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ABSTRACT

At clear and calm nights, the air near the ground surface is cooled mainly due to radiative pro-
cesses, thus an inversion layer is formed near the surface. In a basin, a strong surface inversion
layer is formed and extraordinary low air temperature occurs at the bottom of it.

Analysis of the difference of the structures and mechanics of the atmospheric cooling on a plain -
versus in a basin was done with field observations in the Sugadaira Basin, Nagano Prefecture, and
with data obtained at the Environmental Research Center, University of Tsukuba, and
Meteorological Research Institute and Aerological Observatory located in Tsukuba Science City,
Ibaraki Prefecture.

Compared with the difference of time variations of the air temperature in the surface inversion
layer formed at a night, between on a plain and in a basin, the observed cooling in the basin was
estimated to be about 1.4 times higher than on the plain. In detail, radiative cooling in the basin was
about 1.3 times higher, and turbulent and advective cooling in it were about twice higher than on
the plain. It is because the basin was located in the place with high altitude that radiative cooling
was higher in the basin. On the other hand, it is because the basin had the slopes surrounding it,
where cold air was formed, and because this cold air was transferred along the slope to the air layer
above the bottom of the basin, that turbulent and advective coolings were about twice higher in the
basin.

* A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor of Science in
Doctoral Program in the University of Tsukuba.
** Present address, Department of Geoscience, National Defense Academy, 239 Kanagawa. Japan
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CHAPTER 1

INTRODUCTION

1.1 Purpose of this study

At nights, the air near the ground is cooled due to radiative heat loss from the ground surface and from
the air itself. The intensity of this atmospheric cooling depends on meteorological conditions, topography
and ground surface conditions.

On clear and calm nights, the cooling of the air near the surface is strong and the minimum air
temperature which occurs just before or after sunrise is lower than that at other times of the morning
(Nishiyama, 1985). Moreover air temperature is the lowest near the surface and increases with height.This
condition is called surface inversion or ground inversion.

In a basin, strong surface inversion layer is formed above the bottom of the basin. On the slope sur-
rounding the basin, air parcel moves into a topographically lower place due to gravitational forces. This
strong surface inversion layer and air flow are the characteristic phenomena formed in a basin area on
clear and calm nights. The former is called cold air lake and the latter cold air drainage. When these
phenomena occur in a basin area, the air layer on and above the bottom of the basin is cooled strongly and
s0 extraordinary low air temperratures occur near the surface at the bottom of the basin.

The purposes of the present study are first to clarify the characteristics of atmospheric cooling near
the surface at night. Secondly, the difference of the structures and mechanics of the atmospheric cooling
between a plain versus a basin are clarified. Simultaneously, the relationships between the strong at-
mospheric cooling, and the cold air lake and cold air drainage are clarifind. Finally, the relationships bet-
ween the intensity of atmospheric cooling at night and topographical conditions are explained.

1.2 Review of recent studies

On clear and calm nights, a surface inversion layer is formed near the surface due primarily to strong
radiative cooling. One of the characteristics of the inversion layer is its thickness. Tosha (1953) and Ota
(1960) reported that the thickness of the surface inversion layer on a plain was 150 to 250 m high. At
Tateno, located in the eastern part of the Kanto Plain, the thickness of the stable layer was 100 to 200 m
above ground level (AGL) (Ishibashi and Numata, 1965; Suzuki, 1977; Suzuki ef al., 1978). Mano (1953)
stated that the thickness of the surface inversion layers, influenced by surrounding mountains, were
generally lower than those formed over a plain. For instance, the thickness of the surface inversion formed
in a valley surrounded by mountains was 50-70 m high, but on the coast, it reached 100-200 m high.

Results of the recent studies on the thickness of the inversion layer formed in basins and valleys in
Japan are shown in Table 1.1. This table indicates the thickness of the surface inversion layer was mostly
between 100 to 300 m high and the ratio of the thickness of surface inversion layer to the relative height of
surrounding peaks was 0.4 to 1.0. These values coincide with the previous ones deduced from the results
in the world (Yoshino, 1975).

There are several numerical and theoretical methods of defining the thickness of inversion layer (Han-
na, 1969; Wyngaard, 1975; Yu, 1978; Zeman, 1979; Nieuwstadt and Tennekes, 1981). These methods in-
dicate that the surface inversion layer becomes thicker with increasing friction velocity, wind speed at the
top of the inversion layer and atmospheric stability. Kondo and Kuwagata (1984) also summarized the rela-
tionships between the thickness of inversion layer formed in basins and valleys, and the relative height of
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the surrounding peaks from the results of observations in Japan. They found as follows; (1) The thickness
of the surface inversion layer and the relative height of the surrounding peaks was almost equal, that is,
the thickness of the surface inversion layer reached the relative height of the surrounding peaks. (2) There
was a proportional relation between the thickness of the surface inversion layer and the relative height of
the surrounding peaks. Schroeder and Buck (1970) pointed out that surface inversion layers were more
common and more intense in mountain valleys and basins than over flat areas, thus extraordinary cooling
which occurred in a basin was considered to be related not to thickness but to the strength of surface inver-
sion layer.

The strong inversion layer (cold air lake) formed in a basin is considered to be part of the circulation
formed in mountains, valleys and basins. (Mano, 1953; Mano, 1956; Vorontsov, 1958a, b, 1969; Kimura,
1961; Yoshino 1975; Kudo et al., 1982). Geiger (1965) stated that the cold air lake was mainly formed by
the cold air drainage from the surrounding slope to the basin. Conversely, Miura (1971) showed, based on
observations in the Sugadaira Basin, Japan, that the formation of cold air lake was due to radiative cooling
at the surface of the basin. Magono and Nakamura (1982) observed the Moshiri Basin, in northern Hok-
kaido in midwiter and stated that the cold air drainage flowed directly toward the bottom of the basin only
for several hours after sunset. After this cooling stage, a cold air lake was formed mainly by the cooling of
surface air due to the heat exchange with the extremely cooled surface of snow cover.

There are also some reports about the relationships of extraordinary drops of air temperature and cold
air lake and cold air drainage. Kondo (1982), Mori et @l., (1983), Harimaya et al. (1985) clarified that the
advection and accumulation of cold air over the central part of a basin were important factors of nocturnal
cooling in the basin and the formation of a cold air lake. Maki ef al. (1985a, b, 1986) stated that the cooling
rate at the surface of the Akaigawa Basin, in western part of Hokkaido, was high, because the cold air
drainage advected and accumulated over the bottom of the basin. This was because the advection and ac-
cumulation of the cold air drainage reduced the amount of downward longwave radiation and thus
strengthened the radiative cooling at the surface of the basin.

As mentioned above, cold air drainage plays an important role in nocturnal cooling in a basin. Cold air
drainage is an air stream which is formed by radiative cooling on a slope and flows down along the slope
due to gravity (Baumgartner, 1963; Geiger, 1965; Yoshino, 1975, 1980). Thus, velocity of cold air drainage
is related to the atmospheric cooling and gravity. There are several theoretical studies about this. Fleagle
(1950) studied the effects on drainage velocity of slope angle, friction and the non-adiabatic cooling rate of
the slope air. Petkovsek and Hocevar (1971) expressed the velocity of the cold air drainage by assuming
that, in the steady state case, acceleration of the cooled slope air due to gravity was balanced by friction.
Sahashi (1974) made it clear that the velocity of cold air parcel along the slope changed periodically with
the distance from the top of the slope, on the assumption that the air parcel had compressibility and the
friction force was proportional to the falling velocity of the parcel.

Bergen (1969) indicated that wind speed varied in a nearly linear manner down the slope in an observa-
tion on a small forested slope. Ohata and Higuchi (1979) reported that cold air drainage formed in a snow
patch in the Central Japan on early summer days. They showed that the wind speed of cold air drainage
was stronger at lower parts of the snow patch. Wind speed was in direct proportion to the square root of
the distance from the upper end of the snow patch. Kondo (1984) clarified from the parcel model that the
speed of cold air depended on the potential temperature difference between the surface and the cooled air
layer, and on the distance at which the cold air drainage flows on the slope.

The wind speed cold air drainage is considered to be related to the amount of the supply of cold air to
cold air lake and also to the cooling in the air layer above the bottom of the basin. Regarding variations of
wind speed and air temperature with time, Nakamura (1976) reported that falling air temperature was
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inversely proportional to wind speed with a correlation coefficient of -0.9. Yoshino ef /. (1981) made it
clear that the correlation between wind speed and air temperature was negative with coefficients ranging
from -0.88 to -0.84 when cold air drainage occurred on the slope. Tanaka ef al. (1982) showed that compar-
ing the periodic variations of wind speeds with those of air temperatures, weak wind gusts were found to
be accompanied by the decrease of air temperature near the ground surface. Maki ef al. (1984) and
Harimaya ef al. (1985) showed that the cooling rate on a slope agreed well with the speed of cold air
drainage, and that the period of the highest cooling rate was in accordance with that of the highest speed
of it.

As mentioned above, wind speed and air temperature are periodical, because cold air drainage moves
periodically. Aichele (1953) confirmed the periodicity of cold air drainage by means of observations of the
fog in the Salemer Valley, north of Lake Constance. Buettner and Thyer (1966) found a periodicity of
about 25 minutes with a range from 1.5 to 6.5 m/s in the Carbon River Valley. Tyson (1968) revealed, by a
spectral analysis, that velocity changed from 1.0 to 4.0 m/s with a periodicity of 75 minutes in the
Drakensberg Foothills near Pietermaritzburg, South Africa. Doran and Horst (1981) reported that varia-
tion of velocity and air temperature of cold air drainage had a periodicity of 1 to 1.5 h in the Geysers area of
northern California. Kobayashi and Ishikawa (1982) clarified the wavy motion of cold air drainage, and the
phenomena of wind turbulence and air temperature on the snow surface from the observations carried up
in the mist and cold air layer in Hokkaido. Toritani (1985) reported that the fluctuation of wind speed and
air temperature appeared as surges with periods ranging from 40 to 60 minutes when cold air drainage
flowed down on a slope in the Sugadaira Basin.

