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ABSTRACT

The main object of this research was to cxamine the urban influence and the
topographical effects on the heat island intensity.

First, influences caused by the urban structures on the heat island intensity were
discussed. The relationships between the maximum heat island intensity and the
urban population are approximately linear and proportional, and rcgression lines can
be represented as linear lines for American and European cities (Oke, 1973). By
contrast, in Japancsc and Korcan cities the relationship changes at around 300,000
population. At that level the regression lines bend so that. in cffect, there are lines
in two directions, one for cities smaller than 300,000 population, another for larger
cities. The increments of the maximum heat island intensity for cities with popula-
tions over 300,000 arc larger than those for cities with populations under 300.,000.
That means that in Japan and Korca, the function and structure of cities above a
population of 300,000 are different from those with smaller populations. In order to
quantify and relate the differences of urban function and structure to the heat island
intensity, the author has employed the urban population as an index of urban func-
tion and the sky view factor and the impermeable surface coverage ratio as indices of
urban structure. Although the rclationship between the sky view factor and the
urban population did not alter remarkably at around 300,000 in population in
Japanese and Korean cities, Japanese cities can be divided into two groups. One in-
cludes the cities which have a sky view factor that accords with their populations, the
other the citics which have a larger sky view factor than expected from their popula-
tions. On the other hand, the relationships between the impermeable surface cover-
age ratio and the urban population were represented by a biphasic regression line for
cities in both countries, with a slope transition occurring at the 500,000 population
level. It is considered that the impermeable surface coverage ratio is probably not
the only factor involved in this biphasic correlation, but is probably a key to under-
standing it.

As a next step, the physical meanings of each index were discussed based on the
heat balance at the ground surface. The results are as follows. The sky view factor
(an index of urban geometry) and the impermeable surface coverage ratio (an index
of the thermal structurc of the ground surface) are closely correlated with the radia-
tion and heat balance at the ground surface which are related to radiative cooling
during the clear and calm nights.

Second, the topographical factors of location on the coast, location on a plain
inland from the coast, and location in a basin, which affected the hecat island intensi-
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ly. were discussed. A basin city does not secem to be much influenced by advection.
On the other hand, the advection by sca-breezes in a coastal city seems very strong
all day long during daytime in summer. Particularly, the cooling amounts of tempera-
ture (A T,,) and cooling rates (A T/At) from sunset until sunrise in a basin city are
higher than those of inland and coastal cities. These diffcrences influence the noctur-
nal heat island intensity. Climatic analyses show that the heat island intensity is re-
markably developed in winter nighttime, but is weak in summer daytime.

Furthermore, the heat island intensity is affected by the difference between the
intensity of the nocturnal surface inversion in the urban area and the nocturnal sur-
face inversion in the nearby rural area. In a basin city, the surface inversion layer is
highly notable and is caused by radiative cooling, which produces a strong heat is-
land intensity. On the other hand, in a coastal city, a surface inversion layer does
not form because there is much advection effect caused by cool sca-breezes, and the
heat island intensity is negative or slightly positive.

Finally, the urban influences and the topographical effects on the heat island in-
tensity are summarized and schematic models are presented.
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CHAPTER 1

INTRODUCTION

1.1 Previous studies

The urban heat island is an example of man-made climate, and has been intensively studied.
The heat island intensity (AT,-) is the difference between the highest urban temperature figure
from among all figurcs for placcs in the city at any time and lowest background rural temperature
figure from among all figures for places in the area surrounding the cily at the same time. There-
fore, it is the temperature rise causcd by the urban influences. The [lactors that promote the
growth of the heat island intensity are complicated. Factors that have been considered to cause
the heat island include 1) the anthropogenic heat rcleased by the urban inhabitants, 2) the thermal
characteristics of the urban fabric and the urban geometry. and 3) changes of the radiative ficlds
caused by air pollution in the urban area (Kawamura, 1968, 1977 ; Nishizawa, 1973 ; Oke, 1974,
1979 : Chandler. 1976 ; Landsberg, 1981 ; Lee, 1984 ; Goldreich, 1984).

Generally, the urban population can be considered an integrated mcasurce of urban character-
istics, including the physical city size, the geometry and matcrial of the urban surface and anthro-
pogenic energy consumption. The relationship between population and urban functions is well
known (Smith, 1965). Large cities have complex urban morphologies. In this study, population is
being used as a surrogate variable in place of structure and form. Indeed. Mitchell (1961) pro-
duced a model which related urban warming and population growth based on the idea that the
amount of warming can be considered to be proportional Lo the travel distance of air moving from
the urban-rural boundary to the urban center. Thus, as a city grows outward as a result of popula-
tion pressure, its heat island intensity rises. Summers (1965) revealed that the mixing depth pro-
duced is proportional to the square root of the heat input in the simplest case of zero wind shear.
and that the magnitude of the heat island effect, as defined by the excess cily center temperature.
is proportional to the square root of the city’s length parallel to the wind direction.

Most previous studies conducted from this view-point have been directed at evaluating the
cffect of a city’s growth over time on its heat island (Arakawa. 1937, 1968 : Mitchell, 1953 :
Fukui, 1957, 1968, 1969 : Chandler, 1964 ; Moffitt, 1972 . Yoshino, 1981 : Yoshino and Kai. 1973,
: Kikuchi, 1974 ; Macjima et al., 1980). However. some studies have examined the heat islands of
many different sizes of settlements in the same period (Duckworth and Sandberg. 1954 ; Oke,
1973 : Eagleman, 1974 ; Fukuoka. 1983 ; Park, 1986,, 1986y, ; Jaurcgui, 1986). Duckworth and
Sandberg (1954) suggested that the hecat island intensity increases with increasing cily size
(population, population density and built-up area) using data for San Francisco, San Jose and Palo
Alto in the United States. Oke (1973) revcaled that there is a linear proportionality between the
logarithms of the populations of cities and their maximum heat island intensities ( A Tyu—r(max)) In
North American and European cities. The slope of the regression line is different for North Ameri-
can and European cities. The reason for this difference in slope was explained by Oke in terms of
differences in the urban morphology of European and North American cities, the Europcan hav-
ing fewer tall buildings. Jauregui (1986) reported similar relationships in tropical cities. However,
he suggested that the relationship between the maximum heat island intensity and population in
tropical cities seems to display a different slope for citics larger than about 1,000,000 inhabitants
than for the smaller cities. This difference in slope could imply that some tropical cities experi-
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ence a marked change in their morphology (larger slum areas, reduced proportion of green areas,
taller central city buildings, ctc.) once they reach a certain size. The present writer (Park, 1986,)
found this same relationship in Korean cities except that the dividing population size was 300,000
rather than 1,000,000. The research pointed to a strong interrelationship between the maximum
heat island intensity, the urban population, and the impermeable surface coverage ratio. Fukuoka
(1983) indicated a nonlinear relationship for Japanese citics where the slope of the regression line
was steeper for citics with a population exceeding 300,000 than for similar North Amecrican cities,
and smaller for small Japanese cities (population below 300.000) than for similar European citics.
He speculated that thosc differences were caused by differences in urban structure, urban fune-
tions, and climatic zone. However, he did not describe how and why they should cause the differ-
cnce.

As cities increase in size, their influence on the atmosphere grows. Hence, we must examine
the processes within the urban boundary layer as an aid to understanding the radiative and ther-
mal environment. According to Oke (1976), an important distinction in the scale of investigations
in urban climatology exists between the urban canopy laver and the urban boundary layer. The
distinction allows differentiation between processes operating at the microscale, below building
height (the canopy layer), and thosc operating at the mesoscale, generally above building height.
The interaction between these two scales of investigation is complicated, but despite the un-
doubted complexity of the radiative environment in the microscale canopy layver, the radiative
fluxes through the top of the building /air column have proved to be remarkably smooth diurnally,
and are consistent with fluxcs observed at about roof level (Nunez and Oke. 1977). Recent studies
of energy balances from a variety of different surfaces have produced a much clearer picturc of
the nature of energy cxchange in the urban cnvironment, both at the microscale (¢.g., Nunez and
Oke, 1977, 1980 . Oke, 1978) and the macroscale (e.g.. Yap and Oke, 1974 : Landsberg and
Maiscl, 1972 : Landsberg, 1979).

Within the canopy layer. there will obviously be a large range of moisture availabilities depend-
ing on the precise structure of the urban canopy unit. Although individual faces of the urban
canopy produce a complex pattern of energy partitioning, Nunez and Oke (1977) give values of
smoothed heat fluxes for the whole unit as percentages of net radiation flux (R,) of 10-15% for
latent heat flux (IE), 25-30% for ground heat flux (G,) and 60% for sensiblc hcat flux (H).

Within the boundary layer. remote sensing of radiative surface temperatures by satellite in
conjunction with a one-dimensional boundary layer model allowed Carlson ¢! al. (1981) to calcu-
late encrgy balance terms for entire cities. They concluded that urban centers are areas of distinct
maxima of sensible heat flux (H) and minima of latent heat flux (IE).

At night, long-wave [lux divergence should lead to cooling of elevated layers and increased in-
stability. Observational evidence is limited, but Fuggle and Oke (1976) in Montreal measured
radiative cooling rates three times greater than actual cooling rates and concluded that the lower
urban atmosphere is cooled mainly by radiative flux divergence, the cooling being retarded by
sensible heat transfer from the surface. Within thc urban canopy layer, the radiative environment
is quite different. Nunez and Oke (1976) [ound that radiative cooling rates are much less below
roof level than above roof level and are similar to actual cooling rates. They attributed this largely
to the decreased sky view factor below roof level which reduces radiative loss and also reduces
turbulent transfer in the almost calm canyon air. Kobayashi (1979) madc an observation of the
long-wave radiation necar and on a building in Tokyo. He observed that the long-wave radiation
from the ground surface of the urban arca was about hall as much as that from the roof of the
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building when the ground surface and the roof surface were composed of the same material. He
pointed out that this was duc to the interception of long-wave radiation from the urban ground
surface by the walls of nearby buildings, which reflected some of it back to the ground surface.
Particularly at nighttime, the heat-energy supplics to the ground surface only the ground heat flux
(Go). and it is balanced by the net radiation (R,). Oke et al. (1981) outlined the difficulties of
obtaining representative values of the hcat storage term by direct measurcment using heat flux
plates, mainly because of the wide variety of urban surface materials and the necessily to integrate
these on a city scale. Although these factors explain how and why heat islands form in cities. there
is no study that shows precisely how these factors atfect the heat island intensity. and how they re-
late to city size.

Even in a city on a “flat’ site, there are likely to be some topographical features which can be
ignored during the day. but due to nocturnal air drainage play an important role by night. This
fact causes the topographical factor to become a substantial obstacle when attempting to isolate
the synthctic urban climate. Some preliminary studies on the classification of urban climates
according to topography have been conducted by Tyson et al. (1972), Nkemdirim (1980,) and Gold-
reich (1984).

The nocturnal urban hcat excess can not be isolated for citics in valleys. It can not be isolated
because of the cooling induced by katabatic air drainge towards the city center located in a valley
(Nkemdirim, 1980,). The influence of topography can be so strong that the magnitude of the heat
island may depend more on the local terrain than on the urban complex (Chandler, 1964). Most of
the studies of Lopographic influences have dealt with cities located in valleys. These studics have
tended to focus on the interaction of nocturnal air drainage {rom the surrounding slopes with the
urban heat island. The concept of the ‘urban valley > was introduced by Paterson and Hage (1979).
In contrast to cases of cities in valleys, such as Sheffield, Reading and Pretoria, the urban valley
can be defined as a valley within a city center. It seems that three factors dominate the North Sas-
katchewan River Valley (50m decep) where it crosses the city of Edmonton in Alberta, Canada : a)
the valley is a sink for cool air drainage, b) with moderate wind conditions, a shelter effect exists
which results in calm conditions at the valley bottom. and ¢) the snow cover persists on the ice in
the valley much longer than on the urban and rural plains. The resulting features include a very
strong nocturnal inversion in the valley.

Some references to sea and lake breeze can be found in Landsberg's (1981) review. During
the daytime the sea breeze pushes the heat island landward. as was reported for Durban (Preston-
Whyte, 1970). and at night the heat island migrates towards the coast. This nocturnal migration is
pronounced during wintertime when the sca is warmer than the land, as detected in Tel-Aviv by
an airborne infrared image (Goldreich, 1984). Near the coastline, the mesoscale influence of a sea
breeze circulation is strong cnough to weather an urban-induced country breeze, a well-known
phenomenon of continental cities. [n Japan. no country breeze has been reported. except for Asa-
hikawa because land and sea breezes and mountain and valley circulations are strong (Yoshino.
1975 ;. Kawamura, 1975, 1977).

Atkinson (1983). in his review of thermally driven mesoscalec numerical modelling, stated that
only a few such models exist in the urban climate field, while for mountain and valley wind cir-
culations such modelling has hardly begun. While Atkinson’s review was in press an important
advance was registered in topoclimate modelling. Whiteman and McKee (1982) modelled the dis-
sipation of the nocturnal inversion in mountain valleys. Bader and Mckee (1983) converted the
multidimensional cloud/mesoscale Colorado State University model to simulate nocturnal inver-




sion destruction in a mountain valley. It scems that it would not be difficult to add an urban-
induced heat source (o examine its intcraction with the topographically induced circulation.

The fact that the heat island intensity is greatly affected by the shapes of the land surface has
been observed. Some previous research has examined the heat island of cities on plain surfaces.
Other research has concerned the heat islands of coastal citics. Still other research has examined
the heat islands of basin cities. However, no previous study has examined and comparcd the heat
istands of cities in all three of thosc types of topographical locations. The present study does so.

1.2 Purpose of this study

Urban hcat islands have been intensively studied, and the mechanisms or processes of heat is-
lands arc partly understood. Especially understood is the relationship between the maximum heal
island intensity ( A Ty-r(max)) and urban population. as revealed by Oke (1973). However. there
are regional differences in the relationship, for the slopes of the regression lines are different one
from another. In Japanese and Korean cities. the relationship can be represcnted by a biphasic re-
gression linc, with a slope transition occurring at the 300,000 population level (Fukuoka, 1983 ;
Park, 1986,).

The present study aims to explain why the relationship is different in different regions such as
North America, Europe, Japan and Korea, and especially why the regression lines are bent at
approximately 300.000 population for Japanese and Korean cities. In other words, the primary
concern of this study is to explain the present writer's earlier finding (Park, 1986,) that the maxi-
mum heat island intensity of Japanese and Korcan cities with over 300,000 population is dispro-
portionately greater than the maximum heat island intensity of Japanese and Korean citics with
under 300,000 population. The study also examines and analyzes the effect of topography on the
heat islands using basin, inland plain, and coastal cities of Japan as cxamples. The results are
summarized in schematic models.
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CHAPTER I

DATA AND METHODS

2.1 Flow of this study

The general objective of this study is to examine the urban and topographical influences on
the heat island intensity (A Ty,-;). First. the urban influences will be considered. then the topo-
graphical effects. Finally there will be discussion of the conclusions of the study and the geo-
graphical environmental influences on the heat island intensity will be clarified. Therefore, this re-
scarch will consist of three principal parts.

