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Abstract

An urban heat island (UHI) is a local-scale atmospheric phenomenon observed when the surface
temperature is higher in an urban area than that in the surrounding non-urban areas. The heat island
intensity (HII) defines the temperature difference between the urban and rural areas. The HII is maximized
in nighttime, when a steep horizontal temperature gradient zone (heat cliff) is formed on the rural-urban
boundary. On clear nights with weak wind, the surface temperature in rural areas is reduced by radiative
cooling, and a ground-based inversion layer is formed. Meanwhile, the atmospheric stability near the
surface of urban areas is nearly neutral. The nighttime UHI has been discussed in terms of surface
heat emission and vertical mixing. However, although numerous studies have analyzed the horizontal
air-temperature distribution in urban areas, the vertical potential temperature profile has been rarely
observed. Moreover, in most previous studies of vertical potential temperature profiles over urban
areas, the observations were collected several days. As sufficient analysis of long-term observational
data is lacking, the diversity of atmospheric stabilities (vertical potential temperature gradients) and the
characteristics of their annual and diurnal variations remain unclear. The formation mechanisms of the
heat cliffs formed in the western and eastern parts of the Tokyo metropolitan area are also unclarified.

To bridge these gaps, this study investigates the temporal and annual variations of the vertical potential
temperature profiles over the Tokyo metropolitan area, based on long-term observational data. It then
relates the nocturnal urban boundary layer to the surface air-temperature distribution and the wind system.

This thesis is organized as follows.

Chapter I summarizes the UHI phenomenon and characterizes the nocturnal temperature distribution
in the Tokyo metropolitan area.

Chapter II describes the Tokyo metropolitan area, data, and methods in detail. Prior to analysis, the
temperature values acquired at the Tokyo Tower (TT) were validated. Although the vertical potential
temperature profile in the surface layer should be neutral under strong-wind conditions, the potential
temperatures at some specific heights were approximately 0.5°C higher than those at heights exposed to

the top 2% wind speeds. The potential temperature at each height was statistically corrected in this study.



Chapter III characterizes the vertical potential temperature profiles between 2001 and 2010. Using
cluster analysis, it determines the vertical distribution of the potential temperature gradient under 250
m at each hour, from 18:00 JST (Japan Standard Time) to 08:00 JST of the succeeding day, under clear
conditions with weak winds. The temperature distribution was separated into five categories (clusters
A, B, C, D, and E). The atmospheric stability was neutral from the surface to the upper layer in cluster
A, stable and neutral above and below 64 m, respectively in cluster B, weakly stable from the surface
to the upper layer in cluster C, stable from the surface to the upper layer in cluster D, and strongly and
weakly stable above (to the upper layer) and below 205 m, respectively, in cluster E. Clusters D and E
were absent from May to August. During the nighttime of the summer season, the minimum depth of the
ground-based mixed layer was 250 m, which is consistent with previous numerical simulations conducted
in the Tokyo urban area. From November to February, the frequencies of clusters D and E increased
before midnight and peaked around sunrise. The strongly stable layer in cluster E is thought to be the
stable-layer base over the urban area. The nocturnal mixing-layer height reached ~200 m or higher in
winter, and its ratio (relative to the average building height around the TT) was larger than in other cities.
The increase in stable-layer base height since the 1960s can be attributed to verticalization in central
Tokyo. Enhancement or restraint of vertical mixing and vertical displacement of the stable-layer base are
thought to contribute to temporal transitions in the vertical potential temperature profile at night.

Chapter IV analyzes the relationship between the HII and atmospheric stability in the urban and rural
areas. The atmospheric stability over the non-urban area (ST) was significantly positively correlated with
the HII, as reported in previous studies. The atmospheric stability over the urban area was similarly
correlated with the HII. The HII was more strongly correlated with the potential temperature gradient
difference between the rural and urban areas than with the potential temperature gradient in the rural area.
The amount of excessive nocturnal heat in the Tokyo metropolitan area (TT) relative to the non-urban area
(ST) was estimated from the observational data. After analyzing the heat budget of the air column carried
from the non-urban to urban areas by the nocturnal land breeze, the heating by the downward sensible
heat flux due to vertical mixing was estimated to exceed the upward sensible flux from the urban surface.

This result accorded with previous observational studies conducted in small- or mid-scale cities, and may

Xi



manifest from mechanical processes. Previous studies have postulated neutral atmospheric stability over
urban areas. However, the present study suggests that the stable layer over a non-urban area is preserved,
even when it penetrates the Tokyo metropolitan area.

Chapter V characterizes the temperature distributions and wind systems under the clear nocturnal with
weak wind nights in which both of the large (small) HII days were analyzed. Small HIIs were associated
with dominant northerly winds during the nighttime, whereas large HIls were associated with hourly
wind-direction speed fluctuations in the western part of the Tokyo Wards area. The HII and atmospheric
stability were described in terms of the parameters which were derived from the numerical simulations
of the heat island circulation (HIC). These parameters admitted a regime in which the HIC develops over
the edge of the urban area.

Chapter VI analyzes the relationships between the wind fluctuations and the horizontal temperature
distribution were analyzed from 1-min data collected in a three-night case study. The period of the
wavelike motion (20-50 mins) was 5-10 times longer than that of the Brunt-Viisila oscillation (BVO).
This ratio agrees with the previous observational results of Yokoyama er al. (1981). The wavelike
motions were assumed as gravity waves (GWs) generated by the convergence of two wind flows: the
northerly wind passing over urbanized areas such as Saitama, and the westerly cold current. The GW
moved eastward from Fuchu to the Nerima Ward. The wind and temperature fluctuations were explained
by vertical mixing between the upper neutral warmer layer and the surface-stable cooler layer. When
the heat cliff was formed, wavelike motions developed in the western part of the Tokyo Wards area, but
were absent in the central urban area. This boundary was consistent with the heat cliff. The GW was
likely dispersed around the central urban area. The atmospheric stability probably changes between the
Suginami and Shibuya Wards. At the TT, the fluctuations of potential temperature above 169 m increased
when the westerly wind arrived. These fluctuations suggest a downward sensible heat flux from the
elevated inversion layer to the surface layer. The wavelike motion sometimes occurred in the urban area.
In these cases, the arriving westerly wind raised the potential temperature gradient, and the heat cliff
became unclear. It is suggested that the stable westerly wind penetrated into the urban area.

Finally Chapter VII summarizes our findings and suggests future research topics.
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Chapter I Introduction

1 Background of UHI

An urban heat island (UHI) is a local-scale atmospheric phenomenon observed when the surface
temperature is higher in an urban area than in the surrounding non-urban areas. UHIs largely impact on
human health and plants. For example, plants flower earlier in urban than in rural areas. Cities lower the
spatial heating costs but increase the spatial cooling requirements, increasing the heat stress on human
residents in summer (Oke ef al. 2017). Oke (1982) derived the horizontal cross-section of temperature
in and around typical near-surface UHIs. A steep horizontal temperature gradient zone, called a heat
cliff, is formed on the rural-urban boundary (e.g., Oke 1982; Oke 1987; Kuttler ef al. 2015). Within
the urban area, the horizontal temperature gradients are small and are called a plateau. The temperature
is maximized in the city core. The heat island intensity (HII) is defined as the temperature difference
between an urban and a rural area. The HII follows a diurnal cycle (Oke and Maxwell 1975; Oke 1982)
with a daytime minimum. As the daily maximum of the cooling rate is larger in a rural area than in an
urban area, the HII rapidly increases several hours prior to sunset, reaches its maximum in the nighttime,
and decreases after sunrise.

Schematic of the typical layering of the atmosphere over a city at night is shown in Fig. 1. To understand
atmospheric stability, some researchers adopt the potential temperature rather than the air temperature
(Oke et al. 2017). Potential temperature gradients can be neutral (Af/Az=0), unstable (Af/Az<0), or
stable (A#/Az>0). In rural areas, radiative cooling reduces the surface temperature on clear nights with
weak winds, forming a ground-based inversion layer. Therefore, this layer is stable (called a nocturnal
stable layer in Fig. 1). On the other hand, ground-based inversion layers are rarely formed over urban
areas at night, and the near-surface atmospheric stability, which is affected by heating from the surface
and vertical mixing, is nearly neutral. This layer is called a nocturnal urban boundary layer (Godowitch
et al. 1985; Oke 1982; Oke et al. 2017).

