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1. Introduction 

The urban heat island is having been one of important research objects of urban climatology and atmosphere 
dynamics since the first evidence provided by Howard (1833). In studies on urban climatology, urban heat island 
has been observed for describing its character in many cities in various sizes, populations, terrains and so on. 
Heat storage in urban canopy has been considered as important cause of the thermal non-uniformity between 
urban and rural. In order to establish model of urban canopy layer, heat budget on urban canopy layer has been 
investigated (e.g. Offerle et al 2005). In the studies of atmosphere dynamics, heat island circulation has been 
focused. Steady state heat island circulation regime has been studied using a liner theory (Stommel and Veronis 
1957, Kimura 1975), numerical simulation (Olfe and Lee 1971), or a laboratory experiment (Kimura 1975). A 
formation process of heat island circulation and flow regime were studied by a nonlinear theory (Mori and Niino 
2002). 

Haeger-Eugensson and Holmer (1999) showed that thermal advection was generated at night by thermal 
ununiformity derived urban heat island. This suggests the difference of temperature between urban and rural 
observed by us is decided by a result of self-regulation of urban heat island and heat island circulation. In the 
previous works the temperature of air or surface of ground was used for estimating thermal inertia and 
anthropogenic heat by observation. As previously described, the temperature was under the effect of thermal 
transport of heat island circulation. 

Therefore, in order to improve the integrated comprehension of the urban heat island, it is needed to estimate 
effects to urban heat island by thermal inertia, anthropogenic heat and heat island circulation. It is, however, 
difficult to estimate each effect by factors unless they are investigated all together. The observed urban heat 
island is under the effect of an interaction that the convection generated by urban heat island alleviates thermal 
non-uniformity. To separate the effect of self-regulation by heat island circulation from intensity of urban heat 
island, we need to measure a thermal response of the area on enough short time-scale not to be influenced by 
the effect of the thermal advection. Therefore observation of urban heat island with high resolution in time is 
needed to be carried out.  

 

2. Method 

2.1 Study area and site description 

Kyoto is located in a basin, surrounded on north, east and west sides the by mountains on the central-western 
part of the island of Honshu (135’ 46’’ N; 35’ 00’’E). Kyoto has a population of 1.5 million. Built-up area lays 
center of basin. Southern area of basin is covered in fields of rice within 8km radius. 

37 sites were selected in study area to figure a lattice network covering urban and rural area. Sites were 
named as figure 1; alphabet character used from the west toward the east, the number used form north toward 
south. Figure 1 also shows land-use of Kyoto. In this study, C7 and C2 were defined as be representative site of 
urban area and rural area.  

 

2.2 Instrumentation and measurements 

For this observation we used instruments developed by Umetani (2007); thermometers, long-wave radiation 
meters and data loggers. Thermistor thermometer (103JT-050, produced by Ishizuka Electronics Corporation) 
with radiation shield was used for temperature measurement instrument. It has a margin of error of 0.3 deg C. A 
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radiation thermometer was used as long-wave radiation meter. The mean long-wave radiance from the whole 
hemisphere is equals to the radiance from ‘representative zenith angle’ which has a value of 52.5 degree 
(Dalrymple and Unsworth 1978). We measured the radiation from representative zenith angle by the radiation 
thermopile (15TP551N, produced by Ishizuka Electronics Corporation). This long-wave radiation meter shows net 
upward radiant flux assuming that air temperature is equivalent to the surface temperature. This sensor is able to 
be used as a cloud sensor. When clouds appear net upward radiation is decrease because the bottom of cloud 
emits more intense long-wave radiation than clear sky. The detail of sensor is described in Sakai et al., (2009).  

The data was gathered using electronic data loggers. The loggers were special designed for high accuracy 
observation. They have 6-channel 12-bit A/D converter and 1M memory, can record 2 channel data for about 2 
weeks on the minute. 

