −  A g   q  c o n d , g   −  A c   q  c o n d , c   −  A b   q  c o n d , b   −  A g   q  e v p   −  A t   q  c o n v   −  A p   q  r a d      



(6)




where   m c   is the thermal mass of the urban area. The terms on the right side are the different energy terms gained in the control volume. The term    A p   (  1 − α  )   q  s o l     is the solar radiation absorbed by the urban fabric,    q  s o l     is the solar radiation,  α  is the albedo of the volume, and    A g   q  c o n d , g     and    A c   q  c o n d , c     are the conductive heat flux into vegetated areas and roads, respectively.    A i   q  c o n d , i     is calculated by    A i   k f     T s  −  T  i _ s u b     Δ  x f     , where    k f    is the conductivity of the surface type  f , and   Δ  x f    is the representative depth in which the diurnal temperature variation is ignored.    T  f _ s u b     is the subsurface of  i  type temperature. The term    A b   q  c o n d , b     is the conductive heat flux into building walls, which is also represented as    (   U r   A r  +  U b   A b   )   (   T s  −  T  i n d o o r    )   .    U r    and    U b    are the velocity of building roofs and walls.    T  i n d o o r     is the indoor air temperature.    A g   q  e v p     is the evapotranspiration heat flux from a natural vegetated surface.    A t   q  c o n v     represents the convection heat transfer from the total urban surfaces, which is calculated by    h  s h    (   T s  −  T a   )   . The last term is the long wave radiation heat loss to the sky; the calculation is simplified to    h  r a d    (   T s  −  T  s k y    )   .    h  r a d     is the gradient of the linearized function and    T  s k y     is the sky temperature. More details can be found in Yang et al. [39].




3.2. Ventilation Rate


Assume an ideal city with same length and width (L), and the building height is H. The air change rate in the city includes the rate in the penetration area and that after the penetration area. The penetration area is the area where the dominant vertical transport was driven by the mean velocity, and the dominant vertical transport in the area after the penetration area was driven by turbulence, as shown in Figure 6. The length of the penetration area is determined by penetration depth (   x 0   ), which is calculated by Equation (7), suggested by Belcher et al. [46].


   x 0  = 3  L c  ln K    



(7)




where   ln K   usually equals 2, and the adjustment length    L c    is      (  1 −  λ p   )  H  /   λ f      for low-rise and     2  (  1 −  λ p   )  H  /   (  3  λ f   )      for high-rise city [39].



In the after penetration area, the dominant vertical transport is turbulence, which can be calculated by spatially averaged vertical velocity between urban canopy and above the canopy area, named as exchange velocity    U E   . It balances the momentum between urban canopy and above the canopy area, and the definition is also shown in Figure 6.



The total air change rate in the model includes the air change rate in both the penetration area and after the penetration area, as shown in Equation (8).


  q =  v 0   (  L H  )    1 −  λ p    +  [   (  L −  x 0   )  L  ]   (  1 −  λ p   )   U E     



(8)




where    U E    is exchange velocity.   v 0    is the effective velocity of the inflow from the rural. In the penetration area, the air change rate is    v 0  L H   1 −  λ p     . The rural wind follows the log law. The exchange velocity (   U E   ) is calculated by Equation (9) [47].


     U E     u *    =    [     U  r e f   −  U C     u *     ]    − 1      



(9)




where    U  ref     is the velocity above the urban canopy, which is the velocity at 2H as shown in many other studies for city [48].    U C    is the velocity in the urban canopy. The friction velocity    u *    is defined as Equation (10).




    u *  =   (  1 κ  ln    z  r e f   −  z d     z 0    )   − 1    U  r e f       



(10)





The morphology method instead of wind tunnel experiment is adopted here because the geometry of the surface roughness elements such as reference height    z  r e f    , displacement height    z d    and roughness length    z 0   , could easily be obtained and changed for the ideal city.



Bentham and Britter [47] also found that the velocity in the urban canopy    U C    is different for low-rise and high-rise buildings, as shown in Equations (11) and (12).




      U c     u *    =    (     z 0    2 H    )    − 0.5     for    λ f  < 0.2     



(11)






      U c     u *    =    (     λ f   2   )    − 0.5     for   0 . 2   <    λ f  < 0.44     



(12)





However, for very high and compact area, the model is not applicable. Yuan et al. [48] found that    u *    is almost constant when frontal area ratio    λ f    is larger than 0.4.    U c    in the high and compact city can be calculated by Equation (13).