The near-surface thermal structure of the nighttime UHI has been discussed in terms of the vertical

sensible heat flux and the vertical potential temperature profile (see Fig.2): 1) the upward sensible heat



flux from the urban surface from which the nocturnal potential temperature decreases is suppressed
due to the existence of anthropogenic heat, weak radiative cooling (a small sky view factor), and the
release of stored heat in surface constructs (Oke 1982), and 2) the occurrence of downward sensible
heat flux is caused by vertical mixing of the surface inversion layer due to the large urban roughness
(Tamiya and Ohyama 1981). Although both processes should increase the potential temperature in the
near-surface layer, the downward sensible heat flux reduces the potential temperature in the upper layer
through mechanical mixing, which conserves the heat in the mixed layer. Both processes thus affect
the vertical potential temperature profiles. According to observational studies in small- and mid-scale
cities, mechanical vertical mixing might contribute more conspicuously to nighttime UHI formation than
heating from the urban surface (e.g., Sakakibara 2001).

Previous studies also showed that a layer with a large vertical potential temperature gradient, called an
elevated inversion layer, is formed above the nocturnal urban boundary layer (Bornstein 1968; Yokoyama
et al. 1974; Uno et al. 1988; Kono et al. 2010). The sensible heat is transported downward from this
layer to the surface layer (Uno et al. 1988), increasing and decreasing the potential temperatures in the
lower and upper layers, respectively (Sparks and Toumi 2015). Therefore, an elevated inversion layer
is regarded as an important phenomenon in UHIs (Nakagawa 2011; Sakakibara and Nakagawa 2011).
Because the Af/Az is higher over rural areas than that of urban areas, the nighttime potential temperature
difference between urban and non-urban areas decreases with height. The nighttime potential temperature
difference between urban and non-urban areas decreases with height and vanishes at a height called the
coincident point. Above the coincident point, the potential temperature is lower in urban areas than in
non-urban areas. This phenomenon, known as crossover (Bornstein 1968), occurs at around the height
of the elevated inversion layer. In general, the mixed layer over an urban area is shallower at night than
during the day. During nighttime, the boundary layer is more susceptible to heating from the surface and
mechanical mixing than in daytime (Bohnenstengel ef al. 2011). Therefore, the vertical structure of the
potential temperature is important for understanding the near-surface thermal environment.

Nocturnal tower-observation data in Beijing, China, recorded a ground-based inversion layer in the

1980s, which disappeared in the 1990s and 2000s (Yu et al. 2013). Yu et al. (2013) attributed this



change mainly to urbanization. Numerical simulations indicate that the mixed layer over an urban area at
night rises from the ground to hundreds of meters (Saitoh et al. 1996; Kusaka and Kimura 2004; Japan
Meteorological Agency (JMA) 2013). Using a two-dimensional mesoscale model, Martilli (2002) found

that increasing the building height in urban areas raises the base height of the elevated inversion layers.

2 Nocturnal temperature distribution in the Tokyo metropolitan area

The Tokyo metropolitan area is among the most intensively urbanized areas in the world (Figs. 3 and 4).
Numerous studies have analyzed the horizontal air-temperature distribution in this area (e.g., Yamashita
1996; Yamazoe and Ichinose 1994; Takahashi et al. 2014). For instance, Takahashi et al. (2014) derived
the nocturnal temperature distribution with several heat cliffs formed in the metropolitan ward area. The
heat cliffs appeared several hours before and after sunset, and were gradually enhanced near sunrise.
These zones start from the southern part of Saitama Prefecture, they appeared through the border between
the Nerima and Itabashi wards, Toshima, Shinjuku, and the area stretching from western Setagaya to the
southwest. In European and American cities, heat cliffs are formed on the rural-urban boundaries (Oke
1987). However, the rural-urban boundary in the Tokyo metropolitan area (e.g., the Suginami Ward) is
difficult to define. Yamashita (1990) suggested that the expansion of the Tokyo urban area, referred to
as urban sprawl, affects the temperature distribution. Heat cliffs were reported at similar locations in the
western part of the Tokyo metropolitan ward area in the 1990s and 2000s (Yamashita 1996; Takahashi
et al. 2014). However, why heat cliffs are formed at the western part of the Tokyo Wards area remains
unclear.

The Tokyo Tower (TT) is a communications tower in the Minato Ward district of the central Tokyo
urban area. Meteorological data (e.g., temperature, wind speed and wind direction) have been recorded
at several heights by the stationed air pollution monitoring systems (APMS) of Tokyo since the 1960s. In
a case study in November of 1963, Ohta (1966) revealed an elevated inversion layer at approximately 150
m above ground level (AGL) in the morning. By the way, when vertical temperature profiles are observed

from towers and buildings, the measurements are affected by solar shortwave heating and radiative cooling



of the tower-body surface. Especially, the effect of shortwave heating cannot be ignored during daytime
hours (Yamazaki et al. 1971). In contrast, during nighttime hours, the vertical temperature profiles
(relative to the surface air temperature and depth of the ground-based inversion layer) are consistent
among tower observations, tethered-balloon measurements (Yamazaki et al. 1971) and infrared spectro-
radiometer data (Yokoyama 1980). Therefore, from the observational data at TT, we can characterize the

nocturnal vertical temperature profile over the urban Tokyo area.

3 Purpose and composition

The above studies have elucidated the UHI phenomenon. However, three problems are listed as follows.
Firstly, whereas the horizontal air-temperature distribution in urban areas has been extensively reported
(e.g., Oke 1982; Yamashita 1996; Takahashi et al. 2014), the vertical potential temperature profile
remains undefined. In most of the existing studies on vertical potential temperature profiles over urban
areas, the observations were limited to several days. Sufficient analysis of long-term observational data
is lacking. Therefore, the diversity of atmospheric stabilities (vertical potential temperature gradients),
the vertical potential temperature profiles, and the characteristics of their annual and diurnal variations,
remain largely unknown. Next, observational studies in small-cities have reported a positive correlation
between the HII and the ground-based vertical potential temperature gradient at rural areas (Sakakibara
2001; Nakagawa 2011). These studies assume neutral atmospheric stability in urban areas. However, the
relationships between atmospheric stability in urban areas and HII is still unclear. Finally, heat cliffs are
formed in the western and eastern part of the Tokyo metropolitan ward area. However, its mechanism
remains unclear.

This study aims to characterize the near-surface vertically structured UHIs in terms of their nocturnal
potential temperatures, and their relationships to atmospheric fields within the urban area. The frequencies
and variations of these features are revealed in the long-term continuous observational data. The remainder
of this study is structured as follows. Chapter II describes the study area, the Tokyo metropolitan area,

the data, and the analysis methods. The temperature values at the TT were validated prior to analysis.



Chapter III analyzes the near-surface UHIs by deriving the vertical potential temperature profiles around
the TT, and Chapter IV analyzes the relationship between the atmospheric stability and HII. In the latter
analysis, the TT data are supplemented by observations at Sky Tower West Tokyo (ST), located in a
non-urban area of western Tokyo. Chapter V categorizes and analyzes the temperature and wind fields
under the clear nocturnal with weak wind nights. Chapter VI analyzed a case study of two nights with
a wavelike structure of wind and one night with no wave behavior. Finally, conclusions are given in

Chapter VIIL.



Chapter II  Study area and methods

1 Study area and typical building height around the Tokyo Tower

The Kanto Plain is the largest plain in Japan (Fig.3). The plain is bounded on the north and west
by high mountains and on the south and east by the Pacific Ocean. The south and west of the Tokyo
metropolitan area are adjacent to Tokyo Bay and the Kanto mountains, respectively. In nighttime, several
local wind systems such as westerly mountain breeze and northerly land breeze develop over the area
(Takahashi 1998).

The Tokyo wards (within thick red line in Fig. 4) has a population of approximately 9.3 million in an
area of 626.7 km? according to the census in 2015. In this area, daytime population density in each ward
area is larger than 10,000 km~2, especially the values in the Minato, Chiyoda, and Chuo wards area are
larger than 40,000 km~2. These three areas locate around the TT.

Figure 5 shows historical changes in the number of buildings with at least 4 stories and at least 16 stories
in the three wards . In 2005, the number of buildings with at least four stories was double that in 1975.
Additionally, the number of buildings with at least 16 stories accelerated after 2000. Such increases in
building height have probably affected the vertical temperature profile. To our knowledge, few studies
have investigated the urbanization effect in this area.

Figure 6 shows the distribution of building heights around the TT, and the locations of the TT and
the Tokyo District Meteorological Observatory (Otemachi). The building heights were defined based
on the altitude of the Digital Surface Model (DSM, measured in December 2000) by Pasco Co., Ltd.
and published by the Geospatial Information Authority of Japan (GSI). The former altitude data includes
building heights. The GSI data, with a horizontal interval of 5.0 m, were interpolated to 2.5 m intervals
to coincide with the DSM data. Where the altitude difference between DSM and GSI exceeded 4.5 m, the
grid region was defined as a building region. The maximum building height in the 50-m? area (comprising
20x20 grid squares) was defined as the typical building height in the grid. Where the calculated building
height exceeded the building height in 2000 (Osawa 2008), the grid region was removed. Most of the

multi-story buildings (> 100 m high) are located in the Shinjuku, Shibuya, and Chiyoda Wards. To obtain



the typical building height in the area, Fig. 7 shows total area covered by the buildings in each height
range within 5 km of the TT (circled area in Fig. 6). The results, including the collective area of buildings
over 200 m high, are summarized in Fig. 7. Most of the buildings in this area are between 10 and 50 m
high, and the average building height is 29.6 m. This height was assumed as the typical building height

around the TT in the 2000s.