Those instruments were settled on north-side of trees lining a street for preventing as much of effect of direct 
sunlight as possible (Fig 2). The thermistor thermometer was settled at level of 1.5m height from the ground. The 
radiation thermometer was directed to a zenith angle of 52.5 degree. 

The logger read the value each the second and recorded average value of each the second per 1 or 2 
minute(s). 

 

  
 

Fig. 1 Map of observation sites.               Fig. 2 Schematic of installation condition of instruments. 

 

 

2.3 Observation 

We conducted observations of 8 periods once every season during the 2004-2006. List of observation periods 
and number of sites is shown Table 1.  

 

Observation periods                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               Number of temperature sites Number of radiation sites 

3-7 Nov. 2004 24 0 

28 Feb-12 Mar. 2005 35 8 

13-24 May. 2005 36 12 

10-26 Aug. 2005 36 16 

10-23 Oct. 2005 36 17 

19 Jan. – 12 Feb. 2006 19 19 

24 Apr. – 7 May. 2006 19 19 

24 Jul-6 Aug. 2006 19 19 

 

Table 1 List of observation periods and number of observation sites  
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2.4 Estimation of effective thermal inertia 

The temperature T decreased by only downward net long-wave radiant flux R which is generally negative 
during night, is given as 

𝑇 = 𝑇𝑠𝑢𝑛𝑠𝑒𝑡 +  
2

√𝜌

𝑅

𝐼
√𝑡                                        (1) 

                  
, where Tsunset is temperature at sunset, I is sum of thermal inertia of surface material and t is elapsed time (Brunt, 
1942). Here we consider that the downward radiant flux instantly increases, for example it becomes suddenly 
cloudy. In this case, a cooling rate of air temperature is decrease. Assuming heating by the radiant flux suddenly 

increased is divided into a heating by increased downward radiant flux △R and the downward radiant flux before 

increased, a heating rate after the flux changed is expressed as 
 

𝑇 = 𝑇𝑠𝑢𝑛𝑠𝑒𝑡 +  
2

√𝜌

𝑅

𝐼
√𝑡 + 

2

√𝜌

Δ𝑅

𝐼
√𝑡 − 𝑡0                                 (2) 

 
, where t0 is the time at flux changed. When (t - t0) / t0 <<1, Eq. (2) is approximately expressed as 
 

𝑇 = 𝑇0 +  
2

√𝜌

𝑅

𝐼√𝑡0
(𝑡 − 𝑡0) + 

2

√𝜌

Δ𝑅

𝐼
√𝑡 − 𝑡0                                 (3) 

 
, where T0 is the temperature at t=t0. 

Defining a hypothetical temperature of case that flux remain T’ is as 
 

𝑇′ = 𝑇0 +  
2

√𝜌

𝑅

𝐼√𝑡0
(𝑡 − 𝑡0).                                  (4) 

 

The difference of temperature △TR between T and T’ is expressed as 

 

 Δ𝑇𝑅 =
2

√𝜌

Δ𝑅

𝐼
√𝑡 − 𝑡0,                                  (5) 

 
using eqs. (3) and (4). 
Therefore the thermal inertia is written as follows: 
 

𝐼 =
2

√𝜌

Δ𝑅

Δ𝑇𝑅
√𝑡 − 𝑡0.                                  (6) 

 
In this study, LETI which does not include the effect of thermal advection was focused. To ignore the effect of 

thermal advection, elapsed time t is needed to be enough small. We decide this time length to 30 minutes in 
order to focus the area having 1-2km radius because during night a wind speed is at less than 2m/s in generally. 

Time series of air temperature and radiant flux was obtained from observation in order to estimate LETI using 
relation shown in eq. (6). The event at which it suddenly changed to cloudy from cleared sky during nighttime was 
selected from the observational data by finding radiant flux is suddenly changed.  
T’ was decided by linear approximation near t=t0,  

 
𝑇′ = 𝑇0 +  𝑘(𝑡 − 𝑡0)                                 (7) 

 
,where k is ratio of T’ to elapsed time.  
 