    U c  = 0.12    (     λ f   2   )    − 0.5    U  r e f     for    λ f  ≥ 0.4     



(13)





The relationship between roughness height    z 0   , zero displacement    z d   , frontal area ratio    λ f    and plan area ratio    λ p    from Grimmond and Oke [45] was directly used in the mentioned study, and was also adopted in this study. Combining these parameters with Equations (10)–(13), the relationship between frontal area ratio    λ f    and    U c    is shown in Figure 7. When    λ f    increases, the velocity in the urban canopy decreases.



The effective velocity    v 0    can be rewritten to a function of    U  r e f    . The rural wind follows the log law (Equation (8)), and    U  r e f     is the wind at 2H. Effective velocity can be calculated by Equation (14).




    v 0  =    U  r e f    H     ∫ 0 H   ln  (    z −  z  r e f      z 0     )     d z     



(14)





The length of the city L is proportional to the building height H.    L / H  = l  . Equation (8) becomes




    q   U  r e f    H 2    =   L   1 −  λ p     H   (     (  ln  H   z 0    − 1  )   /  ln  (    2 H    z 0     )     )  +  [   (  L −    x 0   H   )  L  ]   (  1 −  λ p   )     U E     U  r e f         



(15)





Figure 8a shows the total air change rate with different city length and    λ f   . The density (   λ P   ) is 0.25. In general, the ventilation rate is larger when the city is bigger. Because the area dominated by vertical velocity, which is the after-penetration area, is larger than the area in the small city. When the city is large enough (larger than 200 H), the ventilation rate decreases with    λ f   . This is because the city has large    λ f    usually has large H/W ratio, which leads to small exchange velocity. However, for the small city, the ventilation rate increases first when    λ f    is smaller than 0.2. When    λ f    increases, the penetration depth (   x 0   ) decreases, and term    [   (  L −  x 0   )  L  ]    increase, while the exchange velocity decreases. Therefore, a maximum ventilation rate appears when    λ f    is 0.2. A large city is usually larger than 200 H long. We used L/H = 200 as a constant to discuss the impact of    λ P   . Figure 8b shows the ventilation rate with different    λ p    and    λ f    for a general city (L/H = 200). When    λ p    increases, the city becomes more compact, and the ventilation rate smaller.




3.3. Anthropogenic Heat


In the ideal city, the distribution of anthropogenic heat is assumed to be uniform. The anthropogenic heat includes several parts: metabolism, industry, buildings and transports.



	(a)

	
The heat flux generated from metabolism, industry and buildings







In the study area (i.e., District Yau Tsim Mong), the population density is 40,000 persons per square kilometer [49], and the corresponding metabolic heat flux is on the order of 10 W m−2 [50]. The heat flux generated from industry is ignored as there is almost no industry [51]. The heat flux generated from buildings is calculated by Equation (16) according to Sailor [50] and Yang et al. [41].


   q  a n t h   =    A r   q  a n t h , b    (   H /   H  f l o o r      )     A b       



(16)




where    q  a n t h , b     is 50 W m−2 and the    H  f l o o r     is the height of each floor, which is assumed to be 3 m.



	(b)

	
The heat flux generated from traffic







The hourly anthropogenic heat flux emitted from traffic    q  t r a   ( h r )   is calculated from Equation (17) [52,53].


   q  t r a   ( h r ) =    [      ∑  i j k     (   n  v i j k   ( h r ) ×  q  v _ i j   ×  d k   )     /  3600    ]   /   A p       



(17)




where  h  is local time,    n  v i j k   ( h )   is the hourly total number of vehicles of class  i  consuming fuel type  j  and travelling on road segment  k  at hour  h ,    q  v _ i j     (J m−1) is the energy used per vehicle of class  i  consuming fuel type  j , and    d k    is the vehicle distance travelled on road segment  k  (m).



Assume the traffic flow in the ideal city is uniform. We averaged the Annual Average Daily Traffic (A.A.D.T) from four monitored station in the different part of the design route [54], and used it as the uniform traffic flow. The averaged A.A.D.T are shown in Appendix C. Table 2 shows the percentage of each class among the vehicles and the energy used for each vehicle class in Hong Kong. The latter was similar to Singapore [53]. It was assumed all cars in Hong Kong use unleaded petrol. The total area and total road length of the road segment are evaluated from Google Earth. Finally, the hourly anthropogenic heat flux released from transport in the experiment area was calculated, as shown in Figure 9.





