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In order to allow heat island countermeasures to be optimally used in urban planning, authors have developed an analysis

system running on the Earth Simulator for urban thermal environment studying. This system can simulate the atmospheric

environment considering radiative heating, fluid dynamics as well as artificial pavement, building shapes and anthropogenic

heat. Using this system, the thermal environment in a 10 km square area of central Tokyo and a 33 km square area included

the whole Tokyo's 23 wards have been analyzed with 5 m resolution in the past. In this year, we performed a principal compo-

nent analysis on the result of the 33 km square area simulation to find the thermal features of different types of districts. The

classification was conducted according to urban information and environmental factors such as ratio of open green space cov-

erage, building coverage, building height, wind velocity and temperature near ground surface, etc.
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1. Introduction

The heat-island phenomenon has become a serious social
issue in cities. The national and municipal governments and
various companies have prepared guidelines, introduced
technologies, and taken countermeasures. However, to solve
the issue, highly precise numerical simulations need to be
performed to reproduce the actual phenomenon and assess
the effects of measures. The authors have improved the stan-
dard k-¢& model, aiming to develop a large-scale high-resolu-
tion system of numerical analysis for predicting the thermal
environment at all scales ranging from the periphery of a
building to an entire city by using the computational per-
formance of the Earth Simulator. The authors have success-
fully conducted the computational fluid dynamics (CFD)
simulations in an area of 10 km square covering most of the
coast of Tokyo, and an area of 33 km square covering the
whole 23 wards of Tokyo!"M2H3l To systematically organize
the characteristics of the microclimate in each city district,
the districts were classified by type based on the results of
the CFD analysis.

This paper describes the basic equations of the numerical
model and the results of classifying the districts in Tokyo's
23 wards.

2. Numerical model
The CFD model used in this study was based on a stan-
dard k-& model, which is widely used in engineering for ana-
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lyzing turbulent flows of fluids. The basic equations and
constants of the model are shown in Fig. 1. The FAVOR
method was used to recognize the complicated locations and
shapes of buildings. The effects of potential temperature,
Coriolis force and vapor buoyancy were newly introduced
into the equations to reproduce various city-scale phenome-
na. The pressure term, which appears in an ordinary equation
of energy transfer, was combined with that of potential tem-
perature and expressed together in the equation of energy
transfer as a potential term. Since sonication requires pro-
cessing at short time intervals, the SIMPLEC method was
used to solve the pressure in the equation of motion to

ensure numerical stability.

2.1 Handling radiation

The actual heat environments in cities are non-steady and
constantly change along with sunshine and wind velocity.
Cities have complicated geometrical configurations, making it
very complicated to numerically monitor radiation and heat
accumulation and to analyze a large area as a whole using a
non-steady model. In this study, sunny and shaded zones were
not determined in detail, but the temperature of the ground
surface in each zone was simply estimated from the ground
cover state. Prior to the estimation, non-steady calculations
for an entire day were performed using a linear heat balance
model to clarify the relationship between temperature and the
conditions of sunshine and ground cover. Humidity at the
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[Equation of energy transfer]
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@ : Leafarea density=1.5[nEm3]y, C,: Dragcoefficient oftreecrown(=0.2) -],
C, : Specificheat at constant pressure[Jkg!'K!], F; . Humidityflux [kgm2s1],
F. : Convective sensible heat flux [Wm?2],
f+ Coriolis parameter(f=-2Qsing, Q : Angular velocityfrads'], ¢ : Latitudefrad]) [s-],
& Acceleration dueto gravity ms2} G, Openarearatio on calculation grid interface [-],
G, Vohlimetric occupancyat the center ofcalculation grid [-],
 : Turbulent energy[m?s2], A : Latent heat of vaporization [Tkg!],
M, : Molecular weight ofdryair [kemol-1], M, : Molecular weight ofwater [kemol],
P Airpressure[Pa), P : Exaer finction [-], Pty : Prandtl number of turbulent flow [-],
¢ Specifichumiditsfideg!], O, : Anthropogenic heat (atent heat) [Wm],
Oy : Anthropogenic heat (sensible heat) [Wm?], R : Gasconstant [Tke'K1],
R,: Universal gas constant [Imo'K1], S¢ : Schmidtnumber (=0.5) [-]
Ser + Schmidt number of turbulent fow=0.9) [-], S, © Arcareleasing vapor [n],
S; : Areareleasingconvective sensible heat [m?], T : Air temperature [K],
Y% : i component ofwind velocity fms], #; : j component ofwind velocity s,
J7: Volume ofanalyzed cell [m?), & : Turbulent energy dissipation rate [m?s?],
€5y, Eddington’s epsilon [-,¢ : Potential tenperature [K],
A Heat conductivityof air [Wnr'K1], ¢ : Coefficient ofviscosityofair [Pa - s,
fir : Coefficient of eddyviscosity[Pa - s]©: Density [kgm?]
(Constans)
0 =10, 0,713, €, =144, C,=13,C, = (G, 20)C,y =0 G,<0) ,

C et - Correction coefficient for theresistance coefficient oftree in € equation (=18

Fig. 1 Basic equations.

ground surface was also calculated from the heat balance. An

example of judging sunshine is shown in Fig. 2.