As a conclusion of the present review, it is summarized that there have been many reports about the
characteristics of cold air lake and cold air drainage, but there are only a few reports about the relation-
ships between the atmospheric cooling, and cold air lake and cold air drainage in various basins. There are
also few reports comparing atmospheric cooling in plains and basins. Based on such status, aims of the pre-
sent study were set up.




CHAPTER II

METHODS OF OBSERVATIONS AND ACQUISITIONS OF DATA

2.1 Observations and acquisitions of data at Tsukuba

The data about wind, air temperature and heat balance components at the surface used in Chapter II1
were obtained using a real time data processor system for meteorological and hydrological measurements.
This system belongs to the heat balance and water balance observation systems installed in the Hydro-
Meteorological Observation Field of the Environmental Research Center (E. R. C.), University of
Tsukuba, in the southwestern part of the Ibaraki Prefecture, Japan (Fig. 2.1).

./

TSUKUBA SCIENCE CITY //
SUGADAIRA
AEROLOGICAL OBSERVATORY ~,

METEOROLOGICAL RESEARCH INSTITUTE TSU KgBA
[ *

TOKYO
NATIONAL INSTITUTE

OF AGRICALTURAL ARAKAWADK|
ENVIRONMENTAL smemcss.
“Tokvo Lﬁ
NARITA \ / TOKYD
km
0 1 2 3 4 S5km g 100 200
—

Fig. 2.1 Maps of Tsukuba.

The profiles of wind, air temperature and relative humidity were obtained from the Meteorological
Research Institute (M. I. R.) which had a 200 m observation tower. This institute is located in the southern
part of Tsukuba Science City. There are platforms and booms for meteorological instruments
(anemometers, thermohygrometers and so on) at six heights (10, 25, 50, 100, 150 and 200 m above ground
level) on the tower. Some radiative parameters (net radiation and upward and downward long-wave radia-
tions) were obtained by the Aerological Observatory next door to the M. . R.. Table 2.1 shows the observ-
ed parameters and instruments used at each observation site.

Aerological data used in calculation of the radiation terms were obtained from the Aerological Date



Table 2.1 The observed parameters and instruments used at each observation site.

(a) Environmental Research Center

parameter instrument
air temperature Pt resistance thermometer
wind direction sonic anemometer SA-200
wind speed sonic anemometer-thermometer PAT-311
net radiation net radiometer (Middlton type) CN-11
sensible heat flux sonic anemometer-thermometer PAT-311

(b) Meteorological Research Institute

parameter instrument
air temperature Pt resistance thermometer
wind direction erovane type anemometer MV-110

(c) Aerological Observatory

parameter instrument
net radiation net radiometer CN-11
upward .
P L. long-wave radiometer MS4R
long-wave radiation
downward

long-wave radiometer MS4R

long-wave radiation

published by the Japan Meteorological Agency, and the spatial distributtion of wind, air temperature and
duration of sunshine were obtained by the Automated Meteorological Data Acquisition System
(AMeDAS).

2.2 Observations and acquisitions of data in Sugadaira

Data used in Chapter IV was obtained by field observations carried out in the Sugadaira Basin (Fig.
2.2). The basin, located 20 km southeast of Nagano City, has an elliptic shape with a 4 km long radius from
northwest to southeast and a 1.5 km short radius from northeast to southwest, and 1,250 m above sea level
in the central part of the bottom of basin.

The observations were made mainly in the central part of the bottom of the basin and the NE-facing
slope of Mt. Omatsu on the south side of the basin. The top of this mountain is 1.648 m above sea level and
the average inclination of the slope is approximately 9 degrees in the lower part and 25 degrees in the
higher part of this slope. This slope was used as a skiing area in the winter. In the summer, the lower part
of this slope was used for vegetable farms. The horizontal and vertical distributions of the wind and air
temperature were observed at the bottom of the basin and on the slope. Fig. 2.3 shows the locations of the
observation points and Table 2.2 show the observed parameters and instruments in the Sugadaira Basin.
Moreover. the AMeDAS station whose data was used in Chapter V, is located at the north part of the bot-
tom of the Sugadaira basin. This is pointed by the star in Figs. 2.2 and 2.3.
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Table 2.2 The data periods and instrumentation in Sugadaira.

data period parameter mstrument
May 6-10, 1982 air temperature bimetal thermograph
thermister thermometer
wind direction wind vane
wind speed three cup anemometer
*vertical distribution
wind direction tethered balloon
wind speed ”
dry and wet air temperature ”
Oct 3-4, 1982 air temperature bimetal thermograph
June 10-12, 1984 air temperature bimetal thermograph




CHAPTER III

STRUCTURES AND MECHANICS OF NOCTURNAL COOLING ON A PLAIN

3.1 Characteristics of nocturnal cooling on a plain
The change in air temperature in the nighttime, that is, the cooling rate C. R. is defined by the follow-
ing equation;

7, - T.(0)

C R (Ch)= () '

(3.1)
where T (C) represents air temperature at sunset, 7; (‘C) at sunrise (hourly averaged values at 1.6 m
high), and % (h) the duration time in hours.

The cooling rate depends on several factors. One of them is radiative cooling on the surface. In this
chapter, the strength of radiative cooling on the surface is indicated by the integrated value of net radia-
tion in the nighttime. Fig. 3.1 shows the definition of cooling rate and net radiation in the nighttime.

The seasonal variations of cooling rate, net radiation and wind speed at 1.6 m high at the E. R. C are
shown in Fig. 3.2. Here, wind speed indicates the mean values and net radiation is the integrated values in
the nighttime. In winter, the values of the cooling rate took a maximum value of about 0.5 °C and decreas-
ed gradually. After that they reached a minimum at about 0.2 °C in mid summer and then increased
gradually. The values of net radiation were less than 0 W/m? and this indicates that the earth’s surface lost
heat through radiation in the nighttime. In winter, the absolute values of net radiation became large rang-
ing from -40 to -50 W/m2. Conversely, in summer, the values of net radiation ranged from -20 to -30
W/m?2. The values of wind speed in spring and summer were at least 1.0 m/s, and they are from 0.6 to 0.8
m/s in autumn and winter.
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Fig. 3.1 The definition of cooling rate
(observed at E.R.C. for May 21-22, 1986).
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Fig. 3.2 The seasonal variations of cooling rate, net radiation and wind speed at 1.6 m
high at the Environmental Research Center, University of Tsukuba for
1981-1987.

As shown in Fig. 3.2 the seasonal variation of net radiation was similar to that of cooling rate, but dif-
ferent from that of wind speed. Now, the relationships between cooling rate and meteorological com-
ponents including net radiation and wind speed were analyzed statistically.

Table 3.1 shows the correlation coefficient between cooling rate and meteorological components con-
taining net radiation on the surface, air temperature difference between 1.6 m and 12.3 m, wind speed at
1.6 m and 12.3 m and sensible heat flux at 1.6 m high. The high correlation coefficients in this table were
found between cooling rate and net radiation (-0.69), and between cooling rate and air temperature dif-
ference (0.61). On the other hand, the correlation coefficients between cooling rate and wind speeds at two
levels, and sensible heat flux were —0.32, -0.29 and -0.05, respectively. This indicates that when there
was a large cooling rate in the nighttime, the radiative cooling on the surface was strong and the vertical
distribution of air temperature became very stable near the surface. Moreover, when the wind was strong
and mixed the air of the upper level and near the surface, it made the decrease of air temperature weak.
Nishiyama (1985) reported that the correlation coefficient between the decreasing of temperature and ac-
cumulated values of net radiation at the ground surface from 1800 to 0700 was -0.53 at Tateno.

Table 3.1 The correlation between cooling rate and other
meteorological components.

component correlation coefficient
net radiation -0.668*
wind speed ~ "
(1.6m) 0.320
wind speed *
(12.3m) ~0.293
sensible heat flux r_
1.6 m) 0.045
temperature gradient -
(1.6-12.3 m) 0610

*significant level 0.1 %

714_



Then the dependence of net radiation on cooling rate is made more clear statistically. Fig. 3.3 shows
the relationships of net radiation on the surface and cooling rate at 1.6 m high for various wind speeds. Fig.
3.3 (a) indicates the condition when the wind speed was in the range of 0.0 to 0.5 m/s, Fig. 3.3 (b) in the
range of 0.5 to 1.0 m/s, Fig. 3.3 (c) in the range of 1.0 to 2.0 m/s, and Fig. 3.3 (d) for more than 2.0 m/s.
Moreover, Table 3.2 shows the correlation coefficient, the ratio of cooling rate to net radiation, and the
scatter of the points, regarding the statistical characteristics drawn in Fig. 3.3. As is clear from Fig. 3.3
and Table 3.2, the correlation between net radiation and cooling rate became weaker as wind speed in-
creased. This indicates that cooling rate depended mostly on the strength of radiative cooling when the
wind was weak. But the dependence of net radiation on the cooling rate became weaker as wind speed in-
creased, because the strong wind was considered to make mechanical convective heating of air increase.
Nishiyama (1985) reported that when the amount of net radiation was large, the cooling rate was
sometimes small when the wind speed was high.
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Table 3.2 The relationships of net radiation and various wind
speeds at 1.6 m.