2 Data

The potential temperature profile and the atmospheric weather conditions in the urban area were
derived from the temperature data at selected heights of the TT (4 m, 64 m, 103 m, 169 m, 205 m,
221 m and 250 m AGL), and the wind speeds, WDs, cloud amounts and precipitation data at the Tokyo
District Meteorological Observatory from 1991 to 2017. The observation height at 221 m was reduced
to 205 m in 1996. Meanwhile, the air-temperature distribution and the wind system were determined
from temperature data at 133 APMS stations, the wind speeds and directions at 293 APMS stations,
and the temperatures, wind speeds, and directions at 76 stations of the Automated Meteorological Data
Acquisition System (AMeDAS) developed by JMA. In this study, the 3-hourly values were used for
the cloud analysis, and the hourly values were used for all other analyses. The distributions of the
above-mentioned observatories are shown in Fig. 3.

To obtain the vertical temperature profile in the non-urban area, temperature data loggers (T&D Co.
Ltd., TR-52) with natural ventilation radiation shields were installed at various altitudes (10 m, 20 m, 40
m, 60 m, 90 m, and 125 m AGL) on the ST (approximately 20 km northwest of the TT). Temperatures
were measured at 10-minute intervals from November 17 of 2016 to February 28 of 2017. To smooth the
temporal profile, two T&D loggers with a 5-minute time lag were also installed at each height. Every three
data points (spaced at S-minute intervals) were averaged for the analysis. However, after mid-December
of 2016, the 5-minute interval data at some heights became unavailable due to a thermometer malfunction.
At these times, three data points spaced at 10-minute intervals were averaged for the analysis. The data at

60 m were also missing after this date. Wind speeds at the ST (45 m, 80 m, 115 m, and 151 m AGL) were



measured every 10 minute by Tanashi Tower Co., Ltd. The detail temporal variations of air-temperature
and wind were derived from the temperature data at 4 POTEKA stations (Meisei Electric Co. Ltd.),
47 APMS stations in Tokyo and 4 AMeDAS stations, and from the wind speed and direction data at 85
APMS stations and 5 AMeDAS stations. The data analysis employed the APMS and POTEKA values
acquired every minute, and the AMeDAS values acquired every 10 minutes. The distributions of the
above-mentioned observatories are shown in Fig. 4.

The ST and TT stand 63 m and 21.5 m above sea level, respectively. In this study, the potential
temperature at the ST is defined as the temperature of an air parcel brought to the ground surface at the
TT via the dry adiabatic lapse rate (I'd O 0.976 °C100 m~!). The vertical potential temperature profiles
at the TT and ST supposedly represent the atmospheric conditions at the urban center and in non-urban
areas, respectively.

The temperature values at the TT were measured at the western side of the tower (Tokyo Metropolitan
Government (TMG), 1966) using a platinum temperature-measuring resistor (TMG, 2008). The wind
observation at the Tokyo District Meteorological Observatory was moved from Otemachi to Kitanomaru
Park in November of 2007, where the observational height reduced from 75.4 m to 35.1 m. Hereafter,
Period-1 defines the period between April 1 of 1991 and October 31 of 2007, and Period-2 proceeds from
November 1 of 2007. Throughout the whole analysis period, the location is referred to as Otemachi.
When selecting cases by wind speed at Otemachi, the threshold values were defined to ensure a consistent

extraction ratio (Period-1, 2).

3 Validation temperature values at Tokyo Tower

In this study, the vertical potential temperature profile up to 250 m at TT was determined from the
temperature values at five selected heights. For this purpose, the temperature differences at each height
must be accurately observed. The vertical potential temperature profile in the surface layer is expected
to be neutral under strong-wind conditions. To validate the temperature values, the vertical potential

temperature profile under strong-wind conditions during two periods were checked:April 1991 to March



2015, and April 2016 to March 2017.

We first checked the values between April 1991 and March 2015. During this period, the temperature
data at 103 m were excluded because they were missing from 2006 to 2013. The hours from 18:00
JST to the next 08:00 JST (when the ground surface, tower, and ventilation radiation shields were little
affected by solar radiation) were classified as strong-wind hours. To prevent raindrop accumulation on the
temperature-sensitive part under the strong winds, we selected the non-precipitation hours, during which
the accumulated precipitation over the previous three hours was equal to 0.0 mm. Strong-wind hours were
decided by setting threshold values of average wind speed over the previous three hours. Considering that
the threshold wind speeds must break the surface stable layer and yield statistically significant numbers
of strong-wind events, they were set to 7.0m~! in Period-1 and 6.5m™! in Period-2. The threshold
values correspond to the top 2% of non-precipitation hours in each period. As a result, 1459 hours were
selected as strong-wind hours during April 1991 and March 2015. Hours other than strong-wind hours
were classified as weak wind hours.

To check the uniformity of the vertical potential temperature and the inter-annual change under strong-
wind conditions, we calculated the potential temperature difference at 169 m during the strong-wind
hours. The average temperature differences and number of strong-wind hours are plotted as time series in
Fig. 8. In this figure, fiscal year were defined as the year, for example, 2010 indicates the period from April
1, 2010 to March 31, 2011. From 2001 to 2010, the potential temperature difference remained almost
constant, but the slightly varying trends during the 1990-2000 and 2011-2013 periods are thought to be
anomalies caused by instrument replacement and errors associated with gradual deterioration. Therefore,
the period from 2001 to 2010 was selected as the target period.

Figure 9 is a wind-rose diagram at Otemachi. Plotted are the directions of the strong winds during
the 2001-2010 period. Strong winds prevailed in the southwest and north—northwest directions. As the
temperature instruments are located on the windward side, they should be little affected by the tower
body. During the target period, the potential temperature was approximately 0.5°C higher at 64 m than at
the other heights, even under strong-wind conditions. Meanwhile, the potential temperatures at 4 m, 205

m and 250 m were almost constant (0.1°C) throughout the target period (Fig. 8). Therefore, the average



potential temperature (f) at these heights was assumed as the true value; that is, the vertical potential
temperature profile was assumed to become uniform during strong-wind hours. Figure 10 presents scatter
plots of the § versus measured potential temperatures at each height under strong (red) and weak (gray)
wind conditions. The variances are clearly smaller during strong wind-speed hours than during low wind-
speed hours. The regression coefficient is almost one at each height, and the RMSEs are approximately
0.1°C. The difference between the measured and 6 (the constant term of the regression formula) is less
than 0.1°C at all heights except 64 m (where the difference increases to ~0.5 °C). In addition, as the
relationship remains unchanged in different temperature zones (that is, the deviation from the regression
line is invariant with respect to temperature level), linearity is presumed to be maintained. Therefore, the
potential temperature at each height was statistically corrected based on regression formula. Even when
the wind was divided into south (S—-SSW-SW) and northward (NW-NNW-N) directions, the corrected
values, which varied between —5°C and 35°C in high winds of both directions, were consistent within
0.1°C and were uninfluenced by the WD.

The values between April 2016 and March 2017 were also checked, but the temperature data at 103
m were included in this period. 38 hours were selected as strong-wind hours by the above-mentioned
method. The air temperatures at the TT were corrected by the above-described method using the strong-
wind hours between April 1 of 2016 and March 31 of 2017, but the way of obtaining § was altered as
follows. Figure 11 shows the difference in potential temperature (A#) during strong-wind hours from that
at 169 m during this period. The average A# values at 4 m, 205 m, and 250 m were nearly 0.0 °C. The
potential temperature was 0.2°C higher at 64 m and 103 m than at 169 m. Therefore, 6 during this period
was defined as the average of the values at 4 m, 169 m, 205 m, and 250 m. Figure 12 presents scatter plots
of 0 versus measured potential temperatures at each height during the strong-wind hours. Consequently,

the potential temperature at each height was also statistically corrected based on regression formula.
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4  Selection of clear nights with weak winds

Clear nights with weak winds over the observation period were selected by consulting the weather
conditions at Otemachi based on Takahashi et al. (2014). First, a clear night was identified when the
accumulated precipitation from 18:00 JST to the next 08:00 JST was equal to 0.0 mm, and the average
cloud cover at 18:00 JST, 21:00 JST, the next 03:00 JST, and 06:00 JST was < 2.0. Second, a weak-wind
night was identified when the average scalar wind speed from 18:00 JST to 08:00 JST was < 3.0 ms™*
during Period-1, or < 2.7 ms~! during Period-2. The threshold wind speeds correspond to the lower
70% of clear days in each period.