4. Results


4.1. Data Mining Process


One of the key issues for this traverse experiment is to find the correct value to represent the temperature of the whole experiment area at the right time. The general method (Method 1) is to average all the measured points in each hour (from 00 to 59 min). Meanwhile, to avoid noise in the measurement, we can extract the main characteristics of the street temperature through the Fast Fourier transformation (FFT) method (Method 2). The first and the second harmonics of measured data were extracted, and the extracted diurnal cycle was considered as the average temperature of the area [55]. The point value measured from 00 to 59 min was used to represent that hour. Due to the small bias of the GPS coordinate during the experiment, we used the “cell” (as defined above) to represent the location, as discussed in Figure 4. Only the data of a whole day (0:00–23:59) were used for FFT analysis. The missing data were filled by three-point interpolation when there were only one or two continuous hours missing; the data were ignored when more than three hours were missing.



In the experiment, the measured data could only actually represent a small area. During the experimental period, the average diurnal temperature range (DTR), which is the difference between maximum and minimum air temperature [56] was larger than 15 °C. The temperature change rate (TCR), which is the range of temperature change per hour, can be calculated by dividing the DTR by 24. This shows how fast the temperature changes hourly, thus when the TCR is large, the temperature increases sharply. In this experiment, TCR can be above 1 °C per hour. Considering that one hour was required to complete one loop, the error between two locations could be more than 1 °C without considering the spatial difference. Thus, we also considered the interpolation method here. The average temperatures calculated by Method 1 were used for interpolation. The piecewise Hermit method was used to interpolate the temperature to each time point (e.g., 1:00, 2:00, etc.) (Method 3). Then temperatures at the same time point were averaged.



Figure 10 shows the hourly average street temperature profiles from three different methods. For most of the time, the average temperature and the trends calculated by Method 1 (directly average) and Method 3 (average after interpolation) are similar. However, the extreme values are filtered by Method 3. Meanwhile, Method 2 extracts the main character of the air temperature in the whole area. Actually, this is more representative for the experimental area. We also noticed that at night (around 20:00–24:00), the air temperature decreases very slowly. However, such character is not captured by Method 2. This is because such decrease at night is a short-term signal which cannot be captured by the first and second harmonies of measured data. Generally, Method 2 can reflect the main character of the air temperature values over the whole experimental area, and Method 3 is closest to the real temperature values, which are obtained by filtering the noise from the measured temperature values.




4.2. The Street Warming Phenomenon (Comparing Air Temperature in Streets and at HKO Monitoring Stations)


Figure 11 shows the hourly mean air temperature profiles and its standard deviations during three representative periods (P1–P3) in streets and three fixed stations. Among them, the HKO station located in an urban built-up area to represent the city temperature, KP station is in green area and Tsak Yue Wu (TYW) is a remote station to represent the rural air temperature [57]. The average street air temperatures were warmer than the rural temperatures, and were 1–3 °C higher than those recorded at fixed weather stations nearby. The temperature was underestimated when we use air temperature obtained from fixed weather station to represent the street air temperature. Similar phenomenon was found by Wong et al. [58]. Only using one point value or one value to represent the UHI for the whole city is not enough [27]. We termed the difference between the street temperature and rural temperature (Tstreet − Trural) as the street urban heat island (sUHI) intensity. The sUHI intensity is rather small during the day, or sometimes even negative, particularly in the afternoon, which agrees with the urban cool island phenomenon [39]. Compared to the previous UHI in Hong Kong [4], sUHI is more realistic for practical purpose because it uses air temperature at street level instead of the air temperature at urban weather stations to present the urban temperature. The latter ones are mostly located in open green areas or natural earth [59]. The UHI in the street has been underestimated by about 2 °C on average. This significant difference is of interest to us as the streets are where people are, and where human activities take place.




4.3. Model Result


There are many differences between the environment in the street and that surrounding a fixed weather station. Temperatures in HKO station, often considered as city temperature, are compared with the temperature in the street. Figure 12 shows the environment around the temperature sensor in both HKO station (Figure 12a,b) and streets (Figure 12c,d). The underlying surface is very different in these two places. HKO station located in an open area covered by grass (Figure 12a), while in the street, the underlying surface is asphalt pavement (Figure 12c). The green area ratio    λ g   , which is the ratio of the area of the green zone (   A g   ) to total urban area (   A p   ), is also different. Meanwhile, from Figure 12b,d, it is easy to conclude that the plan area ratio    λ p    and frontal area ratio    λ f    of HKO station are smaller than that of streets, which lead to different ventilation rates.