1) @) @) 4) (5)
0.0-0.5 416 -0.770*  -0.012 0.153
0.5-1.0 458 -0.699*  -0.010 0.185
1.0-2.0 228 -0.556* ~0.009 0.199
more . 0 oAR ~ 210
than 2.0 36 0.245 0.007 0
total 1138 -0.669*  -0.011 0.193

(1) wind speed (m/s)
(2) number of data
(3) correlation coefficient

(4) ratio of cooling rate to net radiation

(5) standard deviation

* significant level 0.5 %

Net radiation in the nighttime, Rz, is expressed as follows:

Rp=L | +L ",

(3.2)

where, L | is long-wave radiation from the air layer to the surface, that is, downward long-wave radiation,
and L t is long-wave radiation from the surface to the air layer, that is, upward long-wave radiation. Fig.
3.4 shows the relationships between net radiation, and downward and upward long-wave radiation. The
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Fig. 3.4 The relationships between net radiation, and (a) downward and (b) upward
long-wave radiations at E.R.C for May, 1982.



correlation coefficient between net radiation and downward long-wave radiation was 0.84 (significant level
0.1 %) and higher than that between net radiation and upward long-wave radiation. This indicated that the
variation of net radiation mainly depended upon the variation of downward long-wave radiation in the
nighttime.

Downward long-wave radiation on the surface was related to the amount of cloud cover and air
temperature at upper levels. Fig. 3.5 shows the variations in the amount of cloud cover, downward long-
wave radiation on the surface and air temperature at the 500, 600, 700, 800, 850, and 900 mb levels. The
value of downward long-wave radiation was large when the value of the amount of cloud cover were high.
This pointed out that clouds emitted radiation strongly and so they had strong effects on the value of
downward long-wave radiation. Moreover, downward long-wave radiation changed almost in paralle] with
air temperature in the air layer between 800 and 900 mb levels, that is, between 1,000 and 2,000 m high
above sea level. When the cold air flew into the air layer between 1,000 and 2,000 m level and decreased its
temperature without clouds in the nighttime, amount of downward long-wave radiation reaching at the sur-
face was small. As a result, radiative cooling al surface became strong, and the cooling rate became large.

AMOUT OF
CLOUD COVER
L] - &>

&
-3
o

w
b
©

300}

RADIATION (W/m?)

250

DOWNWARD
LONG-WAVE

AIR TEMPERATURE (°C)

Fig. 3.5 Temporal variations of amount of cloud cover, downward long-wave
radiation and air temperatures in the upper layer for May, 1982.

3.2 The structure of the surface inversion formed on a plain

As indicated in Chapter 3.1, the inversion layer near the earth’s surface was formed when the cooling
rate was large. In this analysis, the data used were obtained from the results observed at the 200 m high
tower of the M. R. L. and at the observational field of the Aerological Observalory.

Fig. 3.6 shows the variations of surface and air temperatures at 1.6 m level and wind direction and
speed at 10 m at nights on May 7-8 and 9-10, 1982, when cooling rate was large. The average values of
wind speed at night were less than 1.5 m/s and wind direction was not fixed. Air and surface temperatures
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fell with time. But when wind speed became high from 2100 to 2400 on the 7th and from 2300 to 2400 on
the 9th, air and surface lempertures were almost constant with time or rose a little. Moreover, surface
temperature was 3-5 °C lower than air temperature all through the night.

Fig. 3.7 shows the variations of surface temperature and air tempertures at 7 heights, that is, 1.3, 10,
25, 50, 100, 150 and 200 m high above ground level. The decline of air temperature during the night
became smaller with height. Air temperature at 200 m decreased by 1 or 2 °C and this value was 20-30 %
as much as that near the surface. Air temperature droped in the same manner at three levels lower than
25 m.

Fig. 3.8 shows the variations of wind speed at the same 7 heights mentioned in Fig. 3.7. From sunset
to midnight on the 9th, wind speed was high and reached values ranging from 5 to 8 m/s at higher levels.
But after midnight, the wind speed deceased rapidly. Wind speed was less than 2 m/s at all heights around
sunrise.

Figs. 3.9 and 3.10 show the vertical profiles of the air temperature, and the time and height sections of
wind direction and wind speed in air layer between the surface and 200 m at night on May 7-8 and 9-10,
1982. Wind direction and wind speed are indicated by vector. Until midnight, wind speed was high and
wind direction was almost fixed at all the levels between the surface and 200 m. But from midnight to ear-
ly morning, wind speed was low and wind direction was variable. Wind direction at the two lower levels,
10 and 25 m, and at the three higher levels, 100, 150 and 200 m, were uniform, respectively. A surface
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inversion layer was formed between the surface and 100 m high, and air temperature gradient reached
more than 3 °C in the air layer between the surface and a height of 10 m. A neutral layer or a weak inver-
sion layer was formed in the air layer between 100 and 200 m.

The facts mentioned above suggested that the three sub-layers were distinguished in an air layer bet-
ween the surface and 200 m high above sea level on the plain. The lowest sub-layer was the air layer bet-
ween the surface and 25 m. In this layer, a strong inversion layer was formed and the wind direction at
each level was uniform. The decrease of air temperature through the night was large, ranging from 3 to 4
°C. This layer was definded as the Ist sub-layer. The middle sub-layer was between 25 and 100 m. A weak
inversion layer was formed and considered to be the transitional layer between the air layer formed on and
near the surface, and that where general wind and synoptic-scale wind prevailed. This layer was defined as
the 2nd sub-layer. The upper sub-layer was between 100 and 200 m with the small or zero air temperature
gradient. The decrease of air temperature in this layer during the night was about half of that in the Ist
sub-layer, and the general and synoptic-scale wind prevailed in it. This layer was defined as the 3rd sub-

layer.

3.3 Methods of analysis of variation of air temperature in the surface inversion layer form-
ed in the nighttime )
The time variation of air temperature in the air layer between a height of 2, and z;, in the nighttime
when surface inversion layer is formed, and evapotranspiration is small enough to be neglected, expressed
the following equation.

o6 _, a4 at
where, ( '20 ) is the actual variation of air temperature in the air layer between the height z; and z3,

Ut

20 -



(=7 p t Jrn is the variation of air temperature by means of rediative balance in this air layer, (
means of the advective and turbulent heat transfer.

)TA by

To consider about time variation of air temperature in surface inversion layer mentioned chapter 3-2,
each term in Eq. (3.3) was chosen as follows On the term of the left side, ( ) observed values were us-
ed. The first term of the right side (

)Rn was calculated values using the following equation;

1

Thlz—z) (Rn(z) —Rn(z,)), (3.4)

AN

( Gt )Ru -
where, C, was the specific heat of air at constant pressure, p the density of air, and z;, 22, the top and bot-
tom of the air layer, and R# (z) net radiation flux at height z, respectively. The second term ( '; f
the remainder.

hra was
In the nighttime, the net radiation flux at the height 2 can be expressed as follows.
Rn(z)=L t(z)—L | (2) {3.5)

where, L 1 is upward long-wave radiation and L | downward long-wave radiation. Upward and
downward long-wave radiation at any height were given by Katayama's equation (1972). The data used for
calculating these long-wave radiations between the surface and 200 m level are ones obtained from the 200
m tower on the plain, and by the tethered balloon in the basin, respectively. And the data at the height over
the 200 m level are obtained from the Aerological Data of Japan.

Table 3.3 shows the nights to consider time variation of air temperature when surface inversion layer
was formed at Tsukuba. This place is representative of a place located ona plain. These selected nights
were clear ones when the amount of cloud cover was less than 2/8.

Fig. 3.11 shows the comparison between measured and calculated values, and these values are the in-
tegrated ones of net radiation between 1900 and 0500 on the 7 nights mentioned in Table 3.3. The
calculated values given by the equations mentioned above are found to be overestimated by about 7 %, but
this overestimate is considered to be negligible in calculating time variation of air temperature due to radia-
tion balance in the air layers.

The vertical distribution of net radiation obtained from the methods mentioned above is shown in Fig.
3.12. The gradients of net radiation was large in the air layer between the surface and 25 m high above
ground surface, and this indicates that the drop of air temperature due to radiative balance was large, that
is, radiative cooling was strong in this layer (see Eq. 3.2). Moreover, the gradients became small in accor-
dance with height, and the difference of net radiation between at the surface and 200 m level was about 20
W/m2.

Table 3.3 The days selected to consider variations of air
temperature at night.

May 7- 8,1982
May 9 - 10, 1982
May 22 - 23, 1982
May 23 - 24, 1982
May 24 - 25, 1982
May 25 - 26, 1982
May 28 - 29, 1982
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3.4 The atmospheric cooling in a surface inversion layer formed on a plain

As mentioned in chapters 3.1 and 3.2, in the air layer between the surface and 200 m high, the three
sub-layers were distinguished by the differences in their structures. In this chapter, the actual variation of
air temperature in each sub-layers was considered by the means shown in chapter 3.3. Fig.3.13 and 3.14
show the time variations of air temperature in three sub-layers on May 7-8 and 9-10.