In the first part, the influences of the urban structures on the heat island intensity will be dis-
cussed. By using data from observations made from automobiles, the relationships between the
maximum heat island intcnsity and the urban population will be examined. and by focusing on in-
terrcgional comparisons, regional differences will be statistically observed. Furthermore, by using
the sky view factor and the impcrmeable surface coverage ratio as the leading factors to explain
the regional differences. it will be possible to observe the physical meanings of the link between
the heat island intensity and the urban population. Thereafter, the indices of the sky view factor
and the impermeable surface coverage ratio will be described in physical terms by using special
obscrvation data for Mitsukaido City based on a heat balance model at the ground surface.

The second part will examine the effect of topographical factors on the heat island intensity.
Three cities were chosen for case studies in this regard. Gifu, Asahikawa and Niigata. Gifu is a
city located on an inland plain surface. Asahikawa is located in a topographical basin. Niigata is a
coastal city. The cities were selected from stations for which AMeDAS data, which is
homogeneous in time and covers a long time period, are available. For each city, the spatial and
temporal aspects of the heat island intensity will be reviewed in accordance with its landscape.
Then assuming that variations of the heat island intensity are due to differences in the nocturnal
surface inversion layer in the nearby rural area, the differences will be observed by using special
observation data for Asabikawa. a basin city, and for Akita, a coastal city. To conclude the
second part, therc will be a discussion of the urban influcnces and topographical effects on the
hcat island intensity, and schematic models will be presented. The third part will summarize the
results of the study. Figure 1 shows the genceral pattern of flow of the study.

2.2 Field observation data
2.2.1 Data on the heat island intensity

In order to examine regional aspects of the relationship between the heat island intensity and
the urban population, it is necessary to calculate accurately the heat island intensity of each city.
For that purpose. observational data for many sites in and out of the cily are needed. Such data
collected by persons riding in automobiles are available for many cities. However, the number of
cities for which such data have been collected through an entire year is yet limited.

For this study, twenty Japanese cities were selected for which sets of automobile observation
data on temperatures had been collected by scientific methods during the nighttime in autumn and
winter when the hcat island intensity is likely to be strongest. The data sets each had temperature
figures for many locations in and surrounding a city, and for many times of a day and days of a
month. A number representing the maximum heat island intensity for each city was obtained by
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identifying the day and timc at which the difference between the highest temperature in the urban
arca and the lowest temperature in thc nearby rural area was greatest. The figure representing
that diffcrence was used to represent the maximum heat island intensity of the city. In any area
and for any city, the heat island intensity is highest at night in clear and calm weather. The weath-
er conditions under which the above mentioned temperature data sets were obtained, whether
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under clear or cloudy skies, or under calm or windy conditions, are not known to the present win-
ter. By using only the maximum heat island intensity figure, the question of weather conditions
becomes unimportant, for it may be assumed that the temperature figures which yield the maxi-
mum heat island intensity (A Tu_r(max)) were collected on a clear and calm night.

Automobile observations were available for only a few Korean cities. The prescnt writer
(Park, 1986,) produced some automobile observation data, collected during summer nights in
June, July and August of 1982 in five Korean cities. Those data were used in the present study.
Data collected by Kim (1976) during summer nights in onc city were also used. It was assumed
that the heat island intensity values for the Korean cities would be low since the automobile
obscrvations were carried out only in summer. Therefore, it would be impossible to compare the
Korcan values with those for cities in other regions. However, it was possible to compare the rela-
tionships between heat island intensity and urban population.

For twenty-one North American cities and fourteen European cities. data provided by Oke
(1973.1981) were used. Much of the data in his study was derived from sources in the literature.
His own automobilc observation data concerned nine cities in Quebec during nighttime in winter.

2.2.2 Data on the sky view factor

There is a close relationship between the formation of the heat island intensity and the
geometrical unevenness of the urban canyon. The sky view factor is an index of the urban
gcometry.

Park and Kawamura (1986) calculated the sky view factors for twenty-three Japanese cities,
including the above mentioned thirteen cities, and for seven Korean cities including the already
mentioned six cities. The number represcnting the sky view factor for each city was derived in the
following manner. A leveled camera with a fish-eye lens (a4 CANON 7.5mm. picture angle 180°)
took whole-sky pictures at thirty-six different points. All points were within the central business
district (C.B.D.) of the city, and all were in the center of a road. See Fig. 14 for examples of pic-
tures. Then, with Ito’s sky vicw factor calculation diagram (Ito. 1977), the percent of cach picture
which is occupicd by sky (rather than by buildings) was calculated. Thereafter. the mean of the
thirty-six percentage values for the city was determined. and that mean percentage figure became
the sky view factor for the city.

For eighteen North American cities and eleven European cities, Oke’s data (1981) were used.
Oke’s first empirical cquation for the sky view factor was based on the 0.5m X 0.5m X 12.5mm
hardware scale model. Later. he calculated the sky view factor for each city by revising the empiri-
cal equation with values measured from [ish-cyc lens photographs. Although. the menthod of cal-
culating the sky view factors of Japanese and Korean cities differs from the method used for North
American and European cities, both methods give approximatc values and they satisfy the need
for comparing the regional differences of the sky view factors in accordance with city size.

2.2.3 Special observation data
1) The present writer made some special observation for data in Mitsukaido City (41.000
population). The data were desired in order to examine the characteristics of the heat flow proc-
esses affecting the impermcable surface coverage ratio and relating to the sky view factor.
Mitsukaido City is located of a flat plain surface and has an urban arca of 1km?2. Most build-
dings are wooden and onc or two stories high. A number of three or four story concrete buildings

are clustered in the center of the urban arca. Nearby rural areas are composed of fields and farms.




Measurements were taken from 09:00 on April 13 to 10:00 on April 14, 1986. During this
period, Mitsukaido City was in a high pressure zone, and the weather was clear (cloud cover <2/
10) and calm (average wind speed < 0.2m/s). The weather was idcal for heat island formation.
Measurements of ground surface temperatures and of air temperatures at 1.5m above the surface
was made three times (04:00 — 05:30, 13:30 - 15:30, 22:30 - 24:00) al thirty-four observation points
mostly in the city but also in the surrounding rural area. Long-wave radiation, surface tempera-
ture, air temperature, wind direction, wind speed and cloud cover were measured hourly at one
rural location and in the center of the city. At the city center location, the hourly measurements
were made both at the ground surface (1.5m) adjacent to the tallest building in the city (the 16m
high Masuda store) and on the roof of the building (17.5m). Also, the surface temperature of the
building at a height of 6.3m was measured hourly. The ground surface near the building, and the
wall and roof surfaces of the building, are concrete. Long-wave radiation was automatically re-
corded by a radiometer (Eiko-seiki CN - 11 and CN - 40) beginning at 10:00 on April 13 and until
10:00 on April 14. Surface temperatures were obscrved every hour using an infrared radiation
thermometer (Matsushita Tsushin Kogyo ER - 2008). Wind direction and wind speed were mea-
sured every hour at the ground surface and on the roof surface by a Naka-asa type wind vane and
anemometer. The wind direction and the average spced obscrved during a 5 minute intcrval in the
hour were used to represent the hour. The cloud cover was estimated at the roof surface by visual
inspection.

2) Because the heat island intensity and its diurnal variations are affected by the topography
of the area in which the city is located, the cities studied were categorized into three kinds, inland
plain, basin, and coastal. The author chose Asahikawa as an example of a basin city and Akita as
an example of a coastal cily. and collected special observation data about them for an examination
of the differences between their inversion layers. Air temperature data for Asahikawa city and for
the nearby rural arca of Higashiasahikawa during the winter (January 18 - 19, 1983) were provided
by the city office in Asahikawa. These data were recorded every 3 hours at 100m elevation inter-
vals starting at 1.5m from ground surfacc and cxtending up to 900m. Data for Akita City and the
nearby area of Takasu came from the Special Project of Atmospheric Environment in Akita Bay
Region conducted by the Japan Metcorological Agency (1975, 1976). Takasu is located 30km from
the coast. The temperature observation data for Akita City and Takasu were recorded at 09:00.
15:00. and 20:00 on June 9 and on October 14, 1974. They were recorded at 25m intervals from
ground level to 100m in altitude and at 100m intervals between the altitudes of 50 and 950m.

2.3 Published data

1) The structure of a city affects its heat island intensity. Three indices of urban structure
were chosen : the urban population, the sky view factor, and the impermeable surface coverage
ratio. For the sky view factor, there were no published data. Sky view factor data were obtained
as described in section 2.2.2. Data for the impermeable surface coverage ratio were obtained for
twenty-three Japanese cities, including nineteen already mentioned, from the Japan Geographical
Survey Institute. The Institute had | : 25.000 land use maps. The Institute had overlayed the maps
with a 100m X 100m grid and calculated the percentage of each grid squarc that is in cach type of
land use. The present writer then calculated the impermeable surface coverage ratio. It is the ratio
of the total arca occupicd by buildings, roads, parking lots, driveways, and other structures made
of artificial materials to the total city area.

For the six Korean cities, the present writer divided a 1:50.000 land use map into 0.5km X
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0.5km squares. Then the percent of a square occupicd by each land use type was measured.
Thereafter. the impermeable surface coverage ratio was calculated as described above for
Japanese cities.

2) Population data for the North American and European cities were obtained from the UN
stalistical book, and for Japanesc and Korean cities from recent censuses. Population data were
uscd corresponding to the ycar when the estimation of the variables were made.

2.4 AMeDAS data

The heat island intensity is affected not only by population but also by the topographical and
climatological cnvironments of the cities. Chapter IV cxamines not only the heat island intensity
of the topographically different cities bul also compares their diurnal temperature variations. ‘The
Automated Mecteorological Data Acquisition System (AMcDAS) recorded the data. AMcDAS is a
regional system of climatological stations created by the Meteorological Agency of Japan in
November 1974. Stations occur in a network at regular intervals of 17 or 21km. Meteorological
obscrvations at most stations include hourly rainfall (mm), hourly wind directions (16 directions)
and hourly wind speed (m/s), hourly sunshinc duration (0.1lhr.), and hourly temperature (0.1°C).
At some stations, only rainfall is rccorded. There are 1317 AMeDAS stations throughout Japan.
Six stations were chosen for this inquiry, three in cities and three in locations outside the cities.
They were chosen according to the following criteria.

1) The observation station in the cily should be within the built-up arca.

2) The observation station in the surrounding arca should be on flat pastoral land.

3) The observation stations both inside and outside the city should be within the same topo-

graphical environment, within the same basin and almost at the same elevation, for example.

4) The distance between the urban station and the station in the surrounding area should be

less than 50km. This critcrion was based upon suggestions by Omoto and Hamotani(1982).

With those criteria in mind, three cities were selected for their topographical locations.

1) Gifu City was chosen as an inland city on flat land.

2) Asahikawa City was picked as a basin city surrounded by the mountains, which would

therefore have the characteristics of a basin climate, including cold air drainage and a cold air

lake.

3) Niigata City was selected as a coastal city which would have a climate prominently includ-

ing sea and land breezes.
The latitudes, longitudes, and elevations of the AMeDAS stations in the chosen cities and their
surrounding areas are shown in Table 1. Table 2 lists the values of the maximum heat island in-
tensity ( ATy- r(max)). the sky view factor, and the impermeable surface coverage ratio for the
Japanese and Korean settlements. Figure 2 shows the locations of the settlements for which data
were obtained.



Table 1.

chosen cities

Latitude, longitude, and eclevation of the AMeDAS stations of the

AMeDAS

latitude

elevation

No. B longitude others
Stations ( "N) ( °E) (m)
Asahikawa 12441 43.77 142.37 112 urban
Pippu 12396 43.52 142.29 167 rural
Gifu 52586 35.24 136.46 13 urban
Ibigawa 52511 35.29 136.34 45 rural
Niigata 54232* 37.55 139.03 2 urban
Niitsu 54296 37.47 139.05 ) _3 rural
* Before Oct. 1, 1981, the number was 54231, but the location of the station was
the same.
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Fig. 2 Distribution of settlements for which climatological and geographical
data were obtained
JAPAN l. Tokya 2. Osaka 3. Nagoya 4. Kyoto 5. Sapporo 6. Hiroshima
7. Sakai 8. Kumamoto 9. Sendai  10. Niigata 11. Shizuoka 12, Kanazawa
13. Gifu 14. Asahikawa 15. Nagano 16. Hakodate 17. Toyama 18. Aomori
19. Maebashi 20, Fukui 21. Akita 22. Morioka 23. Takada 24. Tsuchiura
25. Isezaki 26. Tatebayashi  27. Wakkanai 28. Shinjoh 29. Akikawa
30. Mitsukaido 31. Shimozuma 32. Shin-machi 33, Tamamura-cho
KOREA 1. Scoul 2. Tacgu 3. Tacjon 4. Seongnam 5. Kwangmyung
6. Fuijeongbu 7. Shindo
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Table 2. Maximum heat island intensity (A Twsinan), sky view factor, and impermeable surface
coverage ratio for Japanese and Korcan settlements. Ordered according to population

(P).
Settlement Year P A Tu-r(max) Sky view factor  Impermeable surface
o (X10%) QO (V.. %)* coverage ratio (%)*
JAPAN
1. Tokyo 1977 8650 9.0 25 72
2. Osaka 1986 2540 30 72
3. Nagoya 1977 2080 5.5 34 55
4. Kyoto 1986 1473 45 54
5. Sapporo 1980 1400 59 50 40
6. Hiroshima 1978 850 4.5 21
7. Sakai 1986 810 42
8. Kumamoto 1986 530 24
9. Sendai 1968 480 4.0 29
10. Niigata 1980 460 2.5 24 A
11. Shizuoka 1986 460 38
12. Kanazawa 1983 420 3.4 53 20
13. Gifu 1980 410 3.3 40 25 A
14. Asahikawa 1983 360 4.9 58 17 AO
15. Nagano 1983 325 3.0 48 13
16. Hakodate 1986 320 65
17. Toyama 1980 310 2.8 50 22
18. Aomori 1986 290 2
19. Maebashi 1975 250 2.5 22
20. Fukui 1986 240 49
21. Akita 1974 236 O
22. Morioka 1986 230 47
23. Takada 1986 130 54
24. Tsuchiura 1982 113 2.0 61 20
25. Isezaki 1982 106 1.8 21
26. Tatebayashi 1982 70 1.4 66 15
27. Wakkanai 1986 53 73
28. Sinjoh 1980 43 2.4
29. Akikawa 1986 43 72
30. Mitsukaido 1986 41 2.1 70 15 o*
31. Shimozuma 1985 31 1.1 72 9
32. Shin-machi 1982 15 1.2 78 13
33. Tamamura-cho 1982 13 1.0 11
KOREA
1. Seoul 1982 8400 7.2# 36 41
2. Taegu 1977 1600 5.2 60 21
3. Taejon 1986 620 01
4. Seongnam 1982 380 2.3# 65 14
5. Kwangmyung 1982 150 L5# 72 13
6. Euijeongbu 1982 140 134 72 12
7. Shindo 7 1982 60 LO# 86 9
A AMeDAS data were also used for this settlement
O : Special observation data

*

. Estimated by the author in 1986
** : Year of P (X10%) and A Tu-r(max) data
# : Estimated by the author in 1982




CHAPTER Il

RELATIONSHIPS BETWEEN URBAN STRUCTURES AND THE HEAT
ISLAND INTENSITY

3.1 Statistical analyses of the relationships between the indices of urban structures and the maxi-
mum heat island intensity
3.1.1 City size and the maximum heat island intensity
The population of a city is an index of the level of activity in the city and reflects the anthro-
pogenic heat production of the city. Figure 3 shows the relationships between: the logarithms of
population and the maximum heat island intensity in Japancse, Korean, North American, and
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MAXIMUM HEAT ISLAND INTENSITY

POPULATION
Fig. 3 Relationships between the maximum heat island intensity and the urban
population for Japanese, Korean, North American and Europcan cities

European cities. The heat island intensity values for the Japanese, North American, and Euro-
pean citics were the maximum values of observations which were carried out throughout a year in
each city. The heat island intcensity values for the Korean cities were derived from summertime
temperature data. For the North American and Europcan cities, the data on the maximum heat is-
land intensity were obtained from the study by Oke (1973, 1981). Data for the Japanese and Ko-
rean citics werc obtained as described in Chapter I1.