By this process, 291 cases were selected as clear, weak-wind nights between 2001 and 2010 (see Table
1). Such cases were more frequent in the cold season than in the warm season. Six cases with missing
temperature observations at TT were removed. Figure 13 is a wind-rose diagram of the weak winds
on clear nights in Otemachi at 18:00 JST and the next 06:00 JST. On sunny days with low winds in
central Tokyo, a southerly sea breeze develops in the daytime and a northerly land breeze develops in the
nighttime (Fujibe and Asai 1979). Therefore, the selected cases are assumed as typical cases of clear,
weak-wind days.

By the same method, an additional 18 clear nights with weak winds were selected from November 17

of 2016 to February 28 of 2017 (see Table 2).

5 Classification of vertical potential temperature

To characterize the vertical potential temperature and its temporal variations, the vertical profiles of
potential temperature gradient were classified in each hour (totaling 4365 hours) from 18:00 JST to the
next 08:00 JST on 291 clear days with weak winds (Table 1). The potential temperature gradient -y; ;
given by

O — O

i = 100, 1
Ve, Zir — Zi X (1

where Z; is the observational height (m) (Z; < Z;;1) and 0, ; is the potential temperature (°C) at Z; at
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time ¢. A cluster analysis of v; ; is performed by Ward’ s method. The calculation is

N
Da,b = Z \/ ('Va,i - ’yb,i)2- (2)
=1

The cluster number was defined from a dendrogram when the total variance was strongly reduced at

this level of division.

6 Heat budget analysis

The amount of excessive heat (()) below the coincident point (H) is given by Eq. (3):

H
Q= pcp/ (Hu,z - Hr,z)dzy 3)
0

where 0, . and 0,. ., z are the potential temperatures at z(m AGL) in the urban and rural areas, respectively,
p is the mean air density (1.1 kg m~3) between the surface level and H, and C,, is the specific heat capacity
of air at constant pressure (1,004 J kg=! K—1),

In this study, we assumed that the air column moved from rural area to urban area. The heating rate
of the air column (@) g ) is obtained by dividing the @) by the total travel time. The heat budget in an air
column can be calculated by either of two methods: the Eulerian method (Sugawara et al. 2015) or the
Lagrangian method (Yoshikado et al. 2014). In the Lagrangian approach, the (Qf; on a clear night with

weak winds is given by

QH = Qs + Qe + Qrad + Qanta (4)

where Q) s, Qc, Qraq, and Q¢ are the sensible heat flux from the surface, the downward sensible heat flux
due to mechanical mixing, radiation heating, and the anthropogenic heat supply, respectively. Positive

value in each term indicates that heat is added to the considered air volume.
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7 Wavelet analysis

Wavelet analysis has been used previously to examine temporal variations, such as pressure and wind
in nocturnal boundary layer (e.g., Viana et al. 2009). A time series can be simultaneously decomposed
in a two-dimensional time—frequency domain by this method, providing unique advantages over other
time-series analysis techniques, such as the fast Fourie transform. In this study, continuous wavelet
analysis was employed on one-minute time-series of wind component and temperature measured by
APMS, respectively.

The wavelet transform of the time-series f at the scale s and time ¢ is defined as

Foo = / S (), )

where the asterisk means complex conjugation and W, ;(¢) is the wavelet function which is generated by
scaling and shifting a mother wavelet W () along the time-series. The normalizing factor C'y depends on

the shape of the wavelet function:

00 T 2
Co = 21 /_ (“PE)’ it ©)

with \il(f ) being the Fourier transformed mother wavelet. In this study, the Morlet function was chosen

as the mother wavelet (Viana er al. 2009).
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Chapter III  Characteristics of vertical potential temperature profile at Tokyo Tower
1 Characteristics of vertical potential temperature profile at Tokyo Tower

1.1 Classification of vertical potential temperature profile at Tokyo Tower

The dendrogram resulting from the cluster analysis is shown in Fig. 14. The cluster number was set
to 5 (N = 5), because the total variance was strongly reduced at this level of division. Consequently,
the vertical potential temperature distribution was separated into five categories: cluster A (1782 hours),
cluster B (831 hours), cluster C (1184 hours), cluster D (372 hours) and cluster E (196 hours).

Hereafter, the atmospheric stability -y (°C 100 m—!) is defined as neutral (-0.5 < v < 0.5), weakly stable
(0.5 <~y <1.0), stable (1.0 <~y <2.0), or strongly stable (2.0 <) (Aikawa and Hiraki, 2009). Panels
(a) and (b) of Fig. 15 show the vertical profiles of the potential temperature gradient and the potential
temperature offset from 250 m (A#), respectively, in each cluster. In cluster A, the atmospheric stability
was neutral from the surface to the upper layer. The other clusters were characterized as follows: a stable
(neutral) layer was formed under (over) 64 m (Cluster B), a stable (weakly stable) layer was formed over
(under) 205 m (Cluster C), a stable layer (1.0—y—1.5) was formed from the surface to the upper layer
(cluster D), and a strongly stable (weakly stable) layer was formed over (under) 205 m (cluster E). Note
that the atmospheric stability below 250 m was neutral or weakly stable (0.0—y—1.0) in clusters A, B, and
C. In cluster E, the atmospheric stability was weakly stable and similar to that of cluster C under 169 m,
but abruptly increased above this height. Between 205 and 250 m, the average and maximum ~ were 3.4
°C 100 m~*! and 9.8 °C 100 m—1, respectively.

In the vertical profiles of potential temperature gradient, the potential temperature difference between
250 m and 4 m was higher in cluster A than in cluster B, and higher in cluster B than in cluster C. In

cluster E, Af was higher than in cluster D at 4 m, and lower than in cluster D at 169 m and 205 m.

1.2 Seasonal and temporal variations of vertical potential temperature

The monthly relative appearance frequencies of the five clusters are shown in Fig. 16. The appearance

frequency of each cluster shows clear seasonal changes. For instance, clusters D and E (characterized by
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a stable layer below 250 m and a strongly stable layer above 250 m, respectively), frequently appeared in
November, indicating that they emerged mainly during the cold season. Conversely, cluster A frequently
appeared in the May—August period (although warm-season cases were much rarer than cold-season
cases; see Table 1). In July, the frequency of cluster A reached approximately 70%, and clusters D and E
were absent during the March—August period. Cluster C, with a weakly stable layer formed under 250 m,
was relatively rare in July and August, and common in December and January. The frequency of cluster
B was consistent throughout the year.

Based on the above monthly changes, the cases were separated into summer (May—August: 35 days)
and winter (November—February: 176 days). Figure 17 shows the nocturnal temporal variations in the
relative appearance frequencies of the respective clusters. In summer (Fig. 17a), the frequency of cluster A
exceeded 80% between sunset and midnight, whereas that of cluster C gradually increased after midnight.
Even around sunrise, clusters A and B together comprised around 70% of the instances, and clusters D
and E were absent during nighttime. In winter (Fig. 17b), cluster A comprised approximately 70% of the
instances until 20:00 JST, but under 10% around sunrise. On the contrary, the frequencies of clusters D
and E increased before midnight, and were maximized at 27% and 17%, respectively, around sunrise. The
sunrise period was dominated by cluster D. The frequency of cluster B was approximately 20% through
the nighttime. In summer, a stable layer was sometimes formed at the bottom of the TT (under 100 m),
but the nighttime period was typified by a neutral or weakly stable layer formed below 250 m. In winter,
a stable layer (y ~ 1 °C 100 m~1) or strongly stable layer (v ~ 3 °C 100 m~!) was sometimes formed
below 250 m or above 250 m around the sunrise period. The v under 169 m was similar in clusters C
and E. Above 205 m, the vy increased in both clusters. Therefore, in some cases of cluster C, a strongly
stable layer was formed above 250 m, as observed in cluster E. Cluster C was six times more frequent
than cluster E (1184 h vs. 196 h). A strongly stable layer in the upper layer in cluster C suggests that
the climatological height of the stable layer in the Tokyo urban area generally exceeds 250 m, the highest
observation point at the TT. However, clusters C and E, in which a strongly stable layer was formed under
250 m, were not observed in summer. Therefore the stability change below 250 m was smaller in summer

than in winter.
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Focusing on clusters D and E, we then analyzed the temporal variation of the vertical potential

temperature profile in winter (November—February).