The Ist sub-layer was considered to be cooled by divergence of net radiation. This cooling was strong
in early night, and air temperature fell at the rate of -0.5 to -1.0 ‘C/h. But this cooling became weaker with
time. Turbulent transfer and advection was considered to heat the Ist sub-layer. On the occasion that air
temperature rose slightly or was constant (from 2200 to 0200 on 7th, from 2300 on 9th to 0100 on 10th,
and from 0200 to 0300 on 10th), these heating were relatively stronger than usual. The strength of the cool-
ing due to divergence of net radiation in 2nd and 3rd sub-layers were about 1/3 as much as that in the st
sub-layer and almost constant through the night (-0.1 to -0.3 °C/h). When air temperature in these sub-
layers fell down at large rate (-0.4 to —1.0 °C/h), turbulent transfer and advection cooled them. Conversely,
when air temperature rose up, heating sub-layers due to turbulent transfer and advection was larger than
radiative cooling.
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Fig. 3.15 shows the time variations of air temperature in the Ist, 2nd and 3rd sub-layers throughout the
night as shown in Table 3.3. The lst sub-layer was cooled in radiative process and heated by turbulent
transfer and advection. On the other hand, air temperature in the 2nd and 3rd sub-layer fell down mainly
due to radiative cooling, and sometimes additionally due to turbulent and advective cooling. Concerning to
the air layer between the surface and 200 m high, in the same manner, air temperature fell down mainly
due to divergence of net radiation, and sometimes additionally due to turbulence and advection. When the
time variation of air temperature depended on radiative, turbulent and advective cooling, the drop in air

temperature hecame larger than usual.

VARIATIONS OF AIR TEMPERATURE (°C/h)

actual

radiative

turbulent
advective

Fig. 3.15 Time variations of air temperature in the 1st, 2nd and 3rd sub-layers
on a plain on 7 nights.



CHAPTER IV

STRUCTURES AND MECHANICS OF NOCTURNAL COOLING IN A BASIN

4.1 The structure of the surface inversion layer formed at the bottom of a basin

Analyses were made for the results observed in Sugadaira basin at two nights on May 7-8 and 9-10,
1982 when cooling rate was large. Fig. 4.1 indicates the time variations of wind and air temperature at the
bottom of the basin. Air temperature dropped gradually and the wind speed became less than 0.5 m/s and
is intermittent. This period was about 60-90 minutes long. When the wind increased except from 0030 to
0230 on the 9th, its direction is N, NNE, SW and WSW. These directions are consistent with the short axis
of the basin. On the other hand, air temperature at the air layer between the surface level and the 200 m
high above the bottom of the basin changed as shown in Fig. 4.2. Air temperature at the levels under 20-
30 m high decreased gradually. But at the levels from 30 to 90 m, air temperature changed remarkably,
and rose especially at midnight (2400 on May 7 and 0100 on May 10). Air temperature at the levels over
100 m was about constant or decreased a little through the night.

Fig. 4.3 and 4.4 show the vertical profiles of air temperature and the time and height sections of wind
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Fig. 4.4 Same as Fig. 4.3, but on May 9-10,1982.

direction and speed above the bottom of the basin. The wind directions and speeds are indicated by vec-
tors as shown in Fig.3.9 and 3.10. After sunset, the inversion layer was formed above the bottom of the
basin, and especially in the air layer under 30-40 m high, air temperature gradient was very steep. The
height of the inversion layer reached 70-100 m high, and was about 1/2 of the relative height of the sur-
rounding ridges. Also, the difference of air temperature between this height and the bottom of the basin
reached 7-12 °C. At the levels under 30-40 m high, wind speed was less than 0.5 m/s or there was no wind
excepl al midnight.At the levels between 30 and 50 m, a gentle wind with WSW-SW direction blew. At
the levels between 40 to 100 m, there was a prevailing E-ESE wind, and this direction was in parallel to the
long axis of the bottom of the basin. When the general wind became strong and invaded into the basin, air
temperature rose at the levels above 30-40 m, and the thickness of the strong inversion layer felldown toa
range of 25-40 m high above the bottom of the basin. But in the air layer less than 30-40 m, the air was



continuously cooled with time, and wind whose direction was different from the general wind flew or it
was completely calm.

It has definitely shown by the time variations of wind and air temperature in the basin at nights when
cooling rate was large, that three sub-layers were distinguished in the air layer above the bottom of a
basin. The lowest sub-layer was thermally stable, and the wind direction was along the short axis of the
basin with a velocity of less than 0.5 m/s. Air temperature in this sub-layer decreased gradually during the
night (the air layer from the surface to 30-40 m high). The middle sub-layer was also stable condition but
at midnight the air temperature rose temporarily (from 30-40 to 70-80 m high). The upper sub-layer was
almost neutral condition and the meso-scale wind prevailed and air temperature in this layer was almost
constant or decreased a little through the night (form 70-80 to 200 m high). These sub-layers were called

the 1st, 2nd and 3rd sub-layer, respectively. Moreover, the 1st and 2nd sub-layers were equivalent to cold
air lake.

4.2 The structure of the surface inversion layer formed on a slope
Fig. 4.5 shows the time variations in air temperature at the observation points located at the bottom of
the basin and on the slope of Mt. Omatsu on May 7-8 and 9-10, 1982, respectively. Air temperature at the
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Fig. 4.5 Time variations of air temperature at the bottom of the basin and on the
slope of Mt. Omatsu.
(a) May 7-8 and (b) May 9-10,1982.




ohservation points at the bottom of the basin (P-1 and P-2) fell steadily with time until the minimum air
temperature occurred in the basin. Conversely, air temperature at the stations on the low and middle parts
of the slope (P-3, low part; P-4, P-5, and P-6, middle part of the slope) decreased a little all through the
night. Air temperature on the high part of the slope (P-7 and P-8) was almost constant with time. In this
way, air temperature at the bottom of the basin became lower than those on the middle and high parts of
the slope. The place on the slope where air temperature is higher than at the bottom of the basin is called
the thermal belt (Geiger, 1965; Yoshino, 1975, 1986). At the time when minimum air temperature occur-
red at the bottom of the basin, the difference of air temperature between at the middie part of the slope
and at the bottom of the basin, reached almost 5-7 °C.

The time variation and its distributtion of air temperature on the slope of Mt. Omatsu will be con-
sidered further in detail. The distributions of air temperature at the bottom of the basin and on the slope of
Mt. Omatsu for the nights are shown in Fig. 4.6 through 4.9. These figures show thé isoplethes of air
temperature at the bottom of the basin and on the slope. Fig. 4.6 shows the period from 1800 on 7 to 0900
on 8 May, 1982, Fig. 4.7 from 1800 on 9 to 0900 on 10 May, 1982, Fig. 4.8 from 1800 on 3 to 0700 on 4
Oct., 1982 and Fig. 4.9 from 1800 on 9 to 0700 on 10 June, 1984. It is thought that they represent typical
distributions of air temperature at clear nights in spring, summer and autumn. Air temperature, at the
observation points located at the bottom of the basin (1,250 m above sea level) and at less than 1,300 m on
the slope, fell with time until the minimum air iemperature occurred in the basin. Conversely, air
temperature at the points higher than 1,300 m on the slope decreased only a little during the night. When
the minimum air temperature occurred, the differenc : of air temperature between at the points higher
than 1,300 m on the slope and at the bottom of the basir reached almost 5-7 °C.
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Fig. 4.6 Isopleth of air temperature at the bot- Fig. 4.7 Same as Fig. 4.6, but from 1800 May 9
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Fig. 4.8 Same as Fig. 4.6, but from 1800 Oct. 3 Fig. 4.9 Same as Fig. 4.6, but from 1800 June
to 0700 Oct. 4, 1982. 11 to 0700 June 12, 1984.

Fig. 4.10 shows the variation in wind direction and speed and temperature at the observation point P-
5 from 7 to 8 and 9 to 10 May, 1982. As mentioned above, the point P-5 (1,320 m) is representative of the
observation points on the slope. After the sunset, wind direction was W-SW and it coincided with the direc-
tion of cold air drainage formed on the slope. Wind speed fluctuated periodically in the range of 0 to 3 m/s.
On the other hand, air temperature dropped down with fluctuation in the range of 1 to 2 °C, and the amount
of decrease in air temperature during the night was 3-4 °C. This value was 1/3-1/2 of it observed at the bot-
tom of the basin from sunset to sunrise.

Concerning the relationships of the variations and fluctuations between wind speed and air
temperature, air temperature often dropped down when the wind speed was high mentioned above.
Nakamura (1976) and Yoshino, ef al. (1981) reported that when cold air drainage flows on the slope, the
relationship between the time variations of wind speed and air temperature was negatively correlated. The
facts revealed here confirm the same relationships.

The time variations of air temperature above the surface up to 100 m high on the slope at the night are
given in Fig. 4.11. The time variation of air temperature was the largest near the surface and became small
with height. The features of the variation of air temperature at the levels from the surface to 10 m were dif-
ferent from those 10 m to 100 m. Though air temperature at the levels from 10 m to 100 m rose from 2100
to 2230 on the 7th, 2100 to 2200 on the 9th and 0300 to 0400 on the 10th, air temperature fell continuousty
near the surface. But from 2230 to 2400 on the 7th, and from 2300 to 2400 on the 9th, air temperature rose
near the surface and at the levels higher than 10 m.
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Fig. 4.12 shows the vertical profiles of air temperature above the surface on a slope. Air temperature
gradient differed remarkably between above and under 10 m high; larger under this level, smaller or about
zero above it.

As mentioned above, it can be generalized that air temperature at the bottom of the basin fell con-
tinuously during the night, but conversely it fluctuated on the slope. Air temperature dropped down when
the wind speed is high. Secondly, it is striking thal the two sub-layers were distinguishable on the slope.
The 1st sub-layer was characterized by the air layer from the surface to 10 m high with the large air
temperature gradient. The 2nd sub-layer (the air layer from 10 m to 100 m high) had smaller air
temperature gradient than the 1st sub-layer.
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Fig. 4.12 Vertical profiles of air temperature on and above the slope.
(a) May 7-8 and (b) May 9-10, 1982.