Although the heat island intensity is greater the larger is the urban population in every coun-
try, there are regional differences in the relationships. For North American and European cities,
the relationships arc apparcntly linear proportionally and the regression lines can be represented
as straight lincs. For Japancse and Korean cities, the relationships are better represented by two
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lines because the regression lincs bend at around 300,000 in population. In other words, the incre-
ment of the maximum heat island intensity for cities with a population over 300,000 is larger than
for cities with a population less than 300,000.
With P representing urban population and A Ty_r(max) representing the maximum heat island
intensity, the regression equations of Japanese and Korean cities can be given as follows.
Japanese cities :

ATu—r(max) =1.21 IOg p—392
(r* = 0.74 ; population < 300,000) (1)

ATy_ imax) = 4.01 log P - 19.09
(r* = 0.87 ; population > 300.000) )

Korean cities :

ATu— r(max) = 1.19 lOg P-4.73
(r* = 0.97 : population < 300,000) (3)

ATy y(max) = 3.74 log P - 18.44
(r* = 0.98 ; population > 300,000) )

The data on North American and European cities were obtained from Oke's work (1973,
1981). Based on those data, regression equations of North American and European cities can be
represented as follows.

North American citics :

ATy r(max) = 2.96 log P-6.46  (r" = 0.95) (5)
European cities :
ATy-rmax) = 1.92log P-3.41 (" = 0.81) (6)

These two equations were created as part of the present study and are different from Oke’s earlier
equations (1973).

Oke (1973) suggested that the European and North Amcrican regression lines are different
for the following reasons ; 1) The heat capacity of Europcan cities is smaller than of North Ameri-
can cities. 2) The difference in heat capacities is the result of differences in the amounts of
anthropogenic heat produced and differences in the qualitics of the buildings in the cities. 3) The
rate of cvaporation is larger in European cities than in North American cities. Fukuoka (1983)
speculated that the differences in the regression lines were caused by differences in urban struc-
turc, differences in the functions of cities, and diffcrences in climates. He also speculated that
Japancsc cities could better be represented by two regression lines than by one because the struc-
ture and the functions of cities with under 300,000 inhabitants are different from those of cities
with more than 300,000 people. Korean cities, like the Japanese cities, can be represented by two
regression lines because their structure and functions, and their climates, more closely resemble
those of Japanese cities than of European or American cities.

Various studies on the classification and development of Japanese cities (Ogasawara, 1954 ;
Ishimizu, 1965 : Hattori, 1979) indicate that most citics with populations under 250,000 arc “stan-
dard type” cities, while most cities with over 250,000 pcople are standard type cities and/or cities
differentiated to have certain functions. Ogasawara (1954) identified the percentage of the popula-
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tion of cach city within each occuption and arranged occupations in order from the highest to the
lowest values. He called the citics which had one third of the total data “standard type” cities.
The studies also suggest that citics which have about 300,000 people are district centers that serve
as the political, economic, and cultural centers of their respective districts. Tonuma (1980) classi-
fied Japanese citics into several categories based on their populations. His categories are small
cities (over 10,000 but 100.000 in population), middle citics (over 100,000 but under 300,000),
large cities (over 300,000 but under 1.000.000), and megalopolises (over 1,000.000 people). He
also pointed out that the cities which had 300,000 people were on the boundary between middle
citics and large cities. that the cities which had over 300,000 people were the centers of their dis-
tricts, and that these district centers were characterized by having central business districts with
tall buildings.

Sung (1977) and Joo (1982) studied the development of cities in Korea. They classified Ko-
rean cities into developing large cities and stagnant cities. Developing large cities have 200,000 to
500,000 pcople and their annual increments of population are above average. They arc typical in-
dustrial cities. Their functions become more focused with greater development. As a result, the
differences between the functions and structure of the developing large cities and the functions
and structure of stagnant cities become large. These ideas do not explain why the relationship be-
tween the heat island intensity and the urban population is different for cities with under 300,000
than for cities with over 300,000 people. However, they do suggest that the functions and struc-
turcs of the two sizes of Japanese and Korean cities are much different onc from the other.

Figure 3 shows that there are several cities with heat island intensity levels that are signifi-
cantly different from those in the great majority of cities. These citics arc affccted by their geo-
graphical conditions. The coastal citics have much smaller hcat island intensity levels and the basin
cities have much larger heat island intensity levels. Therefore the heat island intensity of a city is
potentially affected not only by city functions and structure but also by the geographical condi-
tions of the city. The latter will be discussed in Chapter [V,

3.1.2 Relationships between the indices of urban structure and the maximum heat island intensity

As mentioncd above. in Japan and Korea the relationship between the maximum heat island
intensity and population is different for cities with under 300,000 people than for cities with over
300.000 pcople. There is no direct explanation of this phenomenon in the scholarly literature to
date. But cach city has a structure : and the structurc of cach city is different from that of other
citics. Each city also has functions, and the functions often occur in distinct areas, each arca with
a different primary function. Commonly the centers of large cities are busy areas with tall build-
ings. In order to quantify and relate the features of a city's structure to the city’s heat island in-
tensity. the sky view factor (Oke, 1981) and the impermeable surface coverage ratio (Yamashita,
1981) are used as indices of the features.

The sky view factor is as reflection of the unevenness of a city’'s surface which in turn is re-
lated to the radiation balance and sensible heat flux in the urban canyons. The sky view factor is
the ratio of the height of buildings (h) to the width of urban canyons (w). Figure 4 shows the rcla-
tionships between the maximum heat island intcnsity and the sky view factor in Japanese, Korcan,
North American, and European cities.

The sky view factor data for thc North American and European citics are from the report by
Okc (1981). Those for the Japanese and Korean citics were measured by the present writer. The
mcthod of measurement is described in Chapter II.
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SKY VIEW FACTOR
Fig. 4 Relationships between the maximum heat island intensity and the sky

view factor for Japanese, Korean,

North American and European cities

The regression equations that relate the maximum heat island intensity (A Ty-r(max)) to the sky

view factor (¥,) for Japanese, Korcan, North American, and European cities arc as follows.

Japanese cities :

ATy _rmaxy = —-0.12¥, + 10.15 (r
Korean cities :

ATy-r(max) = —0.14¥, + 12.23 (r
North American cities :

ATy pmaxy = -0.15¥, + 16.34 (r
European cities :

ATy (max)y = - 0.10%, + 13.20 (r

There is a negative relationship between the
factor and it has a high coefficient of correlation.

= -0.83) (7
= -0.93) (8)
= -0.96) 9)
= —0.82) (10)

maximum hcat island intensity and the sky view
This means that the sky view factor is closely re-

lated to the formation of the heat island. Although to elucidate the effect of the sky view factor
on the formation of the heat island is not an objcctive of this chapter, the following ideas are

apparent.

As urbanization proceeds, the ratio of build

ing area to sky arca increases (i.e., the sky view

factor decreases) due to an increasc in the number of tall buildings. This causes the air between

the buildings to absorb more energy duc to the shorl-wave radiation reflected from the surfaces of

the buildings. The decrease in the sky view factor causes a decrcase in the upward long-wave

radiation due to an interruption by the buildings

at night. This in turn makes the inside of the city



maintain a high temperaturc and produces the heat island phenomenon (Parry, 1967 . Yap and
Oke, 1974 ; Fuggle and Oke, 1976 : Nunez and Oke. 1976, 1977 : Kobayashi, 1979 ; Birring and
Mattsson, 1985 ; Yamashita et al., 1986). Other rescarchers have reported that in urban areas
which are crowded with buildings. the latent heat flux is supressed due to a decrease in the wind
speed which in turn results in the urban canyons maintaining a high temperature (Nishizawa, 1958
. Nunez and Okec, 1976). These scholars also reported that when inversion layers come to an
urban area, the layers are disrupted duc to the unevenness of the city surface and hence are neut-
ralized.

As the city grows, the increase in the number of buildings results in an increasc in the surface
area which is covered with impermeable materials such as concrete and asphalt. Consequently
there are changes in the heat balance of the ground surface and in the heat island intensity. The
present study uses the impermeable surface coverage ratio as an index of the alteration of hcat
flux created by the differences in the composition of the ground surface. The impermeable surface
coverage ratio is defined as the ratio of the area which is covered with artificial materials to the
total urban arca.

The impermeable surface coverage ratio was calculated as shown in Chapter II. The data are
only approximatc values. but the crrors where they exist are probably small and do not affect the
results of this chapter. The impermeable surface coverage ratios for the Korean cities and tor the
Japanese cities were obtained in different ways so that they can not be compared directly. Yet
they allow clarification of the relationship betwcen the heat island intensity and the impermeable
surface covcrage ratio within each country. Figure 5 shows the relationships between the maxi-
mum heat island intensity ( ATy_(max)) and the impermeable surface coverage ratio (X) in
Japanese and Korean cities. These relationships can be represented by the following regression

equations.
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Japanese cities :

ATyer(max) = 0.11X + 0.50 (r =10.88) (11)
Korean cities :

ATy r(maxy = 0.20X — 0.65 (r=10.95) (12)

The very high coefficients of correlation mecan that the impermeable surface coverage ratio is
highly correlated with the tormation of the heat island. The relationship can explained as follows :
[) Increasing the arca of impermeable surface causes decrcases in evapotranspiration as well as
loss of latent heat from the ground. This clevates the temperature inside the city. 2) Because im-
permeable materials have a high hcat capacity and a high heat conductivity, the decrease in air
temperature during the nighttime is lessened, maintaining a high temperature inside the city
(Kawamura, 1964 ; Myrup and Morgan, 1972 : Oke, 1981).

In conclusion, the heat island intensity is highly correlated with the sky view factor and with
the impermeable surface coverage ratio and these relationships are lincarly proportional.

3.1.3 Interrelationships between the indices of urban structures, urban population and the maxi-
mum heat island intensity

As demonstrated above. the maximum heat island intensity is highly corrclated with the sky

view factor and with the impermeable surface coverage ratio. In this section, the relationship be-

tween the sky view factor, which is an index of urban structure, and the impermeable surface
coverage ratio will be discussed.

Figure 6 shows the relationships between the sky view factor (¥,) and urban population (P) in
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Japanese, Korean, North American. and European cilies. The sky view factor decreases with an
increase in the urban population. demonstrating a negative correlation. This means that the sky
view factor decreases with an enlargement of the urban arca and with increases in the number of
tall buildings. This relationship within each region is shown in the following regression cquations.

Japanese cities :

¥, = -20.361log P + 162.06 (r’ =0.92) (13)
Korean cities :

¥, = -20.67 log P + 181.50 (r? = 0.94) (14)
North American cities :

¥, = -18.09 log P + 144.71 (r* =0.91) (15)
European citics :

¥, = -13351log P+ 128.62  (r’ =0.83) (16)

‘These regression lines are regionally different, and the slope for North American cities is
steeper than that for European cities. This can be attributed to the extremc unevenness of urban
canyons in North American citics as compared to European cities in spitc of the similar popula-
tion size. Therefore, the effect of the buildings on heat island formation is larger in North Ameri-
can cities. This is very similar to the relationship between urban population and the maximum
heat island intensity (see Fig. 3). The slopes of the regression lines for Japanese and Korean cities
are similar to the slope for North American cities and different from that for European cities.
This owes to the similarity of Japanese and Korcan cities to North American cities. in contrast to
European cities. In the case of Korean cities, the regression line has a larger intercept than that
for Japanese citics. In other words, Korcan cities have a larger sky view factor than Japancse
cities. This is the result of the shorter buildings in the centers of citics in Korea compared to those
in Japan and the narrower roads in Korean cities than thosc of Japanese cities.

There arc two other striking features in Fig.6. The first is that for Japanesc cities. the rela-
tionship between the sky view factor and urban population is best represented by two lines. The
cities in Hokkaido, whose symbols are bracketed as () in Fig. 6, have populations as follows :
Wakkanai (53.000), Hakodate (320,000), Asahikawa (352.000) and Sapporo (1,420.000). These
cities have a larger sky view factor than the other cities in Japan, and their values are above the
regression linc that represents all Japanese cities (Equation (13)). The regression equation for the
citics in Hokkaido can be represented as follows :

V= 1544 log P+ 146.41 (12 = 0.94) (17)

This regression linc is similar in its slope to that for European citics (¢f. Equation (16)).
Therefore, it is suggested that urban canyons in Hokkaido arc similar to those in Europe. Con-
sidering these fcatures, Japanese cities can be divided into two groups. One includes the citics
which have a sky view factor in accordance with their population, and the other the cities which
have larger sky view factors than expected from their population (i.e.. cities in Hokkaido). The
second striking feature is that therc are no significant differences in the sky view factors of the
North Amecrican cities which have populations under 10.000. Though the data arc lacking to sup-
port the conclusion, one can speculate that the same phenomenon could well be observed in



other countries.