1.3 Vertical potential temperature in winter

During winter, the frequencies of clusters D and E increased after midnight. When a cluster D or
E occurred during 03:00 JST to 06:00 JST, and lasted for at least one hour, the case was selected for
analysis. Ultimately, 74 cases of cluster D and 45 cases of cluster E were selected. Among these, 27
cases included both clusters. The cases including clusters D or E were classified into their respective
groups, and cases common to both groups were assigned to both groups. The temporal cluster changes
in each group were then determined. For example, A—B indicated a change of cluster A to cluster B.
This analysis included all types with frequencies exceeding 10% for at least one hour. Five patterns of
unchanging clusters and nine patterns of changing clusters were finally selected. Figure 18 presents the
nocturnal frequency variations indicating the temporal changes in the clusters.

In group D (E) comprising cluster D (E), the frequency of D—D (E—E) cases increased after midnight
(Fig.18a, d), eventually accounting for almost all cases. Therefore, the nights were divided into two
categories in which cluster D or E persisted throughout the night.

In both D and E groups, D—E were moderately frequent, but C—D and C—E were frequent in clusters
D and E, respectively (see Fig.18b, e). Meanwhile, D—C were frequent in group D, and E—D and E—C
were frequent around sunrise in group E. The frequencies of A—B, B—C and A—C were similar in both
groups from sunset to midnight. The A—A, B—B and C—C instances were also similar in groups D and
E. Nights in which the cluster changed from A or B to E or D were very few. Therefore, it was assumed
that clusters D and E appear via cluster C.

Thus, in winter, the cluster transits from A— (B—) C during sunset to midnight. In the midnight to
sunrise period, the nights are divided into group D (signified by a cluster change from C to D) and group
E (signified by a cluster change from D to E). In Group D, a strongly stable layer is formed under 250 m,

and Group E features a strongly stable layer above 200 m. Instances of D—E and E—D changes are also
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evident (Fig.18b, c, e, f).

2 Temporal variation of vertical potential temperature in winter

At some heights, the potential temperature gradient changed during a cluster transition. This suggests
that the amount by which the potential temperature changes depends on the height. Therefore, this section
analyzes the potential temperature changes at each height in high-frequency cases of clusters C, D, and
E after midnight. The results at each height during the 24:00-06:00 period JST are presented in Fig. 19.
Plotted are the height versus rate of potential temperature change during (a): C—D changes (69 hours),
(b): C—E (49 hours), (¢): D—E (35 hours), (d): D—C (32 hours), (¢): E—C (27 hours) and (f): E—D
(28 hours). Between midnight and sunrise, the temperature declined in a time- and height-dependent
manner. Therefore, the average hourly change in the potential temperature at each height and time was
computed for all winter nights with clear skies and weak winds. The vertical distribution of the potential
temperature change was obtained by subtracting the average change in potential temperature at a given
time and height from the potential temperature change from time ¢ to time ¢ + 1 in each case. Figure 19
shows the rate of potential temperature change and its anomaly from the average rate of change.

The positive/negative values of the change rates of potential temperature in the upper and near-ground
layers differ in the C—D and D—C cases (Fig. 19a, d). In a C—D, the atmospheric stability increases
under 250 m, so the potential temperature increases in the upper layer and slightly decreases toward the
ground. On the contrary, in a D—C, the potential temperature decreases in the upper layer and increases
toward the ground. As the atmospheric stability changes from stable to weakly stable during a D—C
change, such a change likely occurs by enhanced vertical mixing. On the other hand, if vertical mixing
is suppressed over an urban area, the potential temperature difference between the upper and lower layers
is increased by the relatively high potential temperature in the upper layer. Therefore, during a C—D
(D—E), the atmospheric stability under 250 m is increased (decreased) by the suppression (promotion)
of vertical mixing at the surface layer.

Panels (b) and (e) of Fig.19 show the changing vertical potential temperature profiles during C—E and
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E—C events, respectively. An elevated inversion layer is formed over the mixing layer in urban areas,
suggesting that the potential temperature gradient increases through vertical mixing (Ohara et al. 1989;
Kikuchi 1993). The C—E and E—C changes little affected the potential temperature at heights below 169
m, but remarkably increased and decreased the potential temperature, respectively, at 250 m. Therefore,
a C—E (E—C) corresponds to an increased (decreased) bottom height of the elevated inversion layer (the
mixing-layer height, Uno et al. 1988; Martilli 2002).

In Fig.19, the potential temperature at 205 m and 169 m markedly decreased (increased) during a D—E
(E—D) change. The D—C and C—E changes are assumed to promote vertical mixing and decrease
the mixing-layer height, respectively. Conversely, the C—D and E—C changes are thought to suppress
vertical mixing and increase the mixing-layer height, respectively. These scenarios are summarized in
Fig. 20 (a), which plots the height dependence of the change in the vertical potential temperature. The
potential temperature change is slightly smaller than in Fig. 19. The potential temperature noticeably
decreased at 205 m (D—C and D—E changes), or increased at 169 m and decreased at 205 m (C—D
and E—C changes). The vertical profiles of potential temperature changes follow similar trends. Figure
20 (b) shows the height dependence of the change in vertical potential temperature in cases of vertical
mixing suppression (C—D) with increased mixing-layer height (E—C), and in cases of promoted vertical
mixing (D—C) with decreased mixing-layer height (C—E).

In summary, the vertical structure of the nocturnal potential temperatures under 250 m in the central
Tokyo area is governed by suppression (promotion) of vertical mixing, which increases (decreases) the
height of the mixing layer (extending from the bottom of the elevated inversion layer to the upper layer).
After midnight, the change of cluster C to cluster D (group D), and the subsequent change of cluster C to
cluster E (group E), suggest that suppressed vertical mixing and lowered bottom of the elevated inversion
layer are different phenomena that occur under independent conditions. However, the temporal variation
of the vertical potential temperature becomes more complicated when two or more cases coincide in time.

The surface inversion layer was formed before sunset. When northern winds penetrated the observa-
tional area, the inversion layer was elevated (above 50 m) and a ground-based isothermal layer was formed

(Kikuchi 1993). The vertical potential temperature profile was altered in half of the similar wind-field
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cases. Moreover, the temporal variation of the vertical structure of potential temperatures corresponded
with that of the wind system. This suggests that the temporal variation of the wind system affects the
temporal variations of groups D and E.

Numerous observational studies have monitored the temporal variations of boundary layer phenomena
such as radiative cooling (Kondo 2001), the penetration of land breezes and local fronts (Ohara e al. 1989;
Kikuchi 1993), and the temperature fluctuations caused by Kelvin—Helmholtz billowing with periods of
several minutes in the elevated inversion layer (Uno ef al. 1992). In this chapter, the temperature data
were hourly, precluding observations of these sub-hourly fluctuations. Chapter V and Chapter VI will

analyze the shorter time-scale fluctuations in data with higher temporal resolution.

3 Comparison of observed and simulated vertical potential temperatures

Observations and numerical simulations show that the atmospheric conditions over urban areas are
better mixed at night than during the day, stabilizing the upper layer. Table 3 shows the nocturnal
potential temperature gradients in the surface layer and the elevated inversion layer, along with the height
of the inversion layer, obtained in various observations and numerical simulations of urban areas such as
Tokyo. Where the potential temperature gradients or the heights of the elevated inversion layer (mixed
layer) were not described in the papers, their values were estimated from the figures. As all papers report
a stronger potential temperature gradient in the upper layer than in the surface layer, the height of the
elevated inversion layer is confirmed as the height of sudden increase of the potential temperature gradient
(Uno et al. 1988; Martilli 2002). The potential temperature gradient between 205 and 250 m in cluster E
(2.7-9.8 °C 100 m~1) corresponds to the observed potential temperature gradient in the upper layer. In
winter, the bottom of the elevated inversion layer is formed at approximately 200 m.

In summer, clusters A and B accounted for approximately 70% of the cases around sunrise, and cluster
E was absent (Fig.17). Therefore, the mixed layer height, which exceeds 250 m, is considered to remain
constant throughout a summer night. Previous numerical studies on the Tokyo area reached the same

conclusion (e.g., JIMA 2013).
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The potential temperature gradient in the upper layer is usually stronger in observations than in
numerical models. For example, the potential temperature gradient in cluster E of the present study was
larger than that obtained by Saitoh et al. (1996), who also studied the Tokyo urban area. In our study, the
atmosphere of the surface layer was weakly stable (not neutral) in cluster E, and was sometimes stable
in cluster D (> 1 °C 100 m~1). Such atmospheric stability has been reported in previous observational
studies (e.g., Yokoyama et al. 1974; Uno et al. 1988), but numerical studies yield a neutral atmospheric
stability with a near-zero potential gradient, even around sunrise (Saitoh et al. 1996).

Consistent with other studies, the present study observed a strongly stable layer at tens-to-200 m over
the Tokyo urban area in winter. However, the strongly stable layer at similar heights is absent in numerical
studies.This discrepancy is usually attributed to vertical resolution and parameterization limitations, but
the potential temperature gradients in the surface and upper layers undoubtedly differ between observations
and numerical simulations. In particular, observational studies yield a higher atmospheric stability in
the surface layer than numerical studies. In some cases, the above-surface layer is also more stable in

observational than in numerical studies.