4.3 The atmospheric cooling in a cold air lake and cold air drainage formed
distinguishable in a basin

As mentioned in Chapters 4.1 and 4.2, three sub-layers and two sub-layers were distinguishable in the
basin and on the slope when the inversion layer was formed, respectively. In this chapter, time variation of
air temperature due to radiative process, turbulent transfer and advection in the respective sub-layers
were estimated by the method mentioned in Chapter 3.3.

At first, the vertical distribution of net radiation was calculated by Katayama’s formula (1974). In the
basin area, the effects of the slope’s characters on calculating radiation components were considered to be
negligible, because the angle of the slopes was generally 5-6 dergrees and the effects of the slopes with




such angles were less than 5 W/m? by Kondo (1982). Fig. 4.13 shows the vertical distribution of net radia-
tion in an air layer between the ground surface and at a height of 200 m in the nighttime on May 7-8 and 9-
10, 1982. The difference of net radiation between at the surface to 200 m levels reached about 25 W/m2,
and this indicated that the rediative cooling at the basin was about 1.2 times stronger than at the plain. Bas-
ed on this distribution, the time variation of air temperature due to radiation balance was calculated.
Figs. 4.14 and 4.15 show the time variations of air temperature in these three sub-layers at the nights
on May 7-8 and 9-10, 1982. The 1st sub-layer was cooled due to divergence of net radiation, turbulent
transfer and advection of cold air. The radiative cooling was almost constant or slightly weak with time (at
the rate of -0.4 to 0.9 ‘C/h). Turbulent and advective cooling were large early evening (more than 1.0
°C/h), so the air temperature dropped down rapidly. In midnight or early morning, turbulent and advective
heating occurred, and so air temperature in 1st sub-layer dropped down slightly or rose up. The strength
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Fig. 4.13 Vertical distributions of net radiation in the air layer between the
ground surface and at a height of 200 m at the nights on May 7-8 and
9-10, 1982.
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Fig. 4.14 Time variations of air temperature in the three sub-layers at the night
on May 7-8, 1982.
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of radiative cooling in 2nd and 3rd sub-layers were almost constant (0.2 to 0.5°C/h). Early evening in 3rd
sub-layer and midnight in 2nd or 3rd sub-layers, turbulent and advective heating occurred, and air
temperature rose up rapidly. At this time, wind speed was high as mentioned in Chapter 4.2, and it is con-
sidered that turbulent convection became active, and that warm air advected from upper air layer to these
sub-layers and heated them. After the strong heating due to turbulence and advection ended, the air
temperature in 2nd sub-layer fell down. Moreover, the scale of time change of air temperature was found
to become smaller with height.

Figs. 4.16 and 4.17 show the time variations of air temperature above the slope on May 7-8 and 9-10.
The strength of radiative cooling in the 1st sub-layer was almost constant through the night (-1.2t0-15
°C/h). Only when wind speed became strong above the basin, and strong turbulent and advective heating
occurred, air temperature rose up. Except above time, air temperature in the 1st sub-layer dropped down
mainly due to radiative cooling (0.5 to -1.2 ‘C/h). The strength of radiative cooling in the 2nd sub-layer
was about 0.3 °C/h and constant through out the night. When turbulent convection occurred and warm air
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Fig. 4.16 Time variations of air temperature in the air layer between the ground
surface and 100 m level above the slope at the night on May 7-8, 1982.
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Fig. 4.17 Same as Fig. 4.16, but at the night on May 9-10, 1982.

advected into this sub-layer, air temperature rose up. Conversely, when turbulent and advective cooling oc-
curred, that is, cold air advected into this air-layer, air temperature fell down.

Fig. 4.18 shows the nocturnal mean of the variations of air temperature in the air layer from the sur-
face to 200 m high in the basin and from the surface to 100 m high on the slope, on May 7-8 and 9-10. In the
1st sub-layer, air temperature decreased due to radiative, turbulent and advective cooling. But the 2nd and
3rd sub-layers were cooled due to radiative cboling, and heated due to turbulence and advection.
Moreover, considering the air layer from the surface to 200 m high, the air temperature was found to
change only due to radiative cooling (about —0.5 ‘C/h). On the other hand, air temperature on and above the
slope at night changed due to radiative cooling and advective heating. Furthermore, radiative cooling and
advective heating in 1st air-layer on the slope were stronger than any other air-layer in the basin and on the
slope. This is firstly because the divergence of net radiation was large by higher surface temperature in
contrast with the bottom of the basin, and by the effects of the height of ground surface above sea level,
and secondly because cold air drainage flowing down away on the slope carried cold air formed on it.
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Fig. 4.18 The nocturnal mean of the variations of air temperature in the air layer from the
surface to 200 m high at the bottom of the basin and from the surface to 100 m
high on the slope on May 7-8 and 9-10, 1982.

4.4 The atmospheric circulation and cooling when cold air lake and cold air drainage are

formed in the basin

In Chapters 4.1 and 4.2, the characteristics of surface inversion layer formed in the basin and cold air
drainage flowing on the surrounding slope were clarified. Here, the relationships of the two are dealt with.

Figs. 4.19 and 4.20 shows the time variations of wind and potential temperature in the basin and on the
slope. The arrows denote the wind direction and speed observed in the basin. After sunset, potential
temperature dropped down in the air layer under 70 m high above the bottom of the basin and lower part
of the slope (below 1,300 m above sea level). The potential temperature in the air layer between 20 and 40
m coincided with that on the middle part of the slope (from 1,300 to 1,400 m), and the wind direction in the
air layer between 30 and 40 m (in 1st sub-layer) indicated the existence of the advection from the slope. On
the other hand, cold air drainage flew down intermittently with its speed of more than 2.0 m/s on the slope.
About midnight, the wind flowing in upper air layer became stronger temporally and potential
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denote the wind direction and speed observed above the bottom of the basin.
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temperature rose in the air layer over 30-40 m high above the bottom of the basin. After that, the wind
became weak and potential temperature dropped down in the air layer between 40 and 60 m above the bot-
tom of the basin (in 2nd sub-layer), and as a result, this temperature was equal to that on the middle part of
the slope. The wind direction indicated the existence of the advection from the slope. On the slope, the
wind speed was 2-3 m/s and cold air drainage flew down on it.

From the time variations of wind and potential temperature mentioned above, it was found that the
nights on May 7-8 and 9-10 were divided into the three stages as follows:

(1) The first stage was the period from sunset to the midnight when air temperature and potential
temperature fell down in the basin.

{2) The second stage was the period when the wind flowing in the upper air layer became strong. A
rise in air temperature and potential temperature occurred in the basin and on the slope.

(3) The third stage was the period when the wind became weak again and air temperature and poten-
tial temperature dropped down.

Here, to make clear the relationships between cold air lake formed above the bottom of the basin and
cold air drainage flowing on the slope in each stage, vertical cross sections of potential temperature are
shown in Figs. 4.21 through 4.23.

(a) 300 1550
250|- 1500
-
- 200} 1450 E
£ ]
= 2
I 150} 1400 ¢
g =
4
H 2
100]- 1350
50 {1300
OL <1260
b
(b} 300, 11550
21:00
250} 41500
200|- {1450 E
E w
D
% 1so 41200 2
o L 288 (K) 5
7 E
100| 1350
nd
- sub |
50 ] Hayer]ta0e
15t
sub
oL e L

e
o
=
3

Fig. 4.21 Vertical cross sections of potential temperature at the first stage.
(a) May 7-8 and (b) May 9-10, 1982.
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Fig. 4.22 Same as Fig. 4.21, but at the second stage.

In the first stage (at 2100 on May 7 and 9), the isopleth line was horizontal above the bottom of the
basin and dense from the surface to 80-100 m high. The isopleth line became a downward convex curve
with approaching the surface of the slope. This indicates that at the same height above sea level, the poten-
tial temperature on the slope was lower than that above the bottom of the basin, and a result of this, cold
air drainage formed on the slope (Fleagle, 1950; Petkov$ek and Hocevar, 1971; Sahashi, 1974). The cold
air formed on the middle part of the slope flew into the air layer above the bottom of the basin along with
the isopleth line of the potential temperature, and this fact was made sure by the field observation in the
Moshiri Basin, Hokkaido (Magono ef al., 1982). From the results shown in Figs. 4.19 and 4.20, cold air
drainage advected into the air layer from the surface to 20-50 m level above the bottom of the basin, that
is, the 1st and 2nd sub-layers (in cold air lake).

In the second stage (at 2400 on May 7 and 0100 on 10), the potential temperature in the air layer under
40 m high above the bottom of the basin was the same as that near the surface on the middle part of slope.
But the wind direction did not agree with the direction of air flow advected from the slope, so cold air form-
ed on the middle part of the slope did not flow into this air layer.

In the third stage (at 0430 on May 8 and (0400 on 10), the minimum air temperature occurred at the bot-
tom of the basin. The potential temperature in the air layer over 40 m level above the bottom of the basin
was the same as that near the surface on the middle part of slope. Moreover, weak wind with WSW-SW
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Fig. 4.23 Same as Fig. 4.21, at the third stage.

flew above 40 m high (shown in Figs. 4.19 and 4.20), So the cold air drainage formed on the middle part of
slope was considered to flow into this air layer, that is, the 2nd sub-layer.