The air temperature in the HKO station and in streets were simulated by improved zero-CAT model with the same anthropogenic heat (Section 3.3). Due to different    λ p    and    λ f   , the ventilation rates are different. Assume the experiment area is 4.9 × 107 m2, the building height is 40 m, and the date is 16 September 2012. The exchange velocity and ventilation rates calculated by different morphology parameters are shown in Table 3. The ventilation rate in the streets is much smaller than in the HKO station. Other different morphology parameters used for simulation are also shown in Table 3. The green area ratio is the green area over the whole experiment domain. Therefore, although the vegetation areas in Figure 12b,d are totally different, the difference between vegetation area ratio in the stations scenario and streets scenario are smaller. Other settings such as thermal mass, soil temperature, etc. are the same.



Figure 13 shows the measured and simulated air temperature in HKO station and in streets. The simulated temperatures agree well with the measured ones except in the evening. The range of temperature, average temperature and the time when maximum temperature appears are similar between the simulated and measured temperatures. The average temperature in streets is 2 °C higher than at HKO station. This shows the ability of the improved zero-CAT model to predict temperatures in the street canyon.




4.4. Sensitivity Analysis for Urban Design


The urban morphology parameters, including H/W ratio, plan area ratio (   λ p   ) and frontal area ratio (   λ f   ), are important indicators for thermal comfort. To improve thermal comfort, the ambient air temperature and net radiation (including short wave radiation and long wave radiation) should be all considered, while the air temperature is an important factor and is the one we are focused here. For sensitivity studies, we used the same settings as the previous simulation in the street (Section 4.3) but change the green area ratio to 0. Figure 14 shows the daily air temperature profiles when plan area ratio (   λ p   ) is different. When    λ p    increased from 0.1 to 0.9, which means the city became compact, the average air temperature increased almost by 1 °C. The DTR decreased from 6.4 °C to 2.8 °C and the maximum air temperature increased from 31.3 °C to 39.0 °C. The time when the maximum air temperature appears (Time-max) delayed more than 1 h, from before 15:00 to 16:00. The minimum temperature increased from 25.0 °C to 36.1 °C, and the time of minimum temperature appears delayed from 5:00 to 7:00.



When H/W ratio and plan area ratio (   λ p   ) change at the same time with frontal area ratio (   λ f   ), the analysis is more complicated. We use four parameters, including the average temperature, DTR, the maximum air temperature and Time-max (defined as time when the maximum temperature appears of the daily temperature) to qualify the contribution of the urban morphology parameters, as shown in Figure 15. Due to the pronounced hysteresis effects for the full diurnal cycles of air and surface temperature at local scale, the time when the maximum temperature appears during the days is not at noon [31]. The anthropogenic heat in all the simulations are the same. No matter what H/W ratio and plan area ratio (   λ p   ) are adopted, the lowest mean air temperature and maximum temperature appear when frontal area ratio (   λ f   ) is 0.2. The diurnal temperature range is the largest. When frontal area ratio (   λ f   ) is larger than 0.4, the ventilation rate decreases very slowly, and the temperature increases slightly. Therefore, despite plan area ratio (   λ p   ) and H/W ratio, for urban designers, keeping frontal area ratio (   λ f   ) in the dominate wind direction around 0.2 is the best for low air temperature in streets. H/W ratio has large impact on the maximum temperature, but slightly changes the average air temperature. With the increase of the H/W ratio, the average air temperature decreases slightly, and the maximum air temperature decreases too. High H/W ratio also leads to late Time-max and small DTR, which indicates increasing the H/W ratio could also keep the street temperature cool. On the contrast, the average air temperature increases significantly when plan area ratio (   λ p   ) increases. As discussed before, high plan area ratio (   λ p   ) leads to high average temperature and maximum air temperature, small DTR and late Time-max.



Finally, these parameters together also influence the anthropogenic heat from buildings, and the effect of all of them is rather complicated for analyses. We categorized five scenarios that are commonly found in existing cities. The parameters of these five scenarios are shown in Table 4. Assuming the total control volume and plan area is the same among the five scenarios, the average building height changes due to changes in the urban morphology parameters. Scenario 1 is the low-rise low-density city, which is low and sparse, referred to as LS; Scenarios 2 and 3 are high-rise low-density city with different height and H/W ratio, which is high and sparse, referred to as HS; Scenario 4 is low-rise high-density city, which is low and compact, referred to as LC; and Scenario 5 is high-rise high-density city, which is high and compact, referred to as HC. Meanwhile, since the height of the building is not the same, the anthropogenic heat generated from buildings are different according to Equation (16).