Figure 7 shows the relationships between urban population (P) and the impermeable surface
coverage ratio (X) in Japanese and Korean cities. The impermeable surface coverage ratio in-
creases with an increase in the urban population. This relationship can be represented by a bipha-
sic regression linc in both countries, with a slope transition occurring at a 500,000 population
level. For Korea, the relationship is possibly biphasic, but because there arc few cities above
300,000 in population, it is not possible to say that the relationship is definitely biphasic. This is
very similar to the relationship of urban population to the maximum heat island intensity observed
in Fig. 3. The regression lines can be given by the following cquations :

for Japanese cities which have populations under 300.000,

X = 9.85log P-30.77 (r* = 0.78) (18)
for Japanese cities which have populations over 300,000

X = 44.89 log P-230.13 (r =0.87) (19)
for Korcan citics which have populations under 300,000

X =6.11log P-19.60 (r’ = 0.87) (20)

for Korean cities which have populations over 300,000, based however on data for only three

cities.
X = 20.98 log P-105.47 (r* = 0.95) (21)
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Thus. the impermeable surface coverage ratio is one of the indices wheh explains why the re-
lationship between the heat island intensity and the urban population can better be represented
with two regression lines than with onc simple regression line. Although the impermcable surface
coverage ratio may not be the only factor involved in this biphasic correlation, it is probably a key
to understanding it. As indicated above. Equation (21) is based on only on thrce citics. If it were
based on a larger sample, its slope number (20.98) would probably be different. However, the up-
ward trend of the line (see Fig. 7) would remain.

3.2 Thermal characteristics induced by urban structures
3.2.1 Heat balance at the ground surface

According to the principles of energetics, the heat balance on the ground surface can be given
by the equation :

R,=H +IE + G, (22)

where R, stands for the net radiation flux which is absorbed by the ground surface. H stands
for sensible heat flux, IE stands for latent heat flux. and G, stands for the heat conducted from
the surface into the ground heat flux. In the urban area. as the heal balance is affected by anthro-
pogenic heat (Q), the heat balance equation is the following :

R,+Q=H+IE + G, (23)

Horizontal heat conduction is not considered in this type of one dimensional model of heat
balance. In other words, this cquation describes the hypothetical state of the vertical heat balance
in a specific arca of the city. Therefore. in order to consider the structure of the heat island,
which is a phenomenon of three dimensions, it would be better to consider a model with three
dimensions. However, if there is no wind (i.e., if calm conditions prevail), the horizontal heat ba-
lance is neglegibly small and thcrefore we can use the once dimensional model.

The heat balance on the ground surface should be considered in the daytime and at night. In
the daytime, the ground surface absorbs the hcat energy from the sun and attains a higher tempera-
turc than does the air. Hence, in Equation (22), sensible heat flux becomes larger and heats the
atomsphere. Furthermore, the atmosphere in the urban canyon absorbs the direct heat energy
from the sun in addition to the heat energy reflected by the buildings. This phenomenon makes
the albedo ( @) of the city lower and consequently increases the urban temperature (Kung et al.,
1948 ; Terjung and Louie, 1973 ; Dabberdt and Davis, 1974 ; Yamashita, 1975 ; Lunde, 1977 ;
Aida and Goto. 1978 ; White el al., 1978). Furthermore, the proportion of the area covercd with
impermeable materials such as concrete and asphalt is higher in the urban area than in the sur-
rounding area. This makes the latent heat flux (IE) smaller and hence the urban temperature is
elevated (Myrup and Morgan, 1972 ; Landsberg, 1972 ; Carlson ef al., 1981 ; Oke, 1982).

With sunsct, a decline in the temperature of the impermeable material begins and the tempera-
ture differential between this material and the atmosphere decreases. After sunset, the ground
surface does not absorb the heat cnergy from the sun, while its infrared radiation becomes greater
than its absorption from the atmosphere ; hence cooling proceeds. The atmosphere starts (o cool
from the bottom. which is close to ground surface, and proceeds upwards. This phcnomenon in-
duces the formation of a stable layer of air over the ground surface, a decline in the activity of
turbulence, and a decline in the scnsible heat flux. Therefore, the heat energy supplicd to the
ground surface comes only from the ground heat flux (G,) which radiates upward from inside the

()



ground. This heat is balanced with the net radiation flux (R,). This is the simplest case of the heat
balance.
The hcat balance can be given by the equation :

oT ) By

Ro=Go= - (57,

(24)
where A stands for the conductivity of the soil. T stands for the temperature of the ground, and
Z stands for the depth of the ground. When the heat energy radiates from the ground, R, becomes
negative, and when the heat energy is supplied to the ground, R, becomes positive. The heat is-
land intensity in nighttime is affected considerably by the conducted heat of ground heat flux (G,)
which is related to the net radiation flux (R,). the heat capacity (Cp) of the materials composing
the ground surface, and their conductivity (K).

According to studies mentioned above. the hcat island phenomenon appears predominantly
during the nighttime rather than the daytime (Chandler, 1970 ; Oke. 1974, 1979 ; Landsberg, 1981
; Lee, 1984). Therefore, this study has focused on the heal island phenomenon during the night.
As demonstrated previously, the heat island intensity is closely related to the sky view factor and
to the impermeable surface coverage ratio.

In this section. the physical meaning of cach index will be clarified bascd on the heat balance
cquation of the ground surface. First, the effect of buildings interrupting the long-wave radiation
into the urban ground surface will be discussed using the sky view factor which is a geometrical in-
dex of the ground surface. Second, the thermal features of the materials composing the urban sur-
face will be discussed using the impermecable surface coverage ratio which is the index of the
structure of the ground surface based on the equation of Brunt (1941) which shows the cooling
during the night. The urban population was used instead ol the anthropogenic heat consumption

HEAT BALANCE AT THE GROUND SURFACE
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Fig. 8 Flow of hecat balance at the ground surface



(Q). Generally, the urban population is an integrated measure of urban characteristics such as the
physical size of the city, the geometry and materials of the urban surface, and anthropogenic ener-
gy consumption. Anthropogenic energy consumption in an urban area depends on factors such as
geographical location, prevailing climate, population, wasted hcat from transportation, and in-
dustrial and commercial activities (Bach, 1970 ; East, 1971 ; Torrance and Shum, 1976 ; Lands-
berg. 1981).

Figurc 8 is a flow chart which summarizes information on the heat balance of the ground sur-

face.

3.2.2 Urban canyon geometry and long-wave radiation

Long-wave radiation measurements were carried out in Mitsukaido City, a small city on the
Kanto Plain. for the purpose of elucidating the cffect of the interruption of long-wave radiation by
buildings. which is closely related to the formation of the heat island at night. The temperature of
the ground surface and the air temperature were measured by automobile observation, and the re-
lationship of these data to the sky view factor was studicd. Furthermore, the components of long-
wave radiation on the surface of the tallest building (on the ground surface. roof surface, and
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Fig. 9 Distribution of ground surface temperatures in and near Mitsukaido City
(1986. 4. 14. 04 : 00 - 05 : 30)
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wall surface) in the center of the city were measured, and the effect of the buildings on the long-
wave radiation into the urban ground surface was studied.

In Mitsukaido City, the distribution of ground surface temperatures (Fig. 9) is similar to the
distribution of air temperatures (Fig. 10) in that the ground surface tempcratures and air tempera-
tures in the urban area arc higher than those in the surrounding area. However. the distribution
of the sky view factors is just the reverse, for the sky view factors in the urban area are smaller
than those in the rural area (Fig.11). In other words, it is evident that the sky view factor is sma-
ller at the center of the city than in the surrounding area. while the ground surface tcmperature
and the air temperature are higher in the urban area than in the surrounding area.

Figure 12 shows the distribution of the ground surface temperature, the air temperature. the
cooling amounts of the ground surface temperature, the diurnal range of the ground surface
temperature, and the sky view factor at observation points along a linc A to B spanning Mitsu-
kaido City and its surrounding area (shown in Fig. 11). The ground surface temperature was
higher for concrete and asphalt than for soil. A similar pattern was obscrved in the air tempera-
ture. Thus the ground surface temperature and air temperature are considerably affected by the
materials which compose the ground surface. The distribution of the ground surfacc temperature
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Fig. 10 Distribution of air temperatures in and near Mitsukaido Ctiy
(1986. 4. 14. 04 : 0004 : 30)



Fig. 11 Distribution of sky view factors in and near Mitsukaido City
(1986. 4. 14)

and air temperature on street surfaces, which were composed of the same material. depended on
the sky view factor. These temperatures were lower at the points where the sky view factor was
large, and were higher at the points where the sky view factor was small.

The points where the decrements of the ground surface temperatures were small and the
points where the diurnal ranges of the ground surfacc temperature were small coincided with the
points where the sky view factor was small. This means that places where the sky view factor is
small, such as in the centers of cities where buildings are taller and close together, maintain high-
er temperatures during nighttime than places farther from the centers where buildings are shorter.

Figure 13 shows the relationship between the ground surface temperature and the sky view
factor at selected points in the urban arca. The figure indicates that there is a negative rela-
tionship between the sky view factor and the ground surface temperature (r = -0.74).

In order to clucidate the cffect of the sky view factor on the distribution of ground surface
temperatures and of air temperatures, time-courses of these temperatures were obscrved on the
ground surface and the roof surface. Also the surface temperature was measured on a wall. The
sky view factor of the ground was 51% and that of the rool surface was 94% (Fig.14).

Figure 15 shows the hourly changes of the air temperature and the ground surface tempera-
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(A)

(B)

Fig. 14 Fish-eye lens photographs taken from (a) ground surface and (b) roof sur-
tace levels illustrating the reduction of the sky view factor by buildings,
Sky view factor 0.51 for (a) 0.94 for (b)

ture on the ground surface, the roof surface and the wall surface. A reversal of the relative
temperatures of the roof surface and the ground surface was observed as the day became night.
The temperature of the roof surface was higher, at times considerably higher, than that of the
ground surface until about 17:00. However, the former was lower than the latter between 17:00 —
07:00. In other words, the roof surface temperature was higher than the ground surface tempera-
ture in the daytime, but lower at night. The wall surface temperature was mostly lower than the
ground surface temperature and the roof surface temperature during the daytime, but was be-
tween those two values in the nighttime. The rate of change in the ground surface temperature
was higher than that of the roof surface in both the daytime and the nighttime. This means that
the ground surface is slower to cool down than the roof surface.

It the net long-wave radiation is approximately constant through the nighttime (as in the case
of a calm and clear night), the cooling of the ground surface can be represented by the lollowing
equation, according to Brunt (1941) :
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Fig. 15 Hourly changes of surface temperatures and air temperatures for three
observation points

2 R, i
AT, = ~ % C—,:.K7t (25)

where AT, stands for the cooling amount of the surface temperature from sunset to sunrise, R,
stands for the nct long-wave radiation, 7 stands for the circular constant. C stands for the speci-
fic heat capacity of the ground surface material, € stands for the density of the ground surface
material, and K stands for the heat conductivity of the ground surface matcrial. Since the ground
surface and the roof surface where the observation were performed were both made of concrete,
the C» K" in the above equation is constant, and the change of tempcrature by cooling is deter-
mind by R, and t"2,

While the measurments were made, the weather was clear (cloud cover ¢ 2/10) and calm
(average wind speed < 0.2m/s), and the net long-wave radiation (R,) was approximately constant
during the night. Figure 16 shows the cooling amounts from sunset until sunrisc of the ground sur-
face temperature and of the roof surface temperaturc. For calculation of Brunt's curve, a R, value
of 69 Wm™ was used for the ground surface and 113 Wm= for the roof surface. A value of 2380
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Fig. 16 Dccrease after sunset of the ground surface temperature and of Lhe roof
surface temperature in the urban area

Wm?S *# K™, which is the value for a concrete surface, was used for CpK% (Ingersoll et al.,
1948). Brunt’s theoretical curve and the mcasured curve of changes in surface temperatures during
the night are slightly different. However, the theoretical curve for roof surface temperature fits
very well with the measured curve. Thus, the changes in the surface temperature during the night
can be adequately represented by Brunt's equation. This suggests that the difference between the
changes in roof surfacc tcmperatures and changes in ground surface temperatures depends largely
onR,.

Figure 16 also shows that the surface temperatures on both the ground and the roof surface
changed rapidly just after sunset and gradually thereafter. The slope of the Brunt curve is larger
for the change of roof surface temperatures than for ground surface. In other words, the tempera-
ture declines more rapidly on the roof surface than on the ground surface. As mentioned above,
the diurnal range of ground surface tcmperatures is small where the sky view factor is small. This
suggests that the ground surfacc maintains a high temperature during both the daytime and the
nighttime duc to the presence of the building which absorb the short-wave radiation in daytime
and decrease the long-wave radiation in nighttime.

The components of the long-wave radiation which affect the cooling of the surface during the
night will be discussed next. Figure 17 shows the hourly changes in the long-wave radiation com-
ponents at the ground surface and the roofl surface from 18:00 on April 13 to 05:00 on April 14.
The vertical axis represents the amount of radiation every hour in Wm 2, The absorption of ener-
gy on the surfacc is represented by a positive value and the emission of energy is represented by a
negative value. Therefore, downward long-wave radiation (L | ) is positive, while upward long-
wave radiation (L 1) is negative. R, was a measurcd valuc. L t was a calculated value from the

surface temperaturc according to the principle of Stefan-Boltzmann. L | was dctermined by the
following equation.
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Table 3. Mean of each long-wave radiation component (Wm™ )
(April 13-14, 1986, 18:00-05:00)

long-wave radiation (Wm ?)

) L} Lt R,
roof surface 263 =376 -113
wall (L.) 386
ground surface 324 -329 - 69
LI =R,-Lt (26)

Table 3 shows the avcrage values of the various components of the long-wave radiation from
the roof surface and the ground surface during the night. The long-wave radiation from the wall
surface (L, | ) is also shown in this table. As sunrisc approached. L} gradually decrcased. the
absolute valuc of Lt gradually decreased, and the absolute value of the R, of the roof surface
gradually decreased. The R, of the ground surface was approximately constant during the night.
The R, of the roof surface was always larger than that of the ground surface. As show in Table 3,



the average values of thc R, of the roof surface and of the ground surface wely 113 Wm™ and
69W m™2 respectively. Therefore, the radiative cooling on the ground surface was merely 0.6 times
of that on the roof surface. This could cxplain the phcnomenon that the cooling on the ground
surface is smaller than on the roof surface as shown in Fig. 16.