Fig. 4.24 shows the variation of air temperature above the bottom of the basin in each stage on the
May 7-8 and 9-10. In the first stage, the 1st sub-layer and 2nd sub-layer cooled rapidly due to radiative,
turbulent and advective cooling. 50-70 % of the actual cooling in the 1st sub-layer and 30-70 % in the 2nd
were accounted for by turbulent and advective cooling. In this stage, cold air formed on the middle part of
the slope flew into the 1st and 2nd sub-layer, so this turbulent and advective cooling was considered to be
caused by the inflow of this cold air drainage. The air temperature in the 3rd sub-layer was about constant
with time or rose up.

In the second stage, the wind speed in the 2nd sub-layer increased by the strengthening of the wind in
upper air layer, and air temperature rose due to turbulent and advective heating. But air temperature drop-
ped down gradually, mainly due to the radiative cooling in the 1st sub-layer.

In the third stage, air temperature in the 1st sub-layer dropped down mainly due to radiative cooling,
because potential temperature in the 1st sub-layer was lower than that on the middle of the slope, so cold
air drainage was not able to flow into it. In the 2nd sub-layer, 30-40 % of the actual cooling was due to the
turbulence and advection because of cold air drainage advected from the surrounding slopes.

As mentioned above, it is considered that cold air drainage flowing on the middle part of the slope

40 -



contributed to the time variation of air temperature in the surface inversion layer air layer formed above
the bottom of the basin, that is, cold air lake.
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Fig. 4.24 The variations of air temperature above the bottom of the basin in each
stage on the May 7-8 and 9-10, 1982.




CHAPTER V

GEOGRAPHICAL CHARACTERISTICS OF NOCTURNAL COOLING

5.1 The characteristics of nocturnal cooling in the Kanto District

As mentioned in Chapter I1I, in Tsukuba located in the Kanto Plain, time variation of air temperature
in surface inversion layer during the night mainly depended on the radiative cooling, and turbulent and
advective heating when wind speed was strong. In this chapter, the characteristics of spatial distribution
of variation of air temperature in Kanto Plain were dealt with.

At first, the spatial distribution of the cooling rate in the Kanto District is given. Fig. 5.1 shows the
observation points in the Kanto District used in this analysis. The observation points are distributed
almost without exception in the Kanto District and the distance between each point is about 20 km on
average. Data used in this analysis are hourly averaged values of wind direction and speed, air
temperature and duration of sunshine in May, 1986.
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Fig. 5.1 Observation points of the AMeDAS in the Kanto Plain.

Fig. 5.2 shows the spatial distribution oh the average monthly cooling rate for May 1986 in the Kanto
District. Here, the cooling rate is defined by the following equation (see in Chapter 3.1),

CR(Ch)= T_—h(ThL;& (5.1)



where C. R. ('C/h) represents the cooling rate, 7% (‘C ) the air temperature at sunset (2000), 7 (°C) the air
temperature at sunrise (0500), and 4 (h) is the duration time in hours (10 hours). The cooling rate was more
than 0.3 ‘C/h in the inland area of the Kanto District, and was more than 0.4 °C/h in the Minakami, Numata,
Nakanojo and Chichibu Basins. On the other hand, it was less than 0.2 °C/h along the Pacific coastline.

Fig. 5.3 shows the spatial distribution of the monthly wind direction of the highest frequency and the
average monthly wind speed during the night (between 2000 and 0500). Here, wind direction is indicated
by arrows and wind speed is indicated by isoplethes. In the western part of Kanto District, a wind direction
of N-W prevailed, and in the eastern part, a wind direction of N-E prevailed. In Oshima, Miura Peninsula.
and the southern part of Boso peninsula a wind direction of SW prevailed. On the other hand, in Chichibu,
Numata, Nakanojo and Daigo Basins, a wind direction was along the long axis of the basin from the upper
to the lower reaches of a river. Concerning wind speed, it was more than 1.0 m/s along the Tone and
western part of Kanto Plain, and was more than, 1.5 m/s in the northern part of Chiba Prefecture. In the
mountainous area on the west side of the Kanto Plain, the wind speed was less than 1.0 m/s, and was less
than 0.5 m/s in the Chichibu, Nakanojo, Numata and Daigo Basins.
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Fig. 5.2 The spatial distribution of the monthly Fig. 5.3 The spatial distribution of wind direc-

averaged cooling rate (°C/h) for May, tion of the highest frequency and the
1986. monthly averaged wind speed (m/s) for
May, 1986.

As mentioned in Chapter 3.1, cooling rate had a close relation to net radiation all through the night in-
dicating the strength of radiative cooling at ground surface, and it was expected thal there existed also a
close relationship between the spatial distribution of cooling rate and that of net radiation. But there are no
available data about net radiation. So an attempt as follows was made to estimate the amount of net radia-
tion. The sum of duration hours of sunshine two hours before sunset (between 1700 and 1900) and two
hours after sunrise (between 0500 and 0700) was defined as clear-night index. This index had large value




at a clear night when strong radiative cooling was considered to be occurred. Fig. 5.4 shows the relation-
ships between clear-night index and net radiation of the nighttime observed at Tsukuba in May, 1986. The
correlation coefficient was -0.91 (significant level 0.1 %), and it is known that this index expressed the
amount of net radiation and the strength of radiative cooling at ground surface.

Fig. 5.5 shows the spatial distribution of the monthly averaged clear-night index in the Kanto District
in May, 1986. This index was more than 1 hours in the northern part and west side of Kanto Plain. Con-
versely, this index was less than 0.8 hours in the southern part of Kanto Plain.
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Fig. 5.4 The relationships between clear-night index and net radiation through
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Comparing the spatial distribution of the cooling rate with that of the clear-night index, they had large
values in the northern part and west side of Kanto Plain. However, the clear-night index was large but cool-
ing rate was small on the lower Tone river. In this area in May, 1986, the wind speed was more than 1.5
m/s. as shown in Fig. 5.3. So it was considered that this is Lhe reason why cooling rate was small against to
the large value of the clear-night index in this area.

Fig. 5.6 shows the relationships between the clear-night index and the monthly mean of cooling rate in
Kanto District in May, 1986. To consider wind speed of each sites, the only observation station, where the
height of the anemometer was 6.5 m high above the earth’s surface, were used and plotted in this figure.
The cooling rate tended to increase with clear-night index being large in the sites where wind was weak
(less than 1.0 m/s) and tended to be small in windy sites, and these conditions were similar to that shown in
Chapter 3.1.
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Fig. 5.6 The relationships between clear-night index and cooling rate for May,
1986.

5.2 The relationships between topographical features and nocturnal cooling in basins in
the Tohoku and Chubu Districts

The time variation of air temperature all through the night depended on the radiative cooling and
advection of cold air from the surrounding slope in the Sugadaira Basin as mentioned in Chapter IV. This
cooling is considered to occur in any other basins. But these basins have their own topographical features,
so the time variation of the air temperature observed in the basin was influenced by them. The relation-
ships between the topographical shape of basin and the variation of air temperature during the night in the
basin. At first, the topographical shape of the basin was illustrated as follows. Fig. 5.7 shows a simple
model indicating the shape of a basin. Here S, was the size of the bottom of the basin, S, the size of the area
surrounded by the ridge of the basin, /4 the mean relative height of the ridge, L and Ly, the length of the
long axis and the short axis of the bottom of the basin, L, and L, the length of the long axis and the short
axis of the area surrounded by the ridge of the basin, respectively. The shape of the basin was expressed
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by these seven parameters. Fig. 5.8 shows the locations of the basin in the Tohoku and Chubu Districts
analyzed and Table 5.1 shows the parameters of the analyzed basins. These parameters were estimated by
the use of topographical maps with a scale of 1:50,000 and 1:200,000.

Fig. 5.7 A simple model indicating the shape of the basin.
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Table 5.1 The parameters of the shape of the basins (Tohoku District).

h Lbl Lbs Lrl Lrs Sb Sr

name of basin @  Gm) Gm) km) (km)  km? (km?)

1 Takanosu 570 289 146 77.1 286 119.9 1574.1
2 Odate 430 206 149 509 24.0 135.1 674.9
3 Hanawa 570  30.3 94 549 314 66.4 920.1
4-6 Yokote
4 Omagari 800 734 33.7 125.1 49.7 863.4 3797.3
5 Yokote 770 734 337 125.1 49.7 863.4 3797.3
6 Yuzawa 730 734 33.7 1251 49.7 863.4 3797.3
7 Shinjyo 480 26.9 229 52.3 34.6 3138 1154.9
8 Mogami 640 13.1 8.6 263 209 50.7 325.8
9-12 Yamagata
9 Obanasawa 630 194 154 369 27.1 133.0 546.4
10 Tateoka 870 451 28.0 56.6 54.3 476.2 1858.7
11 Aterasawa 830 451 280 56.6 54.3 476.2 1858.7
12 Yamagata 820 451 28.0 56.6 54.3 476.2 1858.7
13-15 Yonezawa
13 Nagai 590 21.7 106 30.0 237 120.6 416.5
14 Takabatake 660 289 217 55.4 317 290.8 998.2
15 Yonezawa 640 289 21.7 554 31.7 290.8 998.2
16-17 Aizu
16 Kitakata -790  39.1 137 629 25.1 300.8 950.6
17 Wakamatsu 790 391 137 62.9 251 300.8 950.6
18 Shizukuishi 730 189 109 41.1 234 106.6 667.3
19-24 Kitakami
19 Morioka 520 30.3 13.1 394 303 242.0 739.2
20 Shiba 510 30.3 131 394  30.3 242.0 739.2
21 Kitakami 680 54.0 249 70.0 61.1 645.2 2514.4
22 Wakayanagi 640 54.0 249 70.0 61.1 645.2 25144
23 Esashi 700 54.0 249 70.0 61.1 645.2 2514.4
24 Ichinoseki 370 140 111 40.0 26.8 59.2 603.0
25 Kakuta 280 17.7 9.1 29.1  16.0 86.5 351.7
26-27 Fukushima
26 Yanagawa 730 323 163 50.6 41.1 251.5 1144.0
27 Fukushima 710 323 16.3 50.6 41.1 2515 1144.0
28 Inawashiro 520 284 154 40.3 26.0 226.3 624.3
29 Kouriyama 460 54.0 24.0 549 51.1 531.2 1772.9




Table 5.1 (continued)
(Chubu and Kanto District)

h Ly L Lq L Sh S

name of basin (m) (km) (km) (km) (km) (km?) (km?)