4 Difference of mixed layer height between the present and past

Between the 1960s and 1980s, the nocturnal mixed layer height over the Tokyo urban area in winter
was determined as 75-200 m (see Table 3). In the present study, this height ranged from 205 m to 250 m
or higher. Note that whereas most of the previous studies were case studies, the present study statistically
analyzes numerous cases. Additionally, the bottom of the strongly stable layer was not below 200 m in the
2000s, confirming that the mixed layer height has risen since the 1960s and 1980s. The height difference
exceeded 50 m.

Martilli (2002) reported that increasing the building height increases the elevated inversion layer height.
The building height around the TT increased between the 1980s and 2000s (see Fig.5), roughening the
landscape and promoting vertical mixing. The roughness is attributable to the increased average building

height and the large number of skyscrapers built since the 1970s. These changes probably increase the
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mixed layer height, other factors such as atmospheric heating from the surface (Saitoh ez al. 1996; Yu et
al. 2013) and rural soil moisture (Martilli 2002) can also alter the mixed layer height.

According to observational studies, the mixed layer is 2-5 times higher than the average building height
(Kawamura 1977; Uno et al. 1989; Kono et al. 2010). Numerical simulations yield a similar height
ratio of 3-5 (Martilli 2002). In the present study, the mixed layer height (200-250 m) was 6-8 times
greater than the average building height (29.6 m), larger than in previous studies. The Tokyo urban area is
among the largest in the world, and certainly larger than other Japanese cities such as Sapporo, Hokkaido
(Uno et al. 1989), Himeji, and Hyogo (Kono et al. 2010). It is summarized that the vastness of the city
increases the height of the mixed layer in Tokyo. However, the method for estimating the average building
height is unclear in most studies. In this study, the minimum building height was obtained as 4.5 m from
DSM data. Of course, changing the minimum building height will change the average building height.
Therefore, the above-mentioned difference depends on the method of calculating the average building
height.

The TMG (1966) derived the wintertime vertical temperature profile between April 1964 and March
1965 from observational data collected at TT, but did not mention the height and vertical temperature
gradient of the stable layer in the upper layer. The present study analyzes the vertical potential temperature
profile in the 2000s. To clarify the temporal variations in the vertical structure of the potential temperature,

the analysis should include pre-2000 data.
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Chapter IV Relationship between HIl and atmospheric stability

1 Atmospheric stability dependency of HII

Observational studies in rural areas have reported a positive correlation between the HII and the
ground-based vertical potential temperature gradient (Sakakibara 2001; Nakagawa 2011). These studies
assume neutral atmospheric stability in urban areas (AT in Fig. 2). However, stable surface layers (which
characterize cluster D; see Chapter III) is sometimes formed over the Tokyo urban area in winter time.
Whether atmospheric stability in an urban area is positively correlated with HII is unknown . In winter
in Tokyo, the HII is maximized around sunrise (06:00 JST, Takahashi ef al. 2014). This section analyzes
the relationships between the atmospheric stability and HII in this circumstance.

The difference between the temperature in urban areas and the temperature in the windward of the urban
area (AT) was defined as the difference between the average temperature of two stations in the urban
area (Chiyodakukandatsukasachou, Chuuoukuharumi) and the average temperature of four stations in the
rural area (Kiyoseshikamikiyoto, Koganeishihonchou, Kodairashiogawachou, Fuchuushimiyanishichou).
Figure 21 shows the locations of the abovementioned stations. The atmospheric stability (df /dz) was then
defined as the gradient of the regression line obtained by correlating the vertical potential temperature
profiles at the TT (4-205 m), and ST (10-125 m).

Figure 22 plots the relationships between AT and df/dz around each tower at 06:00 JST. The data
were collected over 18 nights (see Table 2). Statistical significance was determined at the 1% significance
level using t-test (significant correlation coefficients are marked with asterisks). The df/dz and AT were
significantly positively correlated at the ST (Fig. 22a), consistent with previous studies (e.g., Sakakibara
2001). The df/dz and AT were also positively correlated at the TT (Fig. 22b), although the correlation
was looser than the ST correlation, with a smaller correlation coefficient.

The HII is directly proportional not to -, (the potential temperature gradient in the surface layer of a
rural area), but to (- —,,), Where 7, is the potential temperature gradient in the surface layer of an urban
area. Figure 23 plots the df/dz at ST and df/dz at TT at 06:00 JST. A significant positive correlation

is observed. The df/dz was approximately four times larger at ST than at TT. Figure 24 correlates the

22



potential temperature gradient differences at ST and TT. The correlation coefficient is slightly higher than
that in Fig. 22a (increasing from 0.792 to 0.813).

These results suggest that the HII is increased by downward sensible heat fluxes caused by vertical
mixing of the surface inversion layer, as noted in previous studies (e.g., Tamiya and Ohyama 1981;
Nakagawa 2011). The relationship in Fig. 22b indicated that the HII increased when the atmospheric
stability at urban area was stable. This seems to contradict the expected increase in HII through the
mechanical processes of vertical mixing (see Fig. 2). However, the relationship between the atmospheric
stability at the ST and TT showed positive correlation. These relationships suggest that the stable layer
over a non-urban area is preserved even when it penetrates the Tokyo metropolitan area.

Previous studies (e.g., Nakagawa 2011) have assumed neutral atmospheric stability in urban areas.
However, the atmospheric stability of columns advected from rural areas is non-neutral, and a stable

surface layer can form even in large-scale cities such as the Tokyo metropolitan area.

2 Amount of nocturnal air heating over the Tokyo metropolitan area in winter

According to observational studies in small- and mid-scale cities, mechanical vertical mixing con-
tributes more conspicuously to the nighttime UHI than heating from the urban surface (e.g., Sakakibara
2001). However, the contribution of each factor to the formation of UHIs in large-scale cities such as the
Tokyo metropolitan area remains unclear.

Several studies have estimated the amount of heat in the air column in the Tokyo area during daytime
in summer (e.g., Yoshikado et al. 2014; Sugawara et al. 2015). However, few studies have estimated
the amount of excessive heat in the urban area (relative to that in non-urban areas) during the night. In
general, the mixed layer over an urban area is shallower at night than during the day. The nocturnal
boundary layer is more susceptible to heating from the surface and mechanical mixing than the daytime
layer (Bohnenstengel ef al. 2011). This section estimates the amount of excessive nocturnal heat in the
Tokyo urban area over that in non-urban areas, based on observational data. Furthermore, it examines

the contributions of heating from the urban surface and mechanical vertical mixing of the lower-level
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inversion layer to the temperature increase in the urban area.

2.1 \Vertical potential temperature profiles over urban and rural areas, and the amount

of heat

Figure 25 plots the average potential temperature profiles at the TT and ST from 04:00 JST to 06:00
JST on January 1, 2017. The potential temperatures at the TT and the ST differed by approximately 3.5°C
at the ground surface. A strong inversion layer with a potential temperature gradient of approximately
4.1°C 100 m~* was present at the ST. Conversely, the TT featured a strongly stable layer (3.1°C 100 m~1)
from 205 m to the upper layer and a weakly stable layer (0.9°C 100 m~1) below 205 m. The potential
temperatures at the TT and the ST matched at approximately 100 m (the coincident point), and a crossover
was formed above this height. The coincident point was below 250 m in approximately 58% of the clear
nights with weak winds (11 out of 18 nights).

Figure 26 shows the vertical variation in the potential temperature difference between the TT and the
ST, averaged over 04:00 JST to 06:00 JST. The data for which a coincident point was found below 250
m (Cross-day; triangles) are separated from the data of other cases (NC-day; diamonds). Because the
potential temperatures from 130 m to 250 m at the ST were extrapolated from the observed data, the
potential temperature differences above 130 m are distinguished by dashed lines in the plot (the solid lines
plot the potential temperature differences below 120 m). In Cross-day cases, the curves show a nearly
linear decrease in the mean urban potential temperature excess from 4°C at the surface to 0°C at 120 m.

Bornstein (1968) reported a crossover in more than two-thirds of analyzed cases that included summer
season observations in New York City. The average height of the coincident point was approximately 300
m. Saito (1977) observed a coincident point at 200 m AGL in the averaged vertical distribution of the
potential temperature differences between urban (Otemachi) and non-urban (Machida and Koganei) areas
in Tokyo (November, 1974). Therefore, the frequency of crossover phenomena is consistent between the
present study and other large cities (e.g., New York City), and the crossover height roughly agrees with

that of Tokyo in 1974. The height of a coincident point is one of the essential parameters needed to
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calculate the amount of excessive heat () in an urban area, (Eq. 3). In the Cross-day cases (11 cases), Q)
was calculated using the averaged vertical potential temperature profiles from 04:00 JST to 06:00 JST at
the TT and ST. The coincident-point heights and (s were averaged over the 11 cases, 123 m and 221 kJ

m~?2, respectively (Table 2).