The simulated air temperatures are shown in Figure 16. The highest temperature occurred in the low and compact city. In the HS scenario, diurnal temperature range was the lowest. Although the H/W ratio and building height in Scenario 2 (HS-high H/W) were larger than those in Scenario 3 (HS-low H/W), the air temperature value in Scenarios 1 and 3 did not differ much. Further discussion is given in Section 5.





5. Discussion


5.1. The Underestimation of the Early Night in the Model


The underestimation of the model can be attribute to high energy consumption on summer evenings in Hong Kong. Tso and Yau [60] studied domestic energy usage patterns in Hong Kong, and found that energy consumption increases sharply from 18:00 to 19:00, and the peak hour is around 22:00, after which, energy consumption decreases slowly. This is accounted for by the use of air-conditioners in summer time to cool room temperatures when returning home and sleeping. Such increase in energy consumption leads to rising ambient air temperatures in the evening [61]. The underestimation can be improved by calculating the anthropogenic heat from buildings based on daily energy consumption. It is worth mentioning that the aim of this method is to predict the average air temperature among several or many blocks, such as in the city center, especially for cases that are impossible to simulate with the CFD model.




5.2. The Performance of Different Urban Form


We evaluated five different scenarios in Section 4.4 which could present five different urban forms. The results show that the trend of temperature variation in daytime and nighttime is very different. At night, the air temperature in the street is lower when the average building height is low, or referred to as the low city. This can be attributed to the small effective thermal storage in the low city, which releases less heat compared to the high city at night [62]. The air temperature is also lower in the sparse city than in the compact city, due to decreasing urban albedo and increasing shading area [39,63]. Therefore, the air temperature is the highest in the high and compact city at night.



During the daytime, the situation is different. From the results, the street air temperature is lower in high and sparse city. However, previous studies [39,62] found that high and compact cities usually have lower air temperature during the daytime compared to rural areas. This may look confusing but actually the observations do not conflict. When city density is fixed, the temperature is lower among the higher city, as shown in Scenarios 2 and 3 in Figure 16. When the average height of buildings and the control volume of the study area are fixed, the total number of residences for the compact city is much higher, which lead to larger heat flux generated from buildings, and larger effective thermal storage. Therefore, street air temperature in the street in the compact city is higher than in the sparse city, as shown in Scenarios 3 and 5 (Figure 16). It is worth mentioning that some assumptions of the model are based on the situation in Hong Kong, in which we aim for cool temperature in the daytime. For the other area in the world, the aim of the city designer may be warm air temperature during day or night, thus they may use different parameters from the study.




5.3. Importance and Extended Implications of the Model


The underestimation of the street air temperature was also reported by Wong et al. [58]. The improved numerical model could correct such underestimation. This is very important for further analysis of the urban environment. In a city, streets are important common areas for people’s daily life. Based on our model with suitable parameters, we can rapidly obtain accurate street air temperature in the city. Greater accuracy of street air temperature and magnitude of the urban heat island could help decision-makers in mitigating the urban heat island and in preparing for future heat waves and other extreme events. Moreover, it could help city designers to know whether their designs could contribute to better thermal comfort for the city. Greater accuracy of air temperature is also useful for the study of thermal comfort, urban environment, and pollutant dispersion.




5.4. Limitation and Future Work


One of the limitation is that the experiment was taken during sunny days, and both the experiment and the model did not consider the effect of the clouds, which is important in determining air temperature [26]. Besides, the validation experiments were only conducted in Hong Kong and performance of the model in other regions still needs validation. One more limitation is the lack of comparison with remote sensing technique. We leave the exploration of these limitations to the future.





6. Conclusions


A 24-h vehicle traverse study was conducted over the Kowloon Peninsula of Hong Kong in summer, with each measurement period consisting of 2–3 full days. The data covered 158 loops in 198 h along the route on sunny days. The data were averaged by three methods (direct average, FFT filter, and piecewise cubic Hermite interpolation). In the experiment, the average diurnal temperature range was more than 15 °C along the route, which gives rise to an average temperature which can change by more than 1 °C per hour, which was the time when one loop was completed. The FFT filter method produces the main character of the air temperature over the whole experimental area, and the interpolation method gives closest to the real temperature values, by filtering the noise from the measured temperature values.