30-31 Muikamachi

30 Koide 860 446 126 55.6 24.0 191.7 895.7

31 Yuzawa 610 446 126 55.6 24.0 191.7 895.7
32 liyama 750 234 9.8 314 210 93.3 1250.0
33 Nagano 830 448 13.6 52.2 352 297.6 1044.9
34-35 Matsumoto

3 Omachi 890 552 178 712 346 441.7 1250.4

35 Hodaka 1140 552 178 712 346 441.7 1250.4
36-37 Ueda

36 Ueda 590 180 1438 284 222 90.9 353.3

37 Tobumachi 870 18.0 14.8 284 222 90.9 353.3
38 Saku 520 176 124 354 244 102.8 488.2
39 Suwa 920 14.8 4.0 35.0 25.0 57.5 530.3
40-42 Ina

40 Tatsuno 680 64.8 190 79.0 244 317.7 1336.2

41 Ijima 670 64.8 19.0 79.0 244 317.7 1336.2

42 Ida 920 648 19.0 79.0 244 317.7 1336.2
43-46 Kofu

43 Nirasaki 1150 31.8 314 56.2 49.2 352.8 1450.4

44 - Kofu 1230 31.8 314 56.2 492 352.8 1450.4

45 Katsunuma 1120 31.8 314 56.2 49.2 352.8 1450.2

46 Nakatomi 1280 31.8 314 56.2 49.2 352.8 1450.2
45* Numata 590 186 14.2 35.6 25.6 80.3 418.1
46* Nakanojo 570 144 9.0 278 220 48.8 266.9
47* Chichibu 710 14.0 110 312 222 63.0 483.9
(48) sugadaira 360 45 1.3 104 4.8 34 28.2

*:Kanto District

The angle of the surrounding slope a and the exposure to the sky at the center of the basins § were ob-
tained as follows:

_ h _ h -
tan o = I —Tam lan § = L (5.2)
2 2
where,
er = A‘;ﬁ’ me = ﬂ-lz;_éb.; (53)

a, B obtained the above equations were shown in Table 5.2.
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Table 5.2 The slope angle a and the exposure to the sky 5 of
the surrounding slope (Tohoku District).

. I3 3
name of basin ¢) €)

1 Takanosu 2.1 0.62
2 odate 2.5 0.66
3 Hanawa 2.8 0.76
4-6 Yokote

4 Omagari 2.7 0.53

5 Yokote 2.6 0.50

6 Yuzawa 2.5 0.48
7 Shinjyo 3.0 0.63
8 Mogami 5.7 1.55
9-12 Yamagata

9 Obanasawa 4.9 1.13

10 Tateoka 5.3 0.90

11 Aterasawa 5.0 0.86

12 Yamagata 5.0 0.85
13-15 Yonezawa

13 Nagai 6.3 1.25

14 Takabatake 4.1 0.87

15 Yonezawa 4.0 0.84
16-17 Aizu

16 Kitakata 5.1 1.03

17 Wakamatsu 5.1 1.03
18 Shizukuishi 4.8 1.29
19-24 Kitakami

19 Morioka 4.5 0.85

20 Shiba 4.5 0.85

21 Kitakami 3.0 0.60

22 Wakayanagi 2.8 0.56

23 Esashi 3.1 0.61

24 Ichinoseki 2.0 0.64
25 Kakuta 3.5 0.71
26-27 Fukushima

26 Yanagawa 3.9 0.91

27 Fukushima 3.8 0.89
28 Inawashiro 5.3 0.90
29 Kouriyama 3.8 0.50




Table 5.2 (continued)
(Chubu and Kanto District).

. I3 i
name of basin €) ¢)

30-31 Muikamachi

30 Koide 3.0 0.60

31 Yuzawa 3.0 0.60
32 liyama 2.5 0.66
33 Nagano 2.8 0.76
34-35 Matsumoto

34 Omachi 2.7 0.53

35 Hodaka 2.5 0.48
36-37 Ueda

36 Ueda 2.6 0.50

37 Tobumachi 3.0 0.63
38 Saku 4.9 1.13
39 Suwa 5.3 0.90
40-42 Ina

40 Tatsuno 5.0 0.86

41 Ijima 5.0 0.86

42 Ida 6.3 1.25
43-46 Kofu

43 Nirasaki 4.1 0.87

44 Kofu 4.0 0.84

45 Katsunuma 5.1 1.03

46 Nakatomi 51 1.03
45* Numata 45 0.85
46* Nakanojo 4.5 0.84
47* Chichibu 3.0 0.60
(48) Sugadaira 8.7 542

*:Kanto District

Table 5.3 shows the correlation coefficients between topographical shapes of the basin and cooling
rate at the bottom of the basins. In this table, the significant relationships were (1) between cooling rate
and % (the correlation coefficient 0.32, and significant level 5 %), and (2) between cooling rate and lan «
{0.40 and 1 %). The relationship (1) meant that cooling rate became larger with increasing relative height
of the surrounding mountain. Since « indicated the inclination of the slope surrounding the basin, the rela-
tionship (2) meant that cooling rate became larger with increasing inclination of the slope.

It was stated in the previous chapters that time variation of air temperature in the basin during the
night depended on the radiative cooling, and turbulence and advection of cold air from the surrounding
slopes. Therefore, the relationships between the radiative cooling and the topographical shape of basins
was considered al first. As the bottom of the basin is surrounded by the mountain slopes, the effect of the
slope on the radiation balance at the bottom should be tested. According to the results of calculation from
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Eqgs. (5.2) and (5.3), the angles of the slopes and the exposure to the sky at the center of the basins were
very small as shown in Table 5.2. The average angle of the mountain slopes is about 3.9 degree and the
average of the exposure to the sky about 0.81 degree. Therefore, the proportion of the screening of the
radiation is less than 1 % and the effects of the slope on the radiation balance at the bottom are negligible.

The relationships between cooling rate and height above sea level is shown in Fig. 5.9. Cooling rate
tended to increase with increasing height above sea level. This is because the drop of air temperature and
decrease of vapor amount in the air layer with increasing height led to the increase of net radiation lost by
the earth’s surface and the strengthening of radiative cooling. Here, two star-asterisks indicated the

Table 5.3 The correlations between geographical shapes and cool-
ing rate in basins.

h Lbl Lbs me
cooling rate 0.32*  -0.17 -0.18 -0.19
Lrl Lrs er
cooling rate -0.31« -0.14 -0.28
Sh S: tan tan
cooling rate -0.24 -0.36**  0.41*%** 0.35**
*gignificant level  *5 %
**2 %
* %% 1 (yu
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Fig. 5.9 The relationships between cooling rate and height above sea level at the
bottom of the basin.
*: The station located near the lake.




values of Inawashiro and Suwa. This two places were located near the big lakes named Inawashiro-ko, and
Suwa-ko, 50 cooling rate was small by the effect of big lakes. Kondo (1982) made clear the relationships
between cooling rate and height above sea level by analysing the AMeDAS date in Fukushima, Miyagi,
and Yamagata Prefectures. This facts supported the results shown in Fig. 5.9.

Secondly, it was considered about the relationships between the atmospheric cooling in the basin and
the area of the surrounding slopes which forms the cold air flowing down into the basin and cooling its air
layer. Now, supposing that the cold air formed on the slopes having an area S; flows into the air layer with
height %, above the bottom of the basin having an area Sy, and cools this air layer by 8T in time ¢, the follow-
ing equation was made up.

t-H-S, = C,-p-3T Soha, (5.4)

where, ¢ was equal to the duration time of the night, H the sensible heat flux on the slope, C, the specific
heat of air at constant pressure, p the density of air. Finally this equation became

D SR s
0T = o ha U Hog (5.5)

In these terms, only S¢S, had the relation to the topographical shape of the basin. Fig. 5.10 shows the
relationship between Sy/S, and cooling rate at the bottom of the basin. Cooling rate became higher striking-
ly in accordance with increasing S¢St even through the points were scattered. This indicated that as Si/S
becomes large, that is, the amout of the advection of cold air formed on the slope was large, so the
stmospheric cooling at the bottom of the basin became intensive.
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Fig. 5.10 The relationship between S¢/S;, and cooling rate at the bottom of
the basin.
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The relationship between the angle of the surrounding slopes and cooling rate at the bottom of the
basin is shown in Table 5.3 and illustrated in F ig. 5.11. As mentioned above, the correlation coefficient
was 0.42 (significant at the level 1 %). The relationship can be explained as follows: The cooling in the
basin depended on to the advection of cold air, and this advected air was supplied by the cold air drainage
flowing down on the slopes surrounded. The amount of the supply was related to the speed of cold air
drainage (Kondo, 1982) and this speed was proportional to the angle of slope. So it is considered that as the
angle of the slope became large, the wind speed of cold air drainage became higher and the amount of the
supply of cold air became abundant. As a result, cooling rate became large in the basin.
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Fig. 5.11 The relationship between fan « and cooling rate at the bottom of
the basin.