2.2 Setting boundary conditions

Boundary conditions could have been set uniformly for the
entire upper surface of the analytical space based on domi-
nant wind, but it was decided to assign them for each calcula-
tion grid on the upper and side surfaces of the CFD analytical
zone and based on the calculation results of a mesoscale
model. Each grid on the side boundaries was judged for
whether it was inflow or outflow, and calculations were per-
formed for inflow and outflow separately. The u and v pres-
sure components on the upper surface were given based on
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Fig. 2 Example of judging sunshine.
(Whether the ground and building surfaces were in the sun or
shade was judged for each grid from the location of the sun,
positions of buildings and DEM.)

the results of the mesoscale analysis, but the w component
was determined by CFD analysis. The k and ¢ values on the
upper and side surfaces were determined by 1) estimating the
wind velocity near the ground surface (0.5 m above the
ground surface) using the seventh power law from the wind
velocity 500 m above the ground, which was determined by
mesoscale analysis, 2) calculating the friction velocity near
the ground surface using the logarithmic law, and 3) assum-
ing equilibrium conditions on the upper and side surfaces. In
this study, the processes of non-steady phenomena were
reflected in the settings of the temperature of the ground sur-
face and boundary conditions, but the fluid field was
assumed to be steady within the zone of CFD analysis.

Super high-rise buildings in Tokyo are as tall as 200 m,
thus rising above the constant flux layer (the layer near the
ground surface where various kinds of flux values are verti-
cally uniform; the layer is usually about 100 m from the
ground surface in the daytime). Since the elevation of the
ground in Tokyo's 23 wards exceeds 80 m in some districts,
a vertical elevation of 300 to 800 m should be analyzed in
order to cover all buildings. However, steady calculations
can be applied only to limited spaces near the ground sur-
face, and the development of a city boundary surrounded by
land and circulating sea air needs to be analyzed for zones
above a certain elevation. It is desirable to couple the atmos-
pheric boundary layer and city space, which has a complicat-
ed geometrical form, both in non-steady states; however,



such a full-scale calculation method is not possible today
and needs to be developed.

3. Classification analysis
The classification analysis was conducted based to the

results of Tokyo simulation which covered 33 km square

horizontally and from 0 m to 500 m in the vertical direction.

The space was divided into grids of 5 m horizontally and 1

to 10 m vertically in the numerical simulation. The total

number of grids was about 5 billion (including the buffer
zone). It took 16 hours to analyze the zone using 300 calcu-
lation nodes.

In order to understand the characteristics of each district
from the calculation results, the climatopes were classified by
principal component analysis and cluster analysis. Figure 3
illustrates the schema of classification. The classification was
performed in the following steps:

1) The land use, floor area for each building use, exhaust
heat from human activities (latent and sensible heat), air
temperature 10 and 100 m above the ground and wind
velocity were totalized for each 500-m grid. The mean air
temperature and wind velocity of a grid were weighed
with effective volume fraction.

2) Using the calculated values for each 500-m grid, principal
component analysis was performed to quantify the contri-
bution ratio of each principal component.

3) Cluster analysis was conducted using the scores of the
principal components, and the districts were classified.
The results of classification are shown in Fig. 4. The

scores of the first to fifth principal components were used

for the cluster analysis. The cumulative contribution ratio
was 65%. The characteristics of the six types of district are
described below:

Type 1: District of high-rise buildings
District where offices, houses and factories coex-
isted
Water district

Type 2:

Type 3:
Type 4: Residential district of detached houses and apart-
ments
Type 5: Industrial district along the coast
Type 6: Forest and river

In Fig. 5, the temperature distribution and aerial photo at
Kanda and Nakano were shown. Kanda belongs to type 1, a
business district with many high-rise buildings, while
Nakano is a typical residential district full of detached hous-
es and apartments. Both of these two districts are located
within a distance of less than 10 km from the central Tokyo
where many large-scale developments are planned in this
area in the near future.

The relationship between air temperature and wind veloci-
ty is plotted in Fig. 6 for each type of district. The air tem-

perature difference on the Y axis denotes the mean of the
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difference in air temperature between 10 m and 100 m above
the ground in the 500-m grid. The mean of the ratio in wind
velocity between 10 and 100 m above the ground in the 500-
m grid is shown on the X axis. The temperature difference
was smaller at a larger wind velocity ratio. At a wind veloci-
ty ratio of about 1, the temperature difference converged to
1°C and was similar to the temperature drop with elevation.
This trend was observed in Type 3 districts. On the other
hand, in districts of small wind velocity ratio, the vertical
temperature difference was as large 4 to 5°C. This trend was
observed in many Type 1 districts, showing that closely
spaced buildings affected the ventilation and air temperature
in the districts.

Analyzed region

(66*66=4,356)
Category
topology Principal
‘ component
analysis (4 types)
% 4,356
velocity
green
Cluster analysis
) (6 types)

Mean value of each category in
500m X% 500m area

Fig. 3 Classification of Climatope by principal component analysis and

cluster analysis.
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Fig. 4 Classification result.
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Fig. 5 Temperature distribution and aerial photo at Kanda and Nakano.
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Fig. 6 Relationship between wind velocity and air temperature (500-m
grid)
(y-axis is the difference of air temperature at 10 m and 100 m

over ground; x-axis indicates the ratio of wind velocity at 10 m
and 100 m over ground)

4. Conclusions

A numerical simulation consisting of about 5 billion grids
was performed using the Earth Simulator to clarify the distri-
bution of air temperature and wind velocity in Tokyo's 23
wards. A close relationship was found between air tempera-
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ture and wind velocity. Using the result of numerical simula-
tion, cluster analysis and principle component analysis were
employed to classify climatopes, for each of which the rela-
tionship between air temperature and wind velocity was ana-
lyzed. The cumulative contribution ratio of the first fifth
principal components was 65%. The result of cluster analy-
sis and principal component analysis pointed out that land
uses play a key role in formation of local climate.

Now, a night-time simulation is under running on the
Earth Simulator. The further analysis including the condi-

tions at night is expected in the near future.
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