The averaged street air temperatures were found to be 1–3 °C higher than those recorded at nearby fixed weather stations, due to the difference in the underlying surfaces and surrounding areas, ventilation and anthropogenic heat in the streets and weather stations. The air temperature and the corresponding urban heat island were underestimated. The results have substantial implications, as most previous UHI intensities were estimated from measurements at fixed weather stations, which are usually in parks or open areas. The UHI intensity in the street has been underestimated by an average of 2 °C. This significant difference is important for studies of outdoor thermal comfort, urban environment, and pollutant dispersion. We also improved a canopy layer temperature model (zero-CAT) for predicting the urban air temperatures in the street, and, at stations, by using different urban morphology parameters. The model was validated by the air temperature transects, and shows good ability to predict the air temperature in streets, and for correcting underestimated temperatures. The contributions of urban morphology parameters were also analyzed by sensitivity studies. A high frontal area ratio (   λ p   ) leads to high average temperature and maximum air temperature, while high H/W ratio usually leads to low maximum air temperature. Both parameters are accompanied by small diurnal temperature range and delayed time of maximum air temperature. Additionally, the study found that the frontal area ratio (   λ f   ) is a key value for controlling air temperature in the street.
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Nomenclature









	    A b    
	Surface area of buildings
	(m2)



	    A c    
	Road area
	(m2)



	    A g    
	Green zone area
	(m2)



	    A p    
	Plan area
	(m2)



	    A r    
	Building roof area
	(m2)



	    A t    
	Total area of surfaces
	(m2)



	    c p    
	Heat capacity of the air
	(J kg−1 K−1)



	    d k    
	Vehicle distance
	(m)



	   h r   
	Local time
	(h)



	    h  r a d     
	Radiation heat transfer coefficient
	(W m2 K−1)



	    h  s h     
	Sensible heat flux transfer coefficient
	(W m2 K−1)



	H
	Height of the city
	(m)



	    H  f l o o r     
	Height of each floor
	(m)



	  f  
	Surface type
	(-)



	  i  
	Vehicles of class
	(-)



	  j  
	Consuming fuel type
	(-)



	  k  
	Road segment
	(-)



	    k f    
	Thermal conductivity
	(W m2 K−1)



	L
	Length and width of the ideal city
	(m)



	    L c    
	Adjustment length
	(m)



	  m  
	Mass of the urban material
	(kg)



	    n  v i j k   ( h )   
	Hourly total number
	(-)



	  q  
	Ventilation flow rate
	(m3 s−1)



	    q  a n t h     
	Anthropogenic heat flux
	(W m−2)



	    q  c o n d     
	Conductive heat flux
	(W m−2)



	    q  c o n v     
	Convective heat flux
	(W m−2)



	    q  e v p     
	Evapotranspiration heat flux
	(W m−2)



	    q  r a d     
	Long wave radiation heat flux
	(W m−2)



	    q  s o l     
	Solar radiation
	(W m−2)



	    q  t r a   ( h r )   
	Hourly anthropogenic heat flux emitted from traffic
	(W m−2)



	    q  v _ i j     
	Energy used per vehicle of class  i  consuming fuel type  j 
	(W m−2)



	  t  
	Time
	(h)



	    T a    
	Air temperature
	(K)



	    T  i n d o o r     
	Indoor air temperature
	(K)



	    T s    
	Surface temperature
	(K)



	    T  f _ s u b     
	Subsurface temperature
	(K)



	    T 0    
	Rural air temperature
	(K)



	    T  s k y     
	Sky temperature
	(K)



	    U b    
	Velocity of building walls
	(m s−1)



	    U C    
	Velocity in the urban canopy
	(m s−1)



	    U E    
	Exchange velocity
	(m s−1)



	    U r    
	Velocity of building roofs
	(m s−1)



	    U  ref     
	Velocity above the urban canopy
	(m s−1)



	    u *    
	Friction velocity
	(m s−1)



	    v 0    
	Effective velocity of the inflow
	(m s−1)



	    x 0    
	Penetration depth
	(m)



	    z  r e f     
	Reference height
	(m)



	    z d    
	Displacement height
	(m)



	    z 0    
	Roughness length
	(m)



	   Δ  x i    
	Representative depth in which the daily temperature variation is ignored
	(m)



	Greek symbols
	
	



	  α  
	The albedo of the volume
	(-)



	  κ  
	Von Kármán constant
	(-)



	    ρ  a i r     
	Density of the air
	(kg m−3)



	    λ f    
	Frontal area ratios
	(-)



	    λ g    
	Green area ratio
	(-)



	    λ p    
	Plan area ratio
	(-)