CHAPTER VI

DISCUSSION

In Chapters III to V, the characteristics of nocturnal decline of air temperature in plains and basins
were mentioned, and in this chapter, they are intended to be compared and discussed. Table 6.1 shows
cooling rate and wind speed when a surface inversion layer was formed. Tsukuba represented the place
located on a plain and Sugadaira represented the location at the bottom of a basin, and these values, obtain-
ed by the intensive observations on the plain and in the basin, were mean values during the nights when
they were carried out. Cooling rate was larger in the basin than on the plain, and the value of the former
was 1.4 times as much as that of the latter. On the other hand, wind speed was larger on the plain than in
the basin, and this same tendency was shown about the monthly mean values of cooling rate and wind
speed.

Table 6.2 shows the monthly means of cooling rate and wind speed on the plain and in the basins in the
Kanto District for May, 1986. Observation points in the basins were Daigo, Numata, Nakanojo and
Chichibu Basins. The value of cooling rate of the basins was 1.7 times larger than that of the plain. Con-
versely, the value of wind speed of the plain was about 1.8 times larger than that of the basins. This is
because the shape of the basins weakened the invasion of the general wind in the upper air layer, so in the
basin, the heating due to the vertical convection was restrained and the cooling strengthened relatively.
This effect was called the ‘‘blocking effect”” of the surrounding mountains (Maki ef /., 1986).

Concerning the time variation of air temperature and the mechanics of the nocturnal cooling in the sur-
face inversion layer on a clear night, the basin differed from the plain. Table 6.3 shows the one-night mean
values of the time variation of air temperature in Tsukuba and Sugadaira. These values were obtained
from the analyzed results in Chapters III and IV. The observed cooling, which is the same as cooling rate
defined in this study, on the plain was about 2/3 of the value of the basin. Referring about the mechanics of
the nocturnal cooling in the surface inversion layer on the plain in more detail, the ratio of radiative cooling

Table 6.1 Nocturnal mean values of cooling rate and wind speed in the surface inver-
sion layers on a plain (Tsukuba) and in a basin (Sugadaira) (May 7-10, 1982).

1 Tsukuba Sugadaira
cooling rate ("C/h) 0.41 0.58
wind speed (m/s) 2.7 0.8

Table 6.2 Monthly mean values of cooling rate and nocturnal wind speed near the
earth's surface on plains and in basins in the Kanto District (May, 1986).

[ plain area basin area

cooling rate (‘C/h) 0.27 0.44
wind speed (m/s) 1.6 0.9




Table 6.3 Nocturnal mean values of heat balance components indicated by the variation of air
temperature in surface inversion layers on the plain (Tsukuba) and in the basin (Sugadaira)
(May 7-10, 1982).

Tsukuba Sugadaira
actual cooling (°C/h) 0.41 0.58
radiative cooling (‘C/h) 0.32 (0.8)* 0.40 (0.7)*
turbulent and advective
0. 2) . Q)
cooling (C/h) 09 (0.2) 0.18 (0.3)

*Ratio to actual cooling.

to the observed cooling was about 80 %. The surface inversion layer was heated due to the vertical convec-
tion between this layer and upper air layer, and this heating weakened the effect of the turbulent cooling.
So the ratio of radiative cooling to the observed cooling becomes relatively large.

There are several reports about the time variation of air temperature in the surface inversion layer on
another plains. Andre and Mahrt (1982) showed that turbulent cooling and radiative cooling contributed
comparably to cooling in this layer. Stull (1983) reported that about 77 % of observed cooling of the noctur-
nal boundary layer could be accounted for by the turbulent cooling and 23 % by atmospheric rediative cool-
ing. Li ef al. (1983) showed that cooling due to turbulent heat flux divergence could be ignored as com-
pared with atmospheric radiative cooling.

On the other hand, the proportion of radiative cooling to total observed cooling in the basin was 70 %,
and the effect of turbulent and advective cooling was stronger than on the plain. This is because, in the
basin, there were the surrounding slopes which formed cold air, and because cold air drainage flowing
down on the slope transferred this cold air to the air layer above the bottom of the basin.

Concerning about the time variation of air temperature in the surface inversion layer formed in
another basins, Mori ef al. (1983) showed that about 50 % of the total cooling in this layer was due to advec-
tion and accumulation of the cold air layer from surrounding mountain slopes from the analysis of the varia-
tion of air temperature in the air layer from the surface to 500 m high in Kawatabi, Miyagi Prefecture.
Maki ¢f al. (1986) reported from the observation at Akaigawa Basin in Hokkaido that about 80 % of the
total cooling was advection of the cold air from surrounding slopes. The proportion of the advective cool-
ing to the total cooling, that is, observed cooling in the Sugadaira Basin was estimated to be about 30 %
and smaller than those mentioned above. This is considered to be because the meso-scale wind temporari-
ly strengthened and heated the inversion layer at midnight, and so the effect of the advective cooling all
through the night was small.

Finally, the mechanics of the nocturnal cooling on the slope which played an important role in the at-
mospheric cooling in the basin was discussed. Table 6.4 shows the amount of observed cooling and
radiative cooling in the air layer near the earlh’s surface on the slope at a clear night when the surface in-
version layer was formed in the basin. The actual cooling was about 0.42 °C/h, but the radiative cooling
was estimated to be about 1.34 °C/h, and it is larger than the actual cooling. This suggested that the air
layer on the slope was heated due to the turbulence and advection of warm air. On the slope, the air cooled
due to atmospheric radiative cooling flew along the slope to the bottom of the basin. After it flew out, the
warm air flew from upper air layer and replaced, that is, the warm air advected from upper air layer com-
pensated for the cold air flowing off along the slope. Moreover, this replaced air was cooled and flew off
with its gravity. This condition was described as a part of the circulation formed in basins at a clear and
calm night (Mano, 1953, 1956; Vorontsov, 1958: Kimura, 1961; Kudo ¢t /., 1982).




Because of the mechanism as mentioned above, wind speed and air temperature on a slope changed
periodically. Toritani (1985) reported by spectrum analysis that this period is 60-90 minutes. It indicated
that outflow of cold air and inflow of warm air near the earth’s surface on the slope occurred periodically
and its periodicity is 60-90 minutes, and as a result, cooling rate on the slope was lower than that of the bot-
tom of the basin.

Table 6.4 Nocturnal mean values of heat balance components indicated by the variation
of air temperature in the surface inversion layers on and above the slope at
Sugadaira (May, 7-10, 1982).

actual cooling ('C/h) 0.42
radiative cooling (‘C/h) 1.34
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CHAPTER VII

CONCLUSIONS

At clear nights, the air near the ground surface was cooled. Defining the strength of this atmospheric
cooling as cooling rate, it depended mainly on the strength of radiative cooling at the surface indicated by
net radiation, and there was a good correlation between them when wind speed is less than 1.0 m/s. When
cooling rate became high, the air temperature gradient became positive and high values, and this indicated
that the inversion layer of air temperature was formed in the air layer near the surface.

On a plain, the thickness of this inversion layer reaches about 100 m high above ground level. At
Tsukuba, three sub-layers were distinguished in the air layer from the surface to 200 m. The lowest sub-
layer was a strong inversion layer (from the surface to 25 m). The middle sub-layer was a weak inversion
layer (from 25 to 100 m). The upper sub-layer was about neutral stratification and the meso-scale wind
prevails in it (from 100 to 200 m). By computing the heat balance in these air layers, it was made clear that
the time variation of air temperature depended mainly upon radiative cooling, and turbulent and advective
heating in the lowest sub-layer, but mainly upon radiative cooling, and turbulent and advective cooling in
the middle and upper sub-layers.

In a basin, wind speed was lower than on a plain by the “blocking effect”, and a strong surface inver-
sion layer called cold air lake was formed. At Sugadaira, the thickness of the surface inversion layer reach-
ed 70-80 m high. Three sub-layers were distinguished in the same manner as at Tsukuba. The lowest sub-
layer was a strongly stable layer and the air temperature fell down all through the night (from surface to 40
m). The middle sub-layer was a weak stable layer and the air temperature rose temporarily at midnight
(from 40 to 80 m). The upper sub-layer was almost neutral stratification and the meso-scale wind prevailed
in this layer (from 80 to 200 m). By computing the heat balance in these air layers, it was clear that about
60-70 % of atmospheric cooling was radiative cooling, and the other part of the variation of air
temperature was considered to be due to turbulent and advective cooling in the lowest and middle sub-
layers. By the isentropic analysis in the air in the basin, and by the observation results about the vertical
distribution of wind direction and speed, this turbulent and advective cooling in these air layer was con-
sidered to be caused by the air flow from the surrounding slope.

Concerning some topographical characteristics of the cooling rate in the plain, it was high where the
radiative cooling at the earth’s surface is strong, when wind speed is less Lthan 1.0 m/s. On the other hand,
the cooling rate tended to become higher in a basin with high altitude, large inclination of the surrounding
slopes, and broad area size of these slope as compared with that of the bottom of the basin. On these slope,
cold air dropping down air temperature in the basin was formed.

Finally, concerning the difference of the time variation of the air temperature in the surface inversion
layer formed during the night, between on a plain and in a basin, the observed cooling in the basin was
estimated to be about 1.4 times higher than on the plain. In detail, radiative cooling in the hasin was about
1.3 times higher than on the plain, and turbulent and advective cooling in it was about twice higher. This is
because the basin was located in the place with high altitude and had the surrounding slopes which formed
cold air, and because cold air drainage which flew down on the slope and transferred this cold air to the air
layer above the bottom of the basin.
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