2.2 Wind system and air-temperature distribution under clear conditions with weak

winds

Figure 27 is a composite map of the temperature deviation from the average spatial temperatures
(contours) and the wind system (barbs) on Cross-days in the Tokyo Wards and its surrounding areas,
averaged from 04:00 JST to 06:00 JST. In Fig. 27, the dashed, solid, and thick lines indicate negative,
positive, and zero temperature deviations, respectively.

Northwesterly winds dominated over the target area. The contour of zero temperature (thick line) runs
from the northern part of the Tokyo Wards area (the Itabashi and Adachi Wards) to the southwestern (the
Setagaya Ward) and southeastern (the Koto Ward) parts. The basic features of the nighttime temperature
distribution shown in Fig. 27 are consistent with those of previous studies (e.g., Takahashi et al. 2014).
Figure 28 shows the horizontal profile of the temperature deviation from the spatial temperature along
the ST-TT cross-section in each case. Note that the air temperature was almost constant from the ST to
the western periphery of the Tokyo Wards area (e.g., the Suginami Ward), and began rising in the western

part of the Tokyo Wards area (the Nakano Ward) before gradually increasing toward the TT.

2.3 Heat budget of the air column moving from the ST to TT

To estimate the heating rate of the air column, we assumed that the air column moved from the ST to
the TT and was heated from the Suginami Ward to the TT.

The wind speed at the coincident point (123 m) at the ST was estimated by averaging the wind speeds
from 01:00 JST to 06:00 JST at various heights (Table 4). The result was approximately 4.0 m s~ !,

Taking the distance over which the temperature increased between the Suginami Ward and the TT (~9.5
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km), and assuming that the air column moved at 4.0 m s~ !, the air column moved from the Suginami
Ward to the TT in approximately 0.6 hours (2375 s). Dividing the average amount of heating (221 kJ
m~2) by the total travel time between the Suginami Ward and the TT (2375 s), the heating rate of the air
column was approximated as 93 W m~2. In contrast, the heating rate of the daytime sea breeze during
summer in Tokyo is approximately 600 W m~2 (Yoshikado ef al. 2014). This indicates that in Tokyo,
the heating rate of the air column during a typical winter night is approximately 15% of that of a typical
summer day.

We now estimate the contribution of each term in Eq. 4 to the nighttime heating rate of the air column
in Tokyo. In Basel City, Switzerland, Christen and Vogt (2004) approximated the same values for the
nighttime heat balance (), and the anthropogenic heat generation Q,,,; (namely, 20 W m~2), but did not
consider the temporal variations. Kusaka and Kimura (2004) estimated the surface energy balance at
an urban site using an urban canopy model with an additional anthropogenic-heat term. They obtained
a sensible heat flux of 10-20 W m~?2 at midnight. Therefore, in the present study, 20 W m~? was
assumed as the typical nocturnal Qs in urban areas at night. Meanwhile, the estimated (),,; in central
Tokyo is 5-20 W m~2 summer mornings (e.g., JIMA 2005). Substituting Q (93 W m~2), Q, (20 W
m~2), and Qs (5-20 W m~2) into Eq. 4, the residual (Q. + Q,qq) Was estimated as 53-68 W m~2,
Sugawara et al. (2015) estimated the Qo4 during summer daylight as —3 W m~2 to 22 W m~2 from
radiosonde measurements. The humidity profiles required for estimating (),,4 were unavailable, but the
weather conditions of the present analysis (clear winter nights with weak wind) imply a negative Q)44
(i.e., radiative cooling). Consequently, the Q. should exceed 53-68 W m~2; that is, Q.. should be roughly
three times larger than () and larger than (Qs + Qan:). Although this result is preliminarily estimated
from the reported values of other urban areas, it suggests that the temperature difference between the
urban and non-urban areas of the Tokyo metropolis is considerably more influenced by the downward
sensible heat flux caused by vertical mixing of the surface inversion layer than the sensible heat flux from

the urban surface.
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Chapter V. Characteristics of the temperature distribution and wind system

1 Temperature distribution and wind system

Takahashi et al. (2014) characterized the temperature distribution and wind system during nights with
large HII in the Tokyo metropolitan area. They also related the HII to the weather conditions (e.g., cloud
amount and wind speed). Even if under same weather conditions, HII differ in each case (Chapter IV).
Therefore, the relationships between HII and the temperature distribution, and between HII and the wind
system, remain contentious.

Because the averaged AT and A(df/dz were 4.5°C and 3.0°C 100 m~* in Fig. 24, we can distinguish
two categories of HII nights: 1) large-HII nights (6 nights) with AT > 4.5°C, and 2) small-HII nights
(9 nights) with AT < 4.5°Cand A(df/dz) > 3.0°C 100 m~!. Three days were not included in both
categories because their AT and A(d#/dz did not satisty the abovementioned conditions. Figures 29
and 30 show the composite maps of temperature distribution (contours), temperature deviations from
the average spatial temperature (shaded regions), and the wind systems (barbs) in the Tokyo Wards and
its surrounding areas during large- and small-HII nights, respectively. The data are plotted at 3-hour
intervals starting from 18:00 JST.

On large-HII nights, northwesterly winds dominated until 21:00 JST. After 24:00 JST, the winds turned
westerly around the western part of the Tokyo Wards area (e.g., the Suginami Ward), and the wind speed
decreased. In the urban area, the wind speed was higher than in the western part of the Tokyo Wards
area, and did not decrease. Throughout the night, the temperature deviations from the 0.0°C contour
line extended from the northern part of the Tokyo Wards area (the Itabashi and Adachi Wards) to the
southwestern (Setagaya Ward) and southeastern (Koto Ward) parts. A heat cliff in this area was formed
after 24:00 JST. The temporal variations in the nighttime temperature distribution and wind system (Fig.
29) are consistent with those of previous studies (e.g., Yamashita 1996; Takahashi et al. 2014).

On small-HII nights, the target area was dominated by northerly winds after 24:00 JST. The temperature
deviations from the 0.0°C contour line spatially coincided with those on the large-HII nights, but the

horizontal temperature gradient was smaller than on large-HII nights.
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Whereas the average WD veered west after midnight on large-HII nights, northerly winds dominated
throughout the small-HII nights. To clarify the temporal variation of the wind system, Figs. 31 and
32 plot the wind-rose distributions at two-hourly (121 min) intervals during large- and small-HII nights,
respectively. On small-HII nights, the northerly wind was clearly developed in the Tokyo Wards area
after midnight (Fig.32). On large-HII nights, the winds were northwesterly and westerly in the urban
area and the west-Tokyo area, respectively, between 23:00 JST and 01:00 JST (Fig. 31). At this time, the
prevailing WD from the Setagaya Ward to the Nerima Ward was not clarified. We emphasize that this
area coincided with the heat cliff.

The Panels (a) and (b) of Fig. 31 superimpose the wind-rose distributions on the plots of temper-
ature difference versus potential temperature-gradient difference in Suginamikukugayama (Sugi) and
Shibuyakuudagawachou (Shib), respectively, between 23:00 JST and 01:00 JST. Northerly winds devel-
oped on most of the small-HII nights at both stations. When AT exceeded 4.5°C, northwest and southwest
winds were frequent at Sugi, whereas northeasterly or southwesterly winds clearly prevailed at Shib. This

suggests that when AT is large, the WD varies around the heat cliff.

2 Nocturnal heat island circulation in winter

There are two known types of urban boundary layer: urban domes when the regional wind is weak
(Fig. 34a), and urban plumes when the regional wind is moderate or strong (Fig. 34b) (Oke et al. 2017).
Laboratory and numerical studies (e.g., Kimura 1975; Mori and Niino 2002; Niino e al. 2006) have
identified two heat island circulation (HIC) patterns in urban domes: type-E, in which the HIC develops
over the edge of the urban core (Fig. 34c), and type-C, in which the HIC centralizes over the urban core
(Fig.34d). Niino et al. (2006) showed a type-E to type-C transition in a flow regime governed by two

non-dimensional parameters (¢,, and «, see Fig. 5 of Niino et al. 2006).
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In these expressions, Af is the potential temperature difference between the urban and non-urban areas,
~ denotes the potential temperature gradient, and § and [ are the vertical and horizontal scales of the heat
island, respectively.

Niino et al. (2006) applied the above flow regime to a typical daytime heat island. Their estimated ¢,
and a ranges were 1-30 and 0.01-0.1, respectively. These values suggested that both type-E and -C can
be realized in the atmosphere, but type-C may occur more frequently.