Next, differences in the net long-wave radiation (R,) of the ground surface and the roof sur-
face will be discussed, with its components L} and L't . The L { of the ground surface was larger
than that of the roof surfacc, and the difference was always about 61Wm™. The absolute values of
the L 1 of both the ground surface and the roof surface decreased gradually until sunrise (i.e., the
radiative energy which was emitted from the surface decreased.). The difference between the L 1

~2_ an amount smaller

of the ground surface and that of the roof surface was approximately 16Wm
than the difterence between their L.} . The difference between the R, of the ground surface and
that of the roof surface was approximately 44Wm™. Therefore, this difference of R, was due to
the difference of L | . In other words, the interruption of the long-wave radiation by the buildings
made the L | larger than L 1 and stabilized the temperature of the ground surface.

Figure 18 was made lo evaluate the interruption effect of the buildings. The vertical axis
shows the downward long-wave radiation at the ground surface (Lgl ) and thc horizontal axis
shows the sum of thc long-wave radiation from the wall surface (L, } ) and the downward long-
wave radiation on the roof surface (L, | ). These two correspond with each other on one to one
basis. Therefore the downward long-wave radiation on the ground surface can be explanincd by
the downward long-wave radiation on the roof surface and that from the wall surface. In conclu-
sion, the sky view factor is closely correlated with the long-wave radiation which is related to the
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Fig. 18 Comparison of the downward long-wave radiation at the ground surface
(L | ) with the sum of the downward long-wave radiation at the roof sur-
face level (L, | ) and the long-wave radiation from the wall surface (L., )
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radiative cooling at night. Therefore the sky vicw factor, which is one of the indices of urban
structure, is one of the main factors causing the nocturnal heat island phenomenon.

3.2.3 Thermal admittance and the heat island intensity

As demonstrated in the previous section, the heat istand intensity is greatly affected by the
net long-wave radiation (R,) and the upward conducted heat from the ground (ground heat flux,
G,) as shown in Equation (25). In this section, the thermal characteristics of the surface coverage
materials, which affect the heat island, are discussed based on measurements of the ground sur-
face temperature, the air temperature, and the components of long-wave radiation in Mitsukaido
City. The measurements were performed on concrete surfaces at the center of the city (observa-
tion point 30) and on a surface of soil in the surrounding area {(observation point 1). The methods
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and periods of measurements were the same as those described in the previous section (shown in
Chapter II).

Figure 19 (A) shows the cooling rates ( A T/ A t)of the surface tcmperaturc and the air tcmpera-
ture from two hours before sunset until sunrise at the ground and roof surface levels in the city
and at the ground level in the rural area. Figure 19 (B) shows the differences between the urban
surface and air temperatures and the rural surface and air temperatures. In order to consider the
effect on temperature of the surface coverage materials, the effect of the interruption of the long-
wave radiation by the building must be excluded. Therefore. the data on the roof surface which
are not interrupted by the buildings, arc compared with the data of the rural area. In the two
hours before sunset, the rural surfacc temperature cooled markedly (> 5°Ch™). At the same time,
the urban surface temperature cooled only a little (< 5°Ch™"). Presumably this was a result of
strong rural surface long-wave radiation and cooling of the lower atmosphere. The urban roof sur-
face temperaturce cooled moderately. These trends continued until about three or four hours after
sunsct. The cooling rates of the urban ground surfacc were about 40 to 50% of those in the rural
arca. The cooling rates of the urban roof surface were about 30 to 40% of those for the rural area.
Later in the night the cooling rates became similar in the three locations and remained fairly con-
stant until sunrise. During the period from sunsct to almost midnight, the heat island intensity
(A Ty) steadily increased to its maximum valuc in response to the differing urban and rural cool-
ing rates. Presumably during this period the urban area expended much of its stored heat, and ru-
ral surface temperatures became low so that outgoing losses were reduced. Then, the heat island
diminished gradually until sunrise.

There are two striking featurcs in Figure 19 (B). First, the difference in the temperature be-
tween the roof surface in the urban arca and the ground surface in the rural area depends on the
differences in the thermal features of the surface coverage materials. The roof surface which is
made of concrete has a larger thermal admittance than the soil surface in the rural area. This
causes the roof surface in the urban area to maintain a high temperature while the ground surface
becomes cool in the rural arca. Thus the difference in their temperatures appears. Second, the
ground surface of the urban area maintains a high temperature compared to the roof surface due
to the interruption of the long-wave radiation by the buildings. Therefore, the ground surface
temperature in the urban area is very high because it is greatly affected by the urban geometry
and the thermal admittance level. This enhances the heat island intensity. As indicated in Fig. 19
(A) and (B), the temporal trends of air temperatures were similar to those of the surface tempera-
tures described above.

Figure 20 shows the relationship between the cooling amounts of the surface temperature
( ATi) from sunset until sunrise and the net long-wave radiation (R,) of the ground surface, of
the roof surface at the center of the urban area and of the ground in the rural area during the
nighttime. The values for the urban arca arc those shown in Fig. 15 and those for the rural area
were calculated from the special observation data. In calculating the Brunt curves (Equation (25))
for the area, R, = 110Wm™= and CpK* = 1600 Wm2S*K? were used based on the special
observation data collected by the present writer and on the published data by Oke and
Maxwell(1975) respectively. These Brunt curves have the shape of the standard decay function
and agree with the field measurements qualitatively. The slope of the Brunt curve is steepest in
the rural arca and is progressively less steep for the roof surface and then the ground surface in
the urban area. In other words, the rural area is liable to cool while the urban area retains the
heat.
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Based on these results, Equation (25) can be rewritten as the following equation.

AT 2

i1
= - — — t 27
R, mHC K" (7

Then a plot of the ratio AT /R, versus ¥ has the slope— (2/7 ] CpK%), which will be
constant because the equation represents the physics of cooling. Figure 21 shows the cooling
amounts of surface temperatures (A T,g), the net long-wave radiation (R,) and their ratio, versus
time from sunset for the ground surface and roof surface of the urban area and for the ground sur-
face of the rural area. An aim of this study is to assess the cooling of the surface temperatures
based only on differences in the component materials of the ground surfaces. Because the ground
surface temperatures in an urban area are affected not only by the componcnt materials of its sur-
face but also by the buildings nearby, they are not discusscd here. The present study supports the
Brunt scheme because AT, /R, versus t* is almost exactly linear, at least for the first 3 to 4
hours, as indicated by the following equations.

urban roof surface ;

AT /R, = -0.04 ”* +0.02 (r* = 0.99) (28)
rural ;
AT /R, =-0.05¢* + 0.01 (r2 = 0.99) (29)

The slope of the regression line for the urban area is less steep than that for the rural area.
This means that the rate of cooling is smaller in the urban area, which has a larger thermal admit-
tance, than in the rural area.



CHAPTER 1V

TOPOGRAPHICAL EFFECTS ON THE HEAT ISLAND INTENSITY

4.1 The heat island intensity and city size classification based on topographical factors

As mentioned in the previous chapter, the heat island intensity increases with increases in the
size of the city (shown in Fig.3). The rclationship between the maximum heat island intensities of
cities in a region and the populations of the cities can be represented by a linear regression line.
The points representing some cities will be near the line. The points for other cities will be farther
from the line. A reason for variation in locations of points is that citics are affected by their geo-
graphical conditions. In general, the points of plain cities will be close to the linear regression line
while those for coastal and basin cities will be farther away.

If a city is locatced on flat land where there is not much geographical effect, its heat island in-
tensity can be the difference between the urban temperature (T,) and the nearby rural tempera-
ture (T,). Then,

ATy =T,-T, (30)

On the other hand, the heat island intensities of basin and coastal cities are greatly affected
by topography. Considering these, the cquation would be

ATrZTr_Trn (31)

If T,, represents the air temperature at a flat surface in a rural area, then AT, is the amount of
change caused by the surrounding topography. Considering AT, = 0 on the regression line shown
in Fig. 3, the deviation from this regression line is mainly caused by topography. Therefore, AT,
in the coastal city is ncgative, and the heat island intensity ( A Ty_,) is rather small. In the basin
city however, AT, is positive and the heat island intensity is rather high.

The effects on the heat island intensity of topography have been investigated by Chandler
(1964). Tyson et al. (1972), Nkemdirim (1980,, 1980,), and Goldreich et al.(1981, 1984). How-
ever. each of their studies concerncd urban heat island intensities within a single type of topogra-
phy. They did not compare the heat island intensities of citics in different types of topographical
zones.

The relationship between the maximum heat island intensities and the populations of Japanese
cities in the three types of topographical locations, in basins, on inland plains, and along the
coastline, are examined in Fig. 22. This figure shows that for cities with approximatcly similar size
populations, the heat island intensities decrease from basin cities to inland plains cities, and to
coastal cities. Therefore, the maximum heat island intensity depends not only on the shape, struc-
ture, and function of a city but also on the topographical features of the location of the city.

Now, in order to discuss the influence of topography on the heat island intensity. threc cities
with populations between 350,000 and 450,000 will be studied in detail. They arc Gifu, an inland
plains city. Asahikawa, a basin cily, and Niigata, a coastal city. These cities meet the conditions
mentioned in Chapter 1I.

4.2 Contrasting phenomena in the heat island intensity among the three types of cities
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Fig. 22 Relationships between the maximum heat island intcnsity and the urban
population are compared in three categories, basin, inland plain, and
coastal cities

In order to compare the diurnal variations of heat island intensities in Gifu, Asahikawa, and
Niigata, summer and winter conditions were considered. For cach city and each season, AMeDAS
data were obtained for a clear (cloud cover (2/10) and calm day (mean wind speed < 3m/s). The
AMeDAS records for the period from January 1, 1981 through December 31, 1984, provided such
data.

For each city, one day was selected for January, another for August. The days for January
were chosen so that, as much as possible, they had similar conditions of atmospheric pressure dis-
tribution, precipitation, cloud cover, and wind speed for all the cities. The days for August were
identified in the same way. Figure 23 presents surface weather maps for the days selected for the
case studies. On the summer days, the North Pacific Ocean High covered Japan. On the winter
days. a Siberian or a migratory high covered Japan. All days were clear and calm in the three
cities.

4.2.1 City located on an inland plain

Figure 24 shows the diurnal variations of temperature, cooling and warming rates, heat island
intensity. wind speed and direction, and sunshine duration on August 1-2, 1981, at Gifu City. On
that day, the sunshine duration during the daytime was ncarly onc hour per hour (cloud cover 0).
The wind prevailed from N to NE during the day. At night the air was calm and so favorable for
the formation of a heat island.

The diurnal ranges of the urban and rural air temperatures were 6.9°C and 8.5°C respectively.
The cooling amount of the air temperature (A T.,) between sunset and sunrise was much larger in
the rural area. It was 2.9°C for the urban area and 4.6C for the rural area. The cooling rate (AT/At)
was greatest from sunset through midnight in both locations. The maximum heat island intensity
rcached 3.2°C at 23:00. However, the increase in temperature after sunrise was greater for the ru-
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Fig. 24 Diurnal variations of air temperature. cooling and warming rates, heat is-
land intensity, wind, and sunshine duration in Gifu City for Aug. 1-2,
1981

ral area. Morcover, because the rural temperature increased rapidly, the heat island intensity in
daytime was smaller than in nighttime. The difference in cooling ratcs between the urban and the
rural area, being large at night, means that the urban area is harder to cool than the rural area.
The rcason for this, as mentioned in Chapter 111, relates to urban activities, the urban geometry
and the difference in thermal admittance rates of ground surface materials.

Figure 25 shows the daily variations of temperature, cooling and warming rates, hcat island
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intensity, wind, and sunshine duration-on January 30 — 31, 1981, the winter day selected for Gifu
City. On this day. the sunshine duration was nearly one hour per hour (cloud cover 0). During the
day. the seasonal wind, a north-west wind, was strong but at night it was calm. The diurnal range
of temperatures for the urban area was 9°C, and for the rural area 9.8°C. Compared to summer, it
was large. The temperature data for Ibigawa. Gifu City’s nearby rural arca, show an increase at
02:00. The increase occurred because a 2m/s wind blew at that time, so the nocturnal inversion
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Fig. 26 Diurnal variations of air temperature, cooling and warming rates, heat is-
land intensity, wind. and sunshine duration in Asahikawa City for Aug. 20
-21, 1984

layer was destroyed. As such, the increase in sensible heat flux duc to vertical mixing process
could be the reason for the increase in temperature. Afterwards, calm conditions prevailed. The
amount of temperature cooling (A T;) from sunset to sunrise was 6.4'C for thc urban area and
8.1°C for rural arca, twice the amount of the summer night. The diurnal variations of cooling and
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warming rates were similar to those during summer, but the difference within the city was larger
in winter than in summer, and the heat island intensity was also Jarger in winter. The maximum
heat island intensity was 4.2°C at 24:00.

4.2.2 City located in a basin

Figure 26 shows the diurnal variations of temperature, cooling and warming rates, hcat island
intensity, wind speed. and sunshinc duration of the sclected summer day, August 20 - 21, 1984, in
Asahikawa City. The weather condition of the day was fine, with an average of nearly an hour of
sunshine duration per hour (cloud cover 0). The wind speed of the daytime was 2 — 3m/s, but the
air was calm throughout the night. Circumstances were suitable for heat island formation. The
diurnal range of tcmperature in the urban area was 14.8°C and in the nearby rural area of Pippu
was 16°C. It is a feature of basin climates that the diurnal range in cities is much larger than in
cities on inland plains. The cooling amounts of temperature ( A T) from sunset until sunrise in
the urban arca and the rural area were 8.7°C and 9.0°C respectively. The cooling rates (AT/At)
both inside and outside the city were extremely large until about 21:00. and became smaller after
that. As a result, the heat island intensity also attained its maximum value of 4.6°C at 21:00, but
declined thereafter.

Figurc 27 shows wcather conditions in Asahikawa City on the winter day of January 6 - 7,
1984. The weather was clear, and the air calm all through the day. The diurnal range of tempera-
ture was 15°C in the urban area and 18.8°C in the nearby rural area. The range in the rural area
was specially large. The temperatures at both places began to cool after reaching their high points
at about 13:00 or 14:00 houres, then dropped sharply with sunset between 16:00 and 18:00.
However, by 19:00 the temperature decline slowed markedly. then dropped sharply again at about
23:00. Butl the change slowed again at about 02:00 or 03:00 in the morning, and then increased
again at about 04:00, with the lowest temperatures reached between 06:00 and 08:00. Because the
cooling rates ( AT/At) varied significantly between sunset and early morning, the temperature
change curve on the graph in Fig. 27 is undulant. This pattern was probably closely related to the
pattern of cold air drainage in the basin at night (Yoshino, 1960, 1975, 1980, 1984 ; Nakamura,
1976, 1978, 1980 ; Kondo. 1982 ; Kondo et al., 1983 ; Kudoh ¢t al., 1982 : Mori and Kondo, 1984
. Toritani, 1985). On a clear and calm or nearly calm night, radiative cooling causes cold air
drainage from higher to lower elevations in basins. Temperaturcs fall sharply then at weather sta-
tions in the basins as the cool air passes over. Then the temperatures risc slightly as the stations
are covcered again by the original airmass after the cool air current is gone. As a rcsult, the
temperature curve is undulant. In this process. rapid cooling continues until early morning in the
basin. However in the urban area, because there is an urban effect, the temperature does not drop
as much as in the rural area. The tempcerature cooling amounts (A Ts) from sunset 10 sunrise in
the urban and the rural areas of the basin werc 8.1°C and 11.57C respectively. Because of this dif-
ference, the heat island intcnsity of the basin city was greater than that of the inland plain city. In
the basin city of Asahikawa the miximum heat island intensity was 7.3°C at 06:00.