Abbreviations




	FFT
	Fast Fourier transformation



	UHI
	Urban heat island



	ZERO-CAT
	Zero-dimensional city air temperature



	CFD
	Computational fluid dynamics



	CBD
	Central business district



	HKO
	Hong Kong observatory



	KP
	King’s park



	GPS
	Global positioning system



	A.A.D.T
	Annual average daily traffic



	DTR
	Diurnal temperature range



	TCR
	Temperature change rate



	TYW
	Tsak Yue Wu



	sUHI
	Street urban heat island



	LS
	Low and sparse



	HS
	High and sparse



	LC
	Low and compact



	HC
	High and compact








Appendix A. Comparison of the Measured Air Temperature by our Test Tube and the Weather Station in King’s Park


To further calibrate our specially designed two-skin test tube, our sensor was placed at a location 15 m away from temperature sensors in the King’s Park station continuously for a 24-h period from 0:00 21 July to 0:00 22 July 2013, which was a non-rainy period with a few clouds. The mean difference between the measured air temperatures of the two sensors was less than 0.1 °C, and the maximum temperature difference was 1.1 °C, as shown in Figure A1. Such small difference indicates the suitability of the specially designed tubes used in the present study. The maximum difference occurred at noon, when solar radiation was the strongest.
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Figure A1. Temperatures obtained from weather stations at King’s Park and the specially designed tube (instrument used for the present study) on 21 July 2013. 






Figure A1. Temperatures obtained from weather stations at King’s Park and the specially designed tube (instrument used for the present study) on 21 July 2013.
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Appendix B. A Summary of the Weather Conditions during the Measurement Periods


Table A1 provides a summary of the weather conditions during the measurement periods. Waglan Island station (WGL) is also a remote station, which is usually used to present the rural or background wind condition.
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Table A1. Weather conditions during the measurement periods at three HKO weather stations.






Table A1. Weather conditions during the measurement periods at three HKO weather stations.





	
HKO Stations (see Figure 1)

	
HKO (Representing an Urban Area)

	
TYW (Representing a Rural Area)

	
WGL (Representing the Rural Wind)




	
Period

	
Date

	
Max Temp (°C)

	
Ave Temp (°C)

	
Min Temp (°C)

	
Ave RH (%)

	
Ave Cloud (%)

	
Ave Temp (°C)

	
Ave RH (%)

	
Prevailing Wind Direction (degrees)

	
MeanWind Speed (km/h)






	
P1 (summer)

	
20 August 2012

	
32.9

	
29.5

	
27.5

	
76

	
51

	
27.5

	
87

	
210

	
11.7




	
21 August 2012

	
31.6

	
29.1

	
27.8

	
79

	
63

	
26.7

	
92

	
230

	
11.5




	
22 August 2012

	
28.9

	
28.0

	
26.6

	
80

	
80

	
26.4

	
91

	
280

	
10.6




	
P2 (summer)

	
9 September 2012

	
32.7

	
29.5

	
27.7

	
78

	
44

	
27.2

	
87

	
120

	
7.7




	
10 September 2012

	
31.8

	
29.3

	
27.7

	
77

	
59

	
27.4

	
86

	
180

	
8.8




	
11 September 2012

	
33.6

	
29.9

	
27.8

	
75

	
54

	
27.4

	
85

	
120

	
14.5




	
12 September 2012

	
33.2

	
29.8

	
27.9

	
77

	
53

	
27

	
88

	
120

	
13.0




	
P3 (summer)

	
15 September 2012

	
28.9

	
26.5

	
24.2

	
65

	
85

	
25.4

	
66

	
20

	
23.8




	
16 September 2012

	
29.5

	
27.0

	
24.3

	
63

	
23

	
25.1

	
70

	
20

	
13.3




	
17 September 2012

	
30.8

	
27.0

	
23.6

	
54

	
4

	
24.6

	
63

	
10

	
15.7




	
18 September 2012

	
30.4

	
27.4

	
25.3

	
59

	
68

	
23.7

	
78

	
30

	
10.1










Appendix C. Annual Average Daily Traffic


The hourly Annual Average Daily Traffic (A.A.D.T) is the daily total volume of vehicle traffic on the road. The data from four monitored stations in the different parts of the design route [54] are shown in Figure A2. The locations are shown in Table A2. Figure A2 shows the hourly traffic at each station.
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Figure A2. Hourly vehicle traffic at each station. 






Figure A2. Hourly vehicle traffic at each station.
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Table A2. Annual Average Daily Traffic (A.A.D.T) at selected monitoring stations.