Here, we apply the same flow regime to clear, low wind nights in the Tokyo area on large-HII days.
The four parameters (AT, , [ and ) were obtained as follows. Firstly, AT was defined as the temperature
at urban area and rural area are defined as the average temperatures at two stations at the center of the
urban area (Kandakutsukasachou and Chuuoukuharumi) and at three stations outside of the heat cliff
(Setagayakuseijou, Suginamikukugayama and Nakanokuwakamiya), respectively. Next, v was defined as
the vertical potential temperature gradient at ST. Next, [ is defined as the distance between the Suginami
and Chiyoda Ward (15 km) because the heat cliff is formed around the Suginami Ward. Finally, § was
assumed as 200 m, the height at which the elevated inversion layer sometimes forms. As [ and ¢ are
constants, « is also constant (0.013). The relative frequency of € at 10-min intervals from 20:00 JST
to 06:00 JST in large-HII nights is shown in Fig.35. Therefore, the flow regime is depended on only
en. The nighttime € are < 1.0, smaller than daytime-reported value (Niino ef al. 2006). According to
Niino et al. (2006), the threshold value of € between above two types is larger than 3 at a =0.013. From
the estimated € and «, the HIC pattern in the study area was assumed as type-E. In our study area, the
nighttime A6 and ~y are larger than their daytime values, and § was lower than its daytime value.

Note that this flow regime was derived mainly from the surface temperature differences, whereas in the
atmosphere, there are other causes which affect to wind flow, for example, distribution of roughness length.
However, it is concluded that type-E patterns are commoner at night than during the daytime. In type-E,
the HIC develops over the edge of urban area. This suggests difference of wind flows between urban and

non-urban areas. The characteristics of wind roses at Suginamikukugayama and Shibuyakuudagawachou
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may indicate this difference of wind flows. Additionally, this difference may lead to the formation of the

heat cliff. The relationships between wind and the heat cliff is analyzed in next chapter.

30



Chapter VI  Relationships between wavelike variation and UHI

I A case study of wind and temperature variations

On large Hll-nights, the prevailing WD was unclear in the western part of the Tokyo Wards area,
and a north-westerly wind developed in the urban area (Chapter V). The wind and temperature exhibit
wavelike intermittent motions in the nocturnal stable boundary layers (e.g., Yokoyama ef al. 1981; Sun
et al. 2015; Lyulyukin et al. 2015). As the atmospheric stability is approximately four times higher over
rural areas than over urban areas (Chapter IV), the fluctuations probably differ between the two types
of areas. To analyze the wind variation, the three nights are analyzed: January 11-12, 2017 (Case-1),
January 09-10, 2017 (Case-2), and November 16—17, 2016 (Case-3). The fluctuation of wind developed
at several observational stations in Cases-1 and 2. Northerly winds dominated throughout the night in

Case-3.

1.1 Case-1 (January 11-12, 2017)

Figure 36 shows the temporal variations in the wind direction (WD), zonal (U), and meridional
(V) components of the wind speed, and the temperature deviation from the 61-min moving-average
(T’) at Nakanokuwakamiya (Naka), Suginamikukugayama (Sugi), Shibuyakuudagawachou (Shib) and
Megurokuhimonya (Megu). Positive U and V indicate westerly and northerly winds, respectively. The
winds at Naka and Sugi fluctuated between southwesterly and northerly from 23:00 to 02:00 JST. The
temperature T fluctuated accordingly, and tended to be positive in northerly winds (positive V). The
prevailing winds became westerly after the fluctuations (02:00 JST). Figure 37 shows the correlation
coefficient lags between V and T from 23:00 to 02:00 JST at Naka and Sugi. The correlations were
positive near ATime =0. On the contrary, the U, V and T’ fluctuations were small and the periodic
motions were unclear at Shib and Megu. At 02:00 JST, the WD at Shib and Megu shifted from northerly
to southwesterly. Hereafter, we focus on the wind and temperature fluctuations.

To analyze the period of the wind and temperature fluctuations, the time-series of the wavelike motions

were subjected to Morlet wavelet analysis. As V was larger than U at Sugi and Naka, the wavelet analysis
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at the four stations was performed on V and T°. The time—frequency distributions of V and T” are displayed
in Figs. 38 and 39, respectively. Periodic maxima both in V and T°, with wave periods of 20—50-mins,
appear in the Naka and Sugi analyses between 23:00 and 01:00 JST. In contrast, no clear periodic maxima
appear in the Shib and Megu analyses during this period. The strong signal at Shib around 02:00 JST
resulted from the shifted WD (Fig. 36).

To clarify the regional characteristics of the wind fluctuations, the changes in WD between 23:00 and
02:00 JST (181 mins) were counted at each station (Fig. 40). Calm periods (wind speed < 0.1 m s~ 1)
were omitted. Only one or two northerly winds dominated at the east of the Setagaya Ward (excepting the
Chiyoda Ward). Frequent changes in WD occurred from the southern part of the Nerima Ward to Tama
City. No prevailing WD appeared in this area. At Sugi, the WD changed every three minutes.

For a detailed analysis of the horizontal characteristics of the wavelike motion, Fig. 41 plots the 5-min
moving-averaged winds in Case-1 at six stations recording frequent changes in WD: Fuchuushimiyanishi-
chou (Fuch), Koganeishihonchou (Koga), Musashinoshisekimae (Musa), Suginamikukugayama (Sugi),
Nakanokuwakamiya (Naka) and Nerimakunerima (Neri) and Otemachi (Otem). The 20-60-mins band-
pass filtered V (V’) are also shown (except at Otem, where the data were collected at 10-min intervals).
Northerly winds dominated between 19:00 and 22:00 JST. A westerly wind developed in Fuch after
22:00 JST, and except at Otem, the westerly and northerly winds thereafter fluctuated periodically until
02:00 JST. At Fuch, the time when wind fluctuations occurred seemed to be earlier than that at Neri.
Therefore, the wavelike variation might move eastward. The periodic motion degraded after 03:00 JST,
and a westerly wind (WSW—WNW) dominated until 05:00 JST. Notably, the northerly winds persisted
at Otem between 22:00 JST and 02:30 JST, when the wavelike motions appeared at the other sites. The
wind at Otem shifted to westerly after 02:30 JST.

To analyze the formation processes of the UHI and the heat cliff, we calculated four averaged tem-
perature (T1, T2, T3, and T4) as follows. First, T; is defined as the temperature of the urban area
obtained by averaging temperatures of two stations (Kandakutsukasachou and Chuuoukuharumi). Next,
T, is defined as the temperature of the urban side of the heat cliff obtained by averaging temperature

of three stations (Shibuyakuudagawachou, Setagayakusetagaya, and Megurokuhimonya). Next, T3 is
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defined as the temperature of the outside of the heat cliff obtained by averaging temperatures of three
stations (Nakanokuwakamiya, Suginamikukugayama, Setagayakuseijou). Finally, T, is defined as the
temperature of the west of the Tokyo Wards area obtained by averaging temperatures of four stations
(Fuchuushimiyanishichou, Koganeishihonchou, Kodairashiogawachou, and Kiyoseshikamikiyoto). The
locations abovementioned stations are shown in Fig.21. Then, the temperature differences between Ty
and T, and between T2 and T3 are referred to as the heat island intensity and the heat cliff intensity, re-
spectively. Figure 42 plots the temporal variations of these temperatures and the temperature differences.
Because T5 and T4 decreased more rapidly than T; and Ty until 19:00 JST, the temperature differences
increased over this period. T3 suddenly decreased after 22:00 JST (-0.7 °C 10min~1), when the wind
fluctuations started around the Suginami Ward. On the contrary, Ts linearly decreased between 19:00
and 06:00 JST, leading to rapid heat cliff formation.

Next, the temporal variations of the vertical potential temperatures and potential temperature gradient
profiles were determined at TT (Fig. 43) and ST (Fig. 44). The atmospheric stability under 250 m
at the TT was nearly neutral until 01:00 JST. Between 02:00 and 04:00 JST, the potential temperature
gradually decreased at heights under 64 m, but remained constant between 103 and 205 m. Consequently,
the potential temperature gradient increased between 64 m and 103 m. Above 205 m, it fluctuated after
02:00 JST. The potential temperature reduced more slowly than in the upper layer. A ground inversion
layer was formed at the ST.

Figure 45 shows the temporal variations in the fluctuation component of the potential temperature (6”)
at TT. € is the deviation from the 61-mins moving-average. €’ were small at all heights between 20:00
and 02:00 JST, and increased at heights above 169 m after 03:00 JST. In the upper layer around the tower,
the fluctuations tended to be larger in magnitude than in the lower layer, and tended to begin earlier. In
addition, the fluctuations were small