4,2.3 Coastal city

Figure 28 shows the diurnal variations of temperature. cooling and warming rates, heat island
intcnsity, wind, and sunshine duration of the summer day of August 9 — 10, 1982, in Niigata city.
The weather on that day was clear, with about an hour of sunshinc duration per hour (cloud cover
0). However, a strong NW sea-breeze developed during daytime. During the night, a land-brecze
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Fig. 28 Diurnal variations of air temperature, cooling and warming rates, heat island
intensity, wind, and sunshine duration in Niigata City for Aug. 9 - 10, 1982

produced a gentle S-SE wind so that conditions were favorable for heat island formation. The
diurnal ranges of tempcrature in the urban area and in the nerarby rural area called Niitsu were
5.3°C and 8.8°C respectively. Both those range figure are smaller than the summer figures for the
cities on the inland plain and in the basin. The amounts of temperature cooling ( A Tis) between
sunset and sunrise were aiso smaller, being 2.4°C in the city and 3.1°C in rural area. Consequent-
ly. the heat island intensity was also smaller. The maximum heat island intensity was 2.6°C at
23:00, which was the lowest summer value among the three citics.
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A special feature may be noted in Fig. 28. The heat island intensity in the daytime was minus,
or negative. This phenomenon, which was not observed in the cities of the inland plain and the
basin, ‘was caused by the sea-breeze of the daytime. Niigata City, located on the coast. receives
cool SW. W, and NW sea-breezes during the daytime in summer, which lower its temperaturc.
But once that wind blows into the inland, it passes across the warmer land surface and is warmed.
As such, the temperature of Niitsu, inland from Niigata, did not fall. Therefore the heat island in-
tensity of Niigata was negative for that portion of the day. Howcever in the night, the heat island
intensity became positive because it was not affccted by the sea-breeze.

Figure 29 shows the diurnal variations of temperaturc, cooling and warming rates, heat island
intensity, wind, and sunshine duration for Niigata City on January 7 - 8, 1983. The weather was
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fine, with almost one hour of sunshine per hour of daylight. Again there was no cloud cover, but a
moderately strong SE-SW wind blew (mecan wind speed 3.5 - 4m/s) during the daytime. The diur-
nal range of tcmperature was very small. That is one of the characteristics of a marine climate.
The diurnal range in the city was 4.6°C and for the nearby rural area was 5.8°C. Moreover. the
amounts of temperature cooling (AT,) were small, 2.3°C in the city and 2.9°C outside. and the
diffcrence between the inside and outside figures was small. The maximum hcat island intensity
was only 3.3°C at 23:00. This value was the smallest for winter of the three cities, and only half
that of the city in the basin.

The pattern of change in the heat island intensity during the day was very diffcrent from that
of the summer day. In other words, it was positive rather than negative. This fact is related to the
absence of both the sea-and the land-breezes in winter. According to Yoshino et al. (1973,). who
investigated the frequency of appearance of the sea-and land-breczes in Niigata City, the breezes
occurred 46% of the time in June, July, and August but did not occur in December, January, and
February. Ninomiya (1960) and Fukuda (1970) rcported the same finding. The data above suggest
that the daily changes in the heal island intensity of coastal cities are strongly affected by the
winds of both sea and land.

4.2.4 Comparing the cities from the topographical perspective

Meteorological information related to the heat island intensities of three topographically
different cities has been examined for each city. Table 4 presents a summary of the data on the
meteorological elements (temperaturc, wind speed. sunshine duration), the cooling amounts of
temperature ( A Tis) from sunset until sunrise, and the hecat island intensity of the three cities.
The diurnal range of temperature was the highest in both scason in the basin city with the inland
plain and coastal cities following in that order. The diurnal range of temperature in the basin city
was 2 to 3 times as large as that of the coastal city. The rcason is that the temperature difference
between daytime and night is larger in the basin city than the coastal city. The wind speed, howev-
er, is strongest in the coastal city. The wind speed of the coastal city is 2 to 3 times stronger than
that of the city in the basin. Many days arc calm all day long, especially at night, in the both sea-
sons in the basin city. As a result, the basin city seems to be little influenced by advection. On the

Table 4. Diurnal range of temperature. wind spced, sunshine duration. cooling amounts of
temperature from sunset till sunrise (A Ti—). and the maximum heat island intensity
( ATuw-rimav)) among the three types of cities.

Summer ] Winter
Gifu Asahikawa Niigata Gifu  Asahikawa Niigata
urban  rural urban rural urban rural | urban rural urban rural urban rural
'C

diunal range of 0™ g5 148 160 53 88 | 90 98 150 188 46 58

temperature ()
: m/s
fr‘)ii';“'"d 16 12 14 15 26 14 | 28 16 11 16 35 40
. : (hr)
3‘;’;:‘2‘(’,‘: L0 10 10 10 L0 10| 1.0 10 10 1.0 1.0 10

cooling amounts ¢C)

ofemperature. 6™ 46 87 90 24 31 | 64 81 81 115 23 29

from sunset till

sunrise (A Te-s)

maximum heat (C)

island intensity 3.
] (A Tu-r(max))

2 4.6 2.6 4.2 7.3 33




other hand, the influence of advection on the coastal city seems to be great all day long. Particu-
larly in summer, when sea and land breezes are common, does the wind speed have a great influ-
ence on the heat island intensity of the coastal city. Sundborg (1950), Kawamura (1964), Oke and
Hanncll (1972), and Park (1986,. 1986,,) have shown that heat island intensity and wind speed are
inversely related. That is the greater is the wind speed. the smaller is the heat island intensity,
and the heat island disappears completely if the speed .exceeds a certain level. Sunshine duration
is one hour per hour (cloud cover ), so that the days are clear in all three cities. The cooling
amounts of temperature (AT,) from sunset until sunrise vary depending on the location. In par-
ticular, the cooling rate of the basin city is large, morc than twice that of the inland city and three
times that of the coastal city.

This finding agrees generally with the values obtained from Kondo’s night cooling equation
(1982). though the values from the present study are larger. Kondo cxplains that the rate of noc-
turnal cooling when cooi air flows from a mountain and accumulates to a thickness of more than
100 - 150m, as in a basin, is approximatcly 1.3 times as large as that on a plain. Particularly in
winter, the cooling rates inside and outside the city depend on topographical conditions. That of
the basin city is 3.4°C which is two to six times bigger than those of the inland plain and coastal
cities, which are 1.7°C and 0.6°C respectively. The ditference in cooling rates between locations
inside and outside the city are directly related to heat island formation. Hence, the heat island in-
tensity is greatest in the basin city (Asahikawa). and the value is about 1.7 times as large as of the
inland plain city (Gifu) and 2.2 times that of the coastal city (Niigata).

4.3 Spatial and temporal aspects of the heat island intensity in the three types of cities
4.3.1 Diurnal variations of the heat island intensity

The data on the diurnal variations of the heat island intensity suggest that they differ among
the cities in the three types of topographical locations. In order to examine this phenomenon more
closely, data on temperatures were obtained for additional days of clear (cloud cover < 2/10) and
calm (mean wind speed < 3m/s) weather in summer (June, July, August) not only for the three
cities but also [or other cities in similar topographical locations. Hourly temperature data for the
23 days in which the heat island intensity was strongly noticeable were collected.

Figure 30 shows the diurnal variations of the heat island intensity in Asahikawa, Gifu and
Niigata as the averages of those variations during the 23 summer days. The features and the values
of the heat island intensity in the cities differ significantly. In Asahikawa. the basin city, the heat
island intensity is strongest and has double peaks, between 21:00 and 22:00, and again between
03:00 and 04:00. As mentioned above, it can be assumed that this fact is related to cold air drain-
age. The double peak in hcat island intensities also appears in the basin citics of Yamagata
(240,000 inhabitants) and Fukushima (260,000 inhabitants), though theirs reach peaks at slightly
different times, between 19:00 and 21:00 and between 04:00 and 05:00. In Gifu, the inland plain
city, the value of the heat island intensity is intermediatc between that of Asahikawa and Niigata,
and it has a single peak at 23:00. The single peak is also scen in the plain cities of Sapporo
(1,400.000 inhabitants) and Obihiro (150,000 inbabitants). The pcak occurs between 04:00 and
05:00 in Sapporo, and between 01:00 and 02:00 in Obihiro. In Niigata, the coastal city, the heat
island intensity is lowest and has a single peak. However. during the day the heat island intensity
is negative due to the influence of sea-breezes. The daytime negative heat island intensity can also
be seen in other coastal cities. In Shizuoka (460.000 inhabitants). the heat island intensity is lower
than - 1"C between 10:00 and 13:00.

In general, the heat island intensity in the cities is highest at night and lowest during the day.
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Fig. 30 Diurnal variations of the heat island intensity in Asahikawa. Gifu. and
Niigata during the summer (1981 — 1984 ; 23 timcs)

But the time of greatest intensity and the level of intensity vary. In order to seek clarification of
the variations, additional examination of the data is necessary. Figure 31 shows the frequency dis-
tribution of the heat island intensity figures for Gifu City in summer. The temperature levels of
the heat island intensity figures were classified into units of 1°C. At 01:00, intensity figures of 1 to
2°C occur 14 times, figures of 2 to 3°C appear 7 times, and figurcs of 4 to 5°C show 2 times. At
02:00 and again at 03:00 the occurrence frequency of 1 to 2°C is 13 times and 0 to 1°C is 4. At
04:00, the heat island intensity becomes high and 3 to 4°C appears 4 times. After 05:00, the heat
island intensity decreases and 0 to 1°C appears 6 times. Between 06:00 and 08:00. the occurrences
are about the same as at 05:00. After 09:00, the heat isiand intensity reaches 0°C 2 times ; that
means it does not appear. This lasts until 11:00. After 12:00, the heat island intensity appears
again 16 times at 0 to 1°C , 7 times at 1 to 2°C, which general pattern continues until 14:00. Be-
tween 15:00 and 16:00, 0°C is the intensity figure twice, but after that the heat island intensity in-
creases. After 23:00, it reaches the maximum value and a 4 to 5°C level appears once. The pattern
is the same at 24:00 except that the 4 to 5°C figure appears two times. This pattern lasts until
04:00. The peak of frcquency distribution of the maximum heat island intensity occurs at the
category with the range 3 to 4°C.

Figure 32 shows the frequency distribution of the heat island intensity figures for Asahikawa
in summer. At 01:00, the intensity level of 4 to 5°C is reached 11 times and the level of 3 to 4°C
attained 9 times. Therc arc no figurcs undcr 2°C. Between 02:00 and 05:00. the pattern is gener-
ally similar to that of 01:00. At 06:00, the heat island intcnsity decreases to 1°C . But at 07:00, the
maximum value of 6 — 7°C appears. From 08:00 to 09:00, the heat island intensity declines and
reaches 0°C 2 times. That means that it does not appear. After 10:00. a 0 to 1°C level appears 11
times and 3 to 4°C appears onc time. At about sunset, the heat island intensity again increases. By
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17:00, the heat island intensity becomes noticeably higher and the 3 to 4°C figure appears 5 times.
After 20:00, the value of 6 — 7°C also appears. Thus. the diurnal variations of the heat island in-
tensity are large. It is apparcent that frequency distribution of the maximum heat island intensity
reveals patterns that are similar to those identified earlier for the average condition of the heat is-
land intensity for the cities of Gitu and Asahikawa located on an inland and in a basin respective-
ly. The peak of frequency distribution of the maximum heat island intensity shows in the range 4
to 5°C. Further investigation is needed, considering cold air drainage.

Figurc 33 shows the frequency distribution of the heat island intensity levels for Niigata City
in summer. At 01:00, the 2 to 3°C level occurs 14 times. 1 to 2°C appears 6 timcs and 0 to 1°C 4
times. This pattern is maintained until 07:00. After 08:00, the heat island intcnsity becomes nega-
tive and continues as such until 18:00. Especially, at 10:00 the — 1 to - 2°C appears 4 times ; at
11:00 3 times ; at 12:00 6 times at 13:00 4 times ; at 14:00 5 times ; at 15:00 3 times ; and at
16:00 3 times. The greatest frequency is of figures between 0 and 1°C, and the heat island in-
tensity becomes very low. After 19:00, the values become positive and 0 to 1°C appears 5 times, |
to 2°C 12 times and 2 to 3°C 6 times, a pattern that continucs through the night. The maximum
value appears at 21:00 and 3 to 4°C appears 4 times. The numbers at 22:00 are about the same as
those of 21:00. At 23:00 and 24:00, the 2 to 3°C figures are most numerous, showing morc than 10
times. The 2 to 3°C range has the peak frequency of the maximum heat island intensity. The fact
that the frequency of negative heat island intensity figures is high in daytime is similar to the pat-
tern seen earlier for the average condition of the summer season. Therefore, the values of the
heat island intensity and their diurnal variations in coastal citics must be considered in rclation to
sca-breezes. The same conclusion was reached in a study of Rio de Janeiro (Nishizawa and Sales,
1983).
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4.3.2 Annual variations of the heat island intensity

In the foregoing section, the hourly changes of the heat island intensity values in summertime
and in topographically diffcrent circumstances were analyzed. In this section, the annual variation
of the heat island intensity will be investigated using data for the years from 1981 to 1984. Data
only for clear (cloud cover <2/10) and calm days (mean wind speed < 3m/s) were selected and
their average values were calculated for each hour every month.

Figure 34 shows the annual change of the daily variation in the heat island intensity in Gifu
City. Through a year, the heat island is formed at all times of the day, but is most prominent at
night in winter. The heat island intensity rcaches 4.0°C or more between 18:00 and 23:00 in Janu-
ary and at about 19:00 in February. Hecat island intensity figures of over 3.0°C appear at night in
all seasons except summer. They occur between 17:00 and 18:00 in January, 17:00 and 01:00 in
February, 19:00 and 02:00 in March. 18:00 and 22:00 in September, 18:00 and 23:00 in October.
18:00 and 02:00 in November, and 17:00 and 02:00 in December. Furthcrmore, the heat island in-
tensity figures of over 2.0°C appear at night in summer between 19:00 and 01:00 in June, 20:00
and 01:00 in July, and 21:00 and 01:00 in August. On the other hand, the daytime heat island in-
tensity does not cxceed 1.5°C except in winter and is below 1.0°C from 08:00 through 11:00 in
June and July.