Δ𝑇𝑅 = 𝑇 −  𝑇0 −  𝑘(𝑡 − 𝑡0).                                  (8) 
                  

We adopted coefficient of linear approximation of the time series of the temperature at 30 minutes before flux 
had changed as k in eq. (8). T was calculated by coefficient of linear approximation of the time series of the 
temperature at 30 minutes after flux had changed instead of using directly. Change of radiant flax is obtained by 
averaging some sites near the site of temperature analyzed.  

 

3. Results 

3.1 Air temperature 

Figure 3 shows air temperature and cooling rate from 15:00 7th to 6:00 8th March 2005. Air temperatures in 
daytime are almost the same among different observation sites. In nighttime, on the other hand, temperatures in 
urban and rural sites are different. When air temperatures in those sites begin to be different, cooling rate of rural 
site reaches a maximum. The times in maximum cooling rate of those sites is earlier in northern sites than in 
southern sites.  

Figure 4 shows spatial distribution of air temperature at a few hours after sunset. Typical air temperature 
distribution in urban heat island appears in Fig 4.  
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Figure 5 shows diurnal cycle of temperature difference between urban (C7) and rural (C2) sites. In a few hours 
after sunset, the temperature difference increases rapidly. Maximum value of the difference is more than 10 
degree C. After the maximum value occurs, the temperature difference decreases gradually until sunrise. This 
diurnal cycle is similar to Haeger-Eugensson & Holmer 1999.  

 

    
 

Fig. 3 Time series of the air temperature and cooling rate.  Fig. 4 The spatial distribution of air temperature. 

 

 
 

Fig. 5 Time series of air temperature of urban (C7) rural (C2) and the temperature difference between those sites. 
in 7-8 March 2005. 

 
 

3.2 Local effective thermal inertia 

Table 2 shows local effective thermal inertia in observation sites. The values of LETI in urban area are bigger 
than those in rural area. In this table, the local effective thermal inertia is shown as average of the estimated 
value except maximum and minimum. LETI of urban area was estimated as 4.3-7.9×103 W/Ks1/2, of rural area as 
1.7-3.4×103 W/Ks1/2. LETI of urban area was more than two times of estimated by the previous works Thermal 
inertia estimated in previous works would be smaller than real value for temperature decrease by the thermal 
advection. LETI of urban area was more than two times of the thermal inertia of materials of which urban 
structure is generally constructed. For using for the wall of a building the material having high thermal inertia LETI 
of urban seemed to be larger than thermal inertia of the material. 
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Table 2 List of the local effective thermal inertia.  
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LETI ×10

3 
(W/Ks

1 /2
) 

(STDERR) 

Site A B C D E 

1   
3.4 

(1.8)  
  

2   
3.3 

(1.1)  

2.0 

(0.6)  

2.1 

(1.0)  

3   
3.0 

(1.1)  

3.3 

(0.8)  

3.4 

(1.5)  

4  
1.3 

(0.5)  

3.5 

(2.3)  

2.9 

(0.9)  

2.4 

(0.5)  

5 
1.7 

(0.8)  

2.0 

(0.5)  

5.6 

(4.4)  

4.3 

(1.8)  

3.6 

(1.4)  

6 
2.7 

(0.8)  

1.6 

N/A  

4.7 

(3.8)  

6.2 

(2.4)  

2.3 

(0.6)  

7 
4.3 

(0.5)  

6.4 

N/A  

7.9 

(2.5) 

6.4 

(3.7)  
 

8 
3.0 

(1.0)  

1.8 

N/A  

5.6 

(1.6)  

3.2 

(0.5)  
 

9   
4.3 

(3.2)  
  

10   
3.6 

(5.8)  
  

11   
5.8 

(1.5)  
  

12   
3.2 

(1.5)  
  

13   
3.2 

(3.1)  
  

14   
2.6 

(16)  

7.2 

(1.8)  
 

15     
1.7 

(1.5)  
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