Table A2. Annual Average Daily Traffic (A.A.D.T) at selected monitoring stations.





	Location of the Station
	Corresponding Road Segment
	Reference Number
	A.A.D.T (Cars)





	Princess Margaret Rd
	From Wylie Rd to Pui Ching Rd
	3001
	76,980



	Nathan Rd
	From Salisbury Rd to Mody Rd
	3006
	33,680



	Chatham Rd S
	From Shantung St to Dundas St
	3005
	15,070



	Shanghai St
	From Lai Chi Kok Rd to Mong Kok Rd
	3015
	11,270
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Figure 1. The Kowloon Peninsula of Hong Kong, the bird’s eye view and street view of Mong Kok and associated weather stations (Hong Kong Observatory and King’s Park stations). Bird’s eye view pictures are from google map. 
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Figure 2. (Top) The designed traverse route in the Kowloon Peninsula. (Bottom) Sketch of the features along the two designed routes. 
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Figure 3. The experiment vehicle with installed sensors. 
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Figure 4. The illustration of the cell among the route. 
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Figure 5. A sketch of the simplified ideal city. 
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Figure 6. A sketch of the penetration area and after the penetration area. 
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Figure 7. The relationship between frontal area ratio (   λ f   ) and velocity in the canopy layer (   U C   ). 
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Figure 8. The total air change rate with different city length, plan area ratio (   λ p   ) and frontal area ratio (   λ f   ): (a)    λ p  = 0.25  ; and (b)   L / H = 200  . 
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Figure 9. Hourly anthropogenic heat flux released from transports. 
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Figure 10. Hourly average air temperature in the street calculated from three different averaging methods in different periods. 
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Figure 11. The hourly average temperature in the street and three fix stations. 
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Figure 12. (a) A picture of the surrounding environment, taken by the author; (b) an aerial photograph of the location around the HKO station from Google map; (c) a picture of the surrounding environment, taken by the author; and (d) an aerial photograph of the location in the street from Google map. 
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Figure 13. The measured and simulated air temperature in the HKO station and in the street. 
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Figure 14. The air temperature at 16 September 2012 when    λ p    (plan area ratio) is different. 
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Figure 15. (a) The average air temperature; (b) the diurnal temperature range; (c) the maximum air temperature; and (d) the time when the maximum temperature appears of the diurnal temperature with different H/W ratio, plan area ratio (   λ p   ) and frontal area ratio (   λ f    ). 
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[image: Atmosphere 09 00402 g015]







[image: Atmosphere 09 00402 g016 550] 





Figure 16. Daily air temperature of the different scenarios. 
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Table 1. List of the experiment periods and locations.
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	Reference Period (P)
	Start Time 1 of Measurement
	End Time 1 of Measurement
	Hours (days)
	Loops





	Period1 (P1)
	12:00, 20 August
	16:00, 22 August
	52 (2+)
	39



	Period2 (P2)
	12:00, 9 September
	16:00, 12 September
	76 (3+)
	62



	Period3 (P3)
	18:00, 15 September
	16:00, 18 September
	70 (3−)
	57







1 Local time.













[image: Table] 





Table 2. Energy consumption and its percentage of each vehicle class type 1.
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	Vehicle Type
	Goods Vehicle
	Car
	Bus
	Taxi
	Motorcycle





	Percentage (%)
	35.93%
	23.80%
	22.82%
	16.91%
	0.54%



	Energy used per vehicle (J m−1)
	9119.3
	4210.8
	16698.4
	4001.8
	1183.2







1 Calculated from annual traffic census [54].
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Table 3. The different parameters used for the temperature simulation in the station and streets.
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	Green Area Ratio
	    Frontal   Area   Ratio   (  λ f  )    
	    Plan   Area   Ratio   (  λ p  )    
	H/W
	     U E   ( m / s )    
	    q   (  m 3  / s )   





	Station
	0.40
	0.50
	0.30
	6
	0.0947
	4.1255 × 106



	Street
	0.16
	1.80
	0.54
	6
	0.0824
	2.4910 × 106
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Table 4. The urban morphology of the five scenarios.
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	Scenario
	1 (LS)
	2 (HS-high H/W)
	3 (HS-low H/W)
	4 (LC)
	5 (HC)





	    λ p    
	0.25
	0.25
	0.25
	0.64
	0.64



	H/W ratio
	1
	6
	4.8
	1
	6



	    λ f    
	0.25
	1.5
	1.5
	0.16
	0.96



	Average building height
	10
	60
	24
	4
	24











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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