Figure 35 shows the annual changc of the daily variation in the hcat island intensity for Asahi-
kawa City. The heat island forms at all times through a year and its values are much larger than
those for Gifu City. Quite a strong heat island of over 1.5°C appears even on the summer days.
Very strong heat islands of over 5.0°C appear between 17:00 and 18:00 in Deccember, 18:00 and
09:00 in January, 18:00 and 08:00 in February, and 20:00 and 08:00 in March. The highest values,
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over 6.0°C, appear at 02:00 and 08:00 in January and between 24:00 and 02:00 in February. It is
interesting that highest values appear at night as well as the early morning in winter. This is charac-
teristic of snow covered areas.

In the snow covered areas, transportation of sensible heat and latent heat by turbulence from
the atmosphere to the snow-covered surface is extremely limited. Since heat conduction from the
soil to the snow-covered surface is much greater than during non snow-covered periods, radiative
cooling takes place. and a strong surface inversion layer appears. Inversion destruction usually be-
gins shortly after sunrise, but is delayed in snow covercd arcas. Whitecman (1982) pointed out that
surface inversion intensities are maintained until noon or all day in snow covered valleys. Yet in
urban areas, the surface inversion intensity is decreased by urban effects. Therefore, the heat is-
land intensity in snow covered areas is large since the temperature difference of the surface inver-
sion between the urban and the rural areas is large. The maximum heat island intensity may
appear in the early morning if the inversion continues after sunrisc. Bohm and Gable (1978) indi-
cated that the heat island is formed by the urban effect and topography, based on observation
data for Vienna City. They estimated that the urban contribution ‘to thc heat island was approxi-
mately 30% and the remainder was due to the cffect of snow cover. Harimaya et al. (1985)
pointed out that in Iwamizawa City the heat island intensity in the early morning on a clear day
when there is a heavy snow of about 1m is much higher than when the snow is under 20cm deep.
Furthermore, Ohata ¢t al. (1985) had similar conclusions in their investigation of Nagaoka City.
These studies suggest that the heat island intensity is larger when there is a snow cover than when
there is none.

Figure 36 shows annual change of the daily variation in the heat island intcnsity in Niigata
City. The heat island is formed at night through most of the year. and the values of the heat is-
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land intensity are very small compared to those of the other cities. Heat island intensity figures of
over 2.5°C appear between 20:00 and 01:00 in January, 19:00 and 06:00 in February, 19:00 and
24:00 in March, at 20:00 in April, between 20:00 and 01:00 in October, 19:00 and 06:00 in Novem-
ber, and 19:00 and 07:00 in December. These data indicate that the heat island appears mostly at
night {rom autumn through spring.

On the other hand, the heat island intensity is small or negative when sea-brcezes blow in the
daytime from spring through autumn. Negative heat island intensity figures appear between 10:00
and 16:00 in April, 10:00 and 18:00 in May, 09:00 and 18:00 in Junc, 08:00 and 17:00 in July,
10:00 and 17:00 in August, and 12:00 and 15:00 in September. Especially is the heat island intensi-
ty below —=1.5°C in the daytime of July and August. These findings indicate clearly that heat island
intensity varies over geographic space and through time.
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Fig. 36 Same as Fig. 34, but for Niigata City ("C)

4.4 Characteristics of the surface inversion layer in two different topographical locations

Differences in the vertical structure of the temperature under the boundary layer between
urban and rural areas play an important role for the heat island, as mentioned in Chapter I. Espe-
cially does the formation of the surface inversion layer strongly affect the heat island intensity. On
the other hand, the mechanism by which the inversion layer develops is different depending on its
topographical circumstances (Clarke and McElroy, 1970 ; Senshu ef al. 1975). In this section. the
appearance, development, and decline of nocturnal surface inversion layers in urban and nearby
rural areas are cxamined by studies of the basin city, Asahikawa, and the coastal city. Akita.

4.4.1 Surface inversion layer in a basin city
Cold air drainage on surrounding mountain slopes and radiative cooling of the ground surface
at night in a basin may cause the formation of a strong surface inversion layer over the lower

— 60 —

N



areas of the basin, as mentioned section 4.2. However. the surface inversion intensity is commonly
weak in the urban area of the basin. Espccially in the urban area, nearly neutral or unstable con-
ditions can be seen in the temperature profile of a basin city (Nkemdirim and Truch, 1978 : Saku-
rai, 1979 ;. Nkemdirim, 1980, 1980, ; Goldreich ¢t al., 1981 ;: Wanner and Hertig, 1984). An cx-
ample is shown for Asahikawa city in Fig. 37.

Obscrvations for temperature profiles were made at two stations in Kamikawa Basin, as
already mentioned in Chapter 11. Weather conditions at the time were favorable for the develop-
ment of a heat island, as explained in section 4.2 above. The temperature profile at the station
called Higashiasahikawa, which is located in a rural area approximately 5km southeast of the cen-
ter of Asahikawa City, shows a typical surface inversion during nighttimc. On the other hand. a
surface inversion layer did not exist in the city at night. In the daytime, neither the city nor the
nearby rural area had a surface inversion. However. an inversion layer developed aloft from 100m
up to 200m, over the rural area at 15:00. The inversion intensity was 1°C/100m. The strong surfacc
inversion was formed only after sunset in the rural arca. The height of the surface inversion layer
was approximately 400m at 18:00. The gradient of the inversion layer between 0 and 100m was
steep. and reached to 1.4°C/100m. On the other hand, a mixing layer appeared from the ground
surface up to 300m in the city at the same timc. Furthcrmore, a neutral condition or weak inver-
sion layer existed between 300 and 500m. The inversion intensity between 0 and 100m was 1.8°C/
100m in the rural area at 21:00. At the same time, however, the mixing layer still cxisted under
200m in the urban area. The atmospheric boundary laycr under 600m was composed of several
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mixing and inversion layers in both areas at that time. The surface inversion developed notably in
the rural arca at 24:00. Its intensity between 0 and 100m was then 5.5°C/100m. The rural inversion
layer reached up to 400m. Yect there was no surface inversion layer in the urban arca. The differ-
ence in temperatures between the urban and the rural arca was 4.9"C at ground surface (1.5m). It
is evident that the heat island was closely rclated to the surface inversion. The maximum heat is-
land intensity in the city was highest near the ground surface and decreased with increasing
height, and was up to — 1°C at the 100m level. That fact clearly shows a cross-over phenomenon.
Other studies indicate that the heights of cross-overs which are affected by urban influcnces arc a-
bout 3 to 5 times the heights of buildings (Kawamura, 1977). Buildings in the center of Asahikawa
City are approximately 30m in height. Therefore, the finding of a cross-over for Asahikawa City
at about 100m above ground level corresponds well with the findings of other studies. The tempera-
ture diffcrence between the urban and rural areas is almost constant above 100m in height, but
the constancy disappears above the 500m level.

The surface inversion developed at night and continued until 09:00 in the rural area. In the
city, it only appeared in the morning. In the rural area, the height of the surface inversion
reached to about 400m, but the inversion intensity was weak at 09:00. The inversion intensity was
about 1.3°C/100m. On the other hand, in the urban area the surface inversion showed between 0
and 100m (1.4°C/100m), but the isothcrmal layer appeared above 100m at 09:00. The surface in-
version disapperared completely in both areas at noon.

4.4.2 Surface inversion layer in a coastal city

Strong winds commonly blow in coastal areas. Especially do sea breezes prevail on clear days.
As a result, the heat island is weakened because the strong winds prevent nocturnal cooling so
that the nocturnal surtace inversion is weakened. This phenomenon occurs particularly in the
warm season. Up to this point in the present study, Niigata has scrved as an example of a coastal
city. However, vertical soundings of meteorological elements were not conducted in the Niigata
area. Therefore, Akita City data are used in this section. Akita City and Niigata City are coastal
cities in the same climatic region (Sekiguchi, 1959 ; Suzuki, 1966). The data were collected on
June 9 and October 14, 1974, by the Japan Meteorological Agency, as mentioned in Chapter II.
Figure 38 allows a comparison of temperature and wind profiles between two observation sites,
one in the city of Akita, the other in a nearby rural area called Takasu, approximatcly 30km away
from the coast.

The vertical profles of temperature for summer at both locations do not show a surface inver-
sion layer in the atmospheric boundary layer at any time in the day, cxcept for an inversion layer
aloft between 150m and 250m in the rural area at 09:00. Conditions were not appropriate to form
a surface inversion layer in the coastal city. This fact is closely related to the wind speed. When
winds are fairly strong, a heat-exchange caused by turbulent transport is accelerated and a surface
inversion is destroyed while a mixing layer is produced (Bornstein et al., 1985 ; Borntein, 1986).
The mixing layer developed remarkably in daytime in both arcas. The depths of the mixing layer
were up to 900m at both locations. The air temperature in the coastal city was cooler than that in
thc ncarby area inland from the city. This is due to the influence of sea-breeze in daytime. Sea
breezes (WSW, W, WNW, NW) prevailed during daytime in both areas. The air temperature
above the sea surface was much lower than that above land during daytime and nighttime, but es-
pecially during the daytime. The daily maximum temperature was larger at the inland area than
at the coast due to hcating from the warm land surface. Air temperatures at the urban, rural and
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Fig. 38 Comparison of temperature and wind profiles between Akita City and its

surrounding area on June 9, 1974

sea surface were 19.8°C, 23.0°C and 17.8°C respectively. Air temperature differences between the
sea surface and the urban site, and between the sea surface and the rural site, were 2.0°C and
5.2°C respectively. Therefore. the heat island intensity was negative (- 3.2°C). This suggests that
an urban area along the coast is affected by the advection effect so that the heat island intensity is
negative in the daytime if the rural station is located farther inland than the urban station. Nishi-
zawa and Sales (1983) explained that the influence of heat advection (AT,) is strongest at the
coast when a sca breeze blows and that the influence decreases with distance from the coast.
However, this phenomenon disappears with land breezes (N. NNE, NE, E, ESE). Therefore. the
heat island intensity was positive at night (0.5°C) and continued to be so until morning.

The autumn profiles for both areas do not show a surface inversion layer at all (Fig. 39).
There was only an inversion layer aloft that developed from nighttime (100 - 200m) to morning
(100 — 400m) in the rural area. The inversion intensities at nighttime and morning were 1.0°C/
100m and 0.4°C/100m respectively. In the daytime, the heat island intensity became positive,
which was quite different from the summer. Sca and land breezes develop less commonly in this
season because it is the beginning of the winter monsoon. The prevailing surface wind was from
the north (N) all day in both arcas. Therefore, a hcat island developed. with the high tempera-
tures of the urban area maintaincd because the advection effect of the sea breeze was no longer in
power. Also, the profile of air temperature abovce the sea surface was quite different from that of
thc summer. A comparison of air temperatures between land and sea is as follows. In the morn-
ing, the air temperature of the urban arca was 15.1°C, in the rural area was 14.1°C and over the
sea surfacc was 15.8°C. Thus, the air temperature over the sea surface was 0.7 to 1.7°C higher
than those of the urban and rural areas. The sea surface temperature was much higher (20.2°C).
The heat island intensity was 1.0°C. In the daytime, the air temperatures of the urban, rural, and
sea surface were 16.9°C, 16.3°C and 18.9°C respectively. The heat island intensity then was 0.6 C.
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Fig. 39 Same as Fig. 38, but for Oct. 14, 1974

At night, the temperature differences between the urban and rural areas and between the land
and sea surfaces were particularly large. The air temperaturcs of the urban, rural, and sea surfaces
were 15.5°C, 12.87C, and 20.0°C respectively, so that the sea surface value was 4.5 to 7.2°C higher
than the land values. The sea surface temperature was higher (20.6°C). The heat island intensity
was 2.7°C.

4.4.3 Comparing features of the surface inversion layers in the two cities

As mentioned above, the characteristics of the appearance, development, and decline of a
surface inversion layer vary with topographical teatures. Table 5 summarizes the characteristics of
the surface inversion layers in the basin and the coastal areas. The data reveal that in winter in
the basin, a strong surface inversion layer was formed in the rural area during the nighttime. On
the other hand, in the urban area. there was no surface inversion layer at all except at 09:00. The
surface inversion intensity in the rural area was 5.5°C/100m at 24:00. The strong surface inversion
laver lasted from night to morning, and its break-out was between 09:00 and 12:00. The vertical
lapse rate of air temperaturc was larger in the urban than the rural arca. At night, the rural lapsc
ratc was negative (-5.5°C/100m). compared with the urban which was positive (0.4°C/100m). In
that situation, the negative value indicated a stable or inversion condition. a zero value would
have been a neutral condition or adiabatic lapse rate, and a positive value would have meant in-
stability. Because the temperature dropped due to the persistence of radiative cooling at the
ground surfacc, the atmosphere was stable in the rural area where the formation of a surface in-
version layer was notable in comparison with the urban area during the nighttime (Ludwig. 1970 ;
Bohlen, 1978). Because of this process. the temperature difference between the urban and rural
areas became greater, and the heat island intensity grew larger in the nighttime. The nocturnal
heat island intensity was 4.9°C and the diurnal heat island intensity was 3.1°C.
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Table 5. Characteristics of the surface inversion layer, lapse rate of temperature (¥ ) wind, and
the maximum heat island intensity (A Tu-(mv) in each city.

City located in basin (Asahikawa City)

winter B
) urban _rural
davtime nighttime daytime nighttime
Surface inversion layer ;
appearance X X X O
development
height 0 -400m
intensity 5.5°C/100m
(maximum value)
break-out 09:00-12:00
Lapse rate of 0.54'C/100m  0.4°C/100m 0.4C/100m - 0.5C/100m
temperature (7) ;
Wind ; prevailing direction
mean speed (m/s)
Maximum heat island daytime ; 3.1'C
intensity ; nighttime ; 4.9°C
( A Tu—r(mnx))
(continued)
Coastal city (Akita City)
summer
urban rural
daytime nighttime daytime nighttime
Surface inversion layer ;
appearance X X X X
develepment
height
intensity
(maximum value)
break-out
Lapse rate of L1°C/100m  02°C/A00m  3.6°C/00m 0.6°C/100m
temperature( Y ) ;
Wind ; prevailing upper 500m upper 400m upper 400m upper 600m
direction W . ESE ; WNW . ESE
(sca-breeze) (land-breeze)  (sea-breeze) (land-breeze)
intermediate;
E. ENE
(land-breezc)
below 500m below 400m below 400m below 200m
; WSW ;N W ; NE,WNW
(sca-breeze) (land-breeze) (sca-breeze)
mean upper 500m; 0.2 upper 400m; 0.4 upper 400m; 0.2 upper 600m: 0.5
speed below 500m; 0.9 below 400m: 0.5 below 400m; 1.0 intermediate ;0.6
{(m/s) below 200m; 0.1

Maximum heat island

intcnsity N (A T:x—rjmw)) -

daytime ; - 3.2°C
nighttime ; 0.5°C
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(continued)

Coastal city (Akita City)

autumn i
- urban rural
daytime nighttime daytime nighttime
Surface inversion layer ;
appearance X X X X
development
height
intensity
(maximum valuc)
break-out
Lapse rate of 0.6C/A0m  0.°C/100m  LIC/I00m  0.4°C/100m
temperatre(?Y) ;
Wind ; prevailing upper 500m all layer upper 500m; SW  all layer
direction SW except for intermediate cxcept for
intermediate; S surface; WSW : SSW surface; WSW
below 300m; SE  surface; N below 200m: SSE  surface; N
surface; N surface; N
mean upper 50Um; 1.0 all layer upper 500m; 0.6 all layer
speed intermediate: 0.5  except for intermediate; 0.4 except for
(m/s) below 200m; 0.4  surface; 0.7 helow 200m; 0.4  surface; 0.6
surface; 4.2 surface: 5.2 surface; 1.5 surface; 1.1
Maximum heat island daytime ; 0.6°C
intensity (A Tu-r(max)) nighttime ; 2.7°C

In the coastal area, surface inversions do not appear in summer or autumn in either the urban
or rural area. The lapse rate was 0.4°C/100m in the rural area near the coast in autumn, as com-
pared to the value of — 5.5°C/100m in the rural area of the basin in winter. Althought the two fi-
gures should not be compared directly because they relate to different seasons, the numbers sug-
gest that the surface inversion layers are very different onc from the other because of their topo-
graphical differences. In the coastal location. the vertical lapse rate was larger in the rural than in
the urban area and the atmosphere of the rural area became unstable during the daytime in
summer. The lapse rates were 1.1°C/100m in the urban area and 3.6°C/100m in the rural, so that
the rural value was 3 times larger than the urban. This phenomenon of the urban area becoming
cooler than the rural arca during daytime in summer, was closely related to sca breezes, as men-
tioned in the daytime. The urban area. located on the coast. had lower temperatures due to the
cool sea breeze. By contrast. the rural area located inland had a higher temperature because it
was not directly affected by the sea breeze. Therefore, the diurnal heat island intensity was nega-
tive(— 3.2°C). At night, however, because of the shift from sea breeze to land breeze, the tem-
perature in the urban area did not fall. but maintained a high level so that the hcat island intensity
was positive (0.5°C). On the autumn day, the heat island intensity was also positive (0.6°C).
This was due to the absence of sea and land breezes during the transition between warm and cool
seasons. The prevailling surface wind blew from the north (N) all day long in both regions. The
nocturnal hcat island intensity was 2.7°C. That intensity level was particularly small as compared
with the same feature in the basin area. In summary, in the basin city a surface inversion layer de-
veloped caused by radiative cooling and the urban heat island intensity figure was strong. On the
other hand, in the coastal city a surface inversion layer did not form because of a strong advection
effect caused by the sea breeze, and the heat island intensity level was negative or weakly posi-

— 66 —

()



tive.

4.5 Schematic models of urban influences and topographical effects on the urban heat island

The conclusions of this chapter are summarized in schematic models (Fig.40).

In a city located on an inland plain, with clear skies and calm air, temperature changes due to
hcat advection arc negligible. Thercfore, the heat island intensity is the difference between the
urban temperaturc and a nearby rural temperature, as shown in Equation (30). The heat island in-
tensity (AT,-) is the temperature rise caused by the urban influences.

Differences in the warmth of urban atmospheres as compared to rural atmospheres are related
to differences in urban and rural energy sources and to differcnces in the energy partitioning
qualities of the ground surfaces. The energy source difference relates mainly to anthropogenic heat
production in the city, which depends on urban activities as mentioned in Chapter III. Conse-
quently, the urban population can be considered an index of anthropogenetic heat, Energy parti-
tioning differences are mainly due to the heat storage capacity of the city combined with turbulent
transfer charactcristics and urban geometry which are related to the radiation and surface energy
balance.

In a rural area, a net daytime gain of cncrgy through radiation (R,) at the earth-atmosphere
interface results in a turbulent transfer of heat (sensible heat flux, H) to the atmosphere, conduc-
tion of heat (ground heat flux, G,) to the ground surface, and evaporation (latent heat flux, IE).
During nighttime, a net loss of cnergy through radiation at the interface results in decreased eva-
poration or condensation, turbulent transfer of heat from the atmosphere, and conduction of heat
from the ground.

In an urban area, modifications of the above described cnergy balance can result from any or
all of the following : 1) anthropogenic heat created by people (P), 2) the availability of limited
amounts of surface moisture because large surfaces are covered by impermeable materials (1.S.),
and  3) the urban geometry created by buildings (sky view factor ; S.V.F.).

In daytime. the relative partitioning of energy into latent heat flux (IE), sensible heat flux
(H). and ground heat flux (G,) depends largely on the land-use types. An increase of imperme-
able surface coverage (I.S.), such as concrete and asphalt-covered arcas results in a decrcase of
evapotranspiration and a loss of latent heat flux (IE), thus increasing the sensible heat flux (H)
and ground heat flux(G,). Therefore daytime temperatures in the urban area are higher than
those of the rural area. However, because the difference in the heat balance at the ground surface
is small between the urban and rural area, the heat island intensity is small in daytime.

By contrast, during a clcar and calm night, the heat balance at the ground surface depends
largely on ground heat flux (G,), which in turn rclates closely to the net radiation flux (R,). Long-
wave radiation flux (R,) should lead to cooling of the ground surface at night. The special
observation data based on the long-wave radiation component show that, within the urban canopy
layer, the radiative cooling rates at ground surface are much less (about 609%) than above roof sur-
face level. This fact owes largely to the decreased sky view factor (8.V.F.) below the roof surface
level, which reduces radiative losses and sensible heat flux (H) in the almost calm canyon air. In
addition, thermal propertics due to the large heat retention capacity of building and street sur-
faces and the high heat conductivity related to the ground heat flux (G,). prevent rapid cooling af-
ter sunsel thus maintaining a warmer urban area during nighttime. Anthropogenic heat (Q) plays
an important role in increasing urban temperature. Thercfore, a surface inversion layer is not
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formed. However. in rural areas, a surface inversion layer commonly develops becausc radiative
cooling continues from sunset until sunrise. The air above an urban area remains warmer than the
air above an adjacent rural area so that the nocturnal heat island intensity increascs.

Not all cities are located on flat land, however. temperatures in basin and coastal cities are
sometimes greatly affected by their surrounding topographies. Then the difference between the
temperature of the rural area in the basin or near the coast (AT,) and the temperature of the ru-
ral area on an inland plain is the value of the topographical effect. See Equation (31).

In rural arcas around a basin city, cold air drainage on surrounding mountain slopes and
radiative cooling of the ground surface can form a strong surface inversion layer, a cold air lake,
during the nighttime. On the other hand, the surface inversion intensity will generally be weak in
the urban area. Nearly neutral or unstable conditions can be seen in the temperature profile of a
basin city. Therefore, the nocturnal heat island intensity is strong when compared to those of in-
land plain and coastal cities. In daytime, however, the process of the urban heat island formation
in a basin city is similar to that in an inland plain city.

In a coastal city, urban heat islands are generally prevented from developing by strong winds
and humid air. Cool sea breezes prevail during daylight hours on clear and calm summer days. An
urban area along a coast is affected by advection so that the maximum air temperature is lower
than the maximum in nearby inland rural arcas. Therefore the urban heat island intensity is nega-
tive or only slightly positive. However, this phenomenon disappears when land breezes blow at
night.
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CHAPTER V

CONCLUSIONS

The main objective of this research was to examine the urban influences and the topographical
effects on the urban hcat island intensity.

First, the influence of urban structures on the heat island intensity was discussed. The rela-
tionship between the maximum heat island intensity and the urban population was examined and
its regional differences were statistically observed using automobile observation data. The analy-
ses yielded the following conclusions.

The heat island intensity increases with growth of the urban population in every country.
However, there are regional diffcrences in the relationship. In North American and European
cities, the relationship is gencrally proportional and linear, and their regression lines can be repre-
sented as straight lincs. By constrast, for Japanese and Korean cities, the regression relationship
is better represented by two straight lines. In other words, the regression lines bend at around
300,000 in population. The increment of the maximum heat island intensity in cities that have
populations over 300,000 is larger than in the cities that have less than 300,000 people. That sug-
gests that the functions and structures of Japanese and Korean cities with under 300,000 pcoplc
are different from thosc with over 300,000 pcople.

In order to relate the differences of urban function and structure to the heat island intensity,
the sky view factor and impermeable surface coverage ratio were employed as indices of the fac-
tors. The sky view factor decreases with an increase in the urban population, demonstrating a
negative correlation. This means that the sky view factor decreases due to an cnlargement of the
urban area and to an increase in the number of tall buildings. The sky vicw factor regression lines
for the Japanese and Korean cities did not bend at the 300,000 population levcl. Yct among coun-
tries and regions the relationships are ditferent. The slope for North American cities is larger than
that for European cities. This is similar to the relationship between population and the maximum
heat island intensity. On the other hand, Japanese cities can be divided into two groups. One in-
cludes cilies which have sky view factors in accordance with their populations and the other in-
cludes citics which have larger sky view factors than predicted from their populations (i.e.. cities
in Hokkaido).

The relationship between the impermeable surface coverage ratio and the urban population in
Japanese and Korean cities is a positive one, for the ratio increases with growth of thc urban
population. The relationship is represented by a biphasic regression line in both countrics, with a
slope transition occurring al the 500,000 population level. This is similar to the relationship of
urban population to the maximum heat island intensity. Thus, the impermeable surface coverage
ratio is one of the indices which explains why the relationship of the heat island intensity to urban
population can be represented by two regression lincs rather than by one simple regression linc.
Although the impermeable surface coverage ratio is probably not the only factor involved in this
biphasic correlation, it is a key to understanding it.

Special observation data for Mitsukaido City, based on the hcat balance model at the ground
surface, allowed further examination of the roles of the sky view factor and the impermcable sur-

face coverage ratio as indices of urban function and structurc. The interruption of long-wave
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radiation into the urban ground surface by buildings was discussed using the sky view factor as an
index of the topography of the ground surface. Then, the thermal features of the impermeable
materials composing much of the urban surface were discussed for an understanding of the use of
the impermeable surface coverage ratio as an index of the structure of the ground surface. The
idea is based on an equation formulated by of Brunt (1941) which shows the cooling during night.

The ground surface of an urban area where the sky view factor is small can maintain a high
temperature during both daytime and nighttime due to the presence of the buildings which absorb
short-wave radiation in daytime and decrease long-wave radiation in nighttime on the ground sur-
face. Also. the cooling rate is smaller in the urban arca than in the rural area because the urban
area has a large thermal admittance. The sky vicw factor and the impermeable surface coverage
ratio are, then, closely correlated with long-wave radiation which is related to radiative cooling
during the night, Therefore, these are appropriatc indiccs of urban structure, which are the main
factors causing the nocturnal heat island phenomenon.

Secondly, the influences of topographical factors on the heat island intensity were discussed
using the AMeDAS data. Examinations of the hcat island intensity occurred for Gifu City located
on an inland plain, for Asahikawa City located in a basin, and for Niigata City located on a coast-
line. The spatial and temporal aspects of the heat island intensity were analyzed in the context of
each topographical location.

The diurnal ranges of temperatures in the basin city in both winter and summer were the
largest. followed by those for the inland city and the coastal city in that order. The diurnal ranges
of temperature in the basin city were two to three times as large as those of the coastal city. Wind
speed. however, was strongest in the coastal city. The wind speed of the coastal city was two to
three times stronger than that of the city in the basin. As such, the basin city did not seem to be
influenced much by adevction. In the coastal city, the sea breeze strongly influenced advection
during the daytime in summer. In winter, the rates of cooling inside and outside of the city dif-
fered depending on the topographical featurcs. The cooling rate of the basin city was two to six
times larger than those of the inland and coastal cities. The difference in the cooling rates be-
tween the inside and the outside of the city was directly related to the heat island formation. The
heat island intensity was the highest in the basin city. its value about 1.7 times as large as the in-
land city’s and 2.2 times the coastal city’s.

Regarding the climatic analysis, the diurnal changes of the heat island intensity in summer
were related to the topography in which the citics are located. In the basin city, Asahikawa. the
heat island intensity was very high and there were two peaks during the day. It can be assumed
that the double peaks owe to cold air drainage. The most common maximum heat island intensity
levels were in the 4 to 5°C range. In the inland city, Gifu. the heat island intcnsity was intermedi-
ate and had a single peak. The most [requent maximum heat island intensity levels occurred in the
3 to 4°C range. In the coastal city, Niigata, the heat island intensity was low and had a single
peak. But during the daytime, the heat island intensity was negative due to the influence of sca
breezes. The most common maximum heat island intensity levels were in the 2 to 3°C range. In
the inland city (Gifu), the heat island formed at all times through the year but most prominently
on winter nights. In the basin city (Asahikawa), the heat island not only always formed, but also
had the highest values. In the coastal city (Niigata), the hcat island intensity was small or negative
when the sca breeze blew in daytime from spring through autumn.

The special observation data allowed examination of the variations of the heat island intensity
in relation to the intensity of the nocturnal surface inversion layer in the rural area near each city.

N



[n the rural area near the basin city, a strong surface inversion layer was formed on winter nights.
On the other hand, in the city itsclf a surface inversion layer did not form except in the morning.
The intensity of the rural surfacc inversion was very strong (5.5°C/100m at 24:00) and lasted until
morning, its break-out being between 09:00 and 12:00. The lapse rate of temperature was larger in
the urban (0.4°C/100m) than in the rural area (-5.5°C/100m). Because of low temperatures duc to
radiative cooling at the ground surface, the atmosphere was stable in the rural area and there was
a surface inversion layer at night. As a result, the temperature difference between the urban and
rural areas was larger. and the heat island intensity was larger at night.

In the coastal city, a surfacc inversion layer did not appear during summer or autumn in
either the urban or the rural arca bccause strong winds and high humidity prevented nocturnal
cooling. However, the inland rural arca maintained a high temperaturc because it was not directly
affected by Lhe sea brecze. Therefore, the heat island intensity was ncgative or weakly positive in
the coastal city.

In summary, rural areas mean a basin city have a strong surface inversion layer causcd by
radiative cooling so that the heat island intensity is strong. On the other hand, in the coastal city,
a surface inversion layer is not formed because there is much advective effect from cool sea
breezes so that the heat island intensity is negative or a weak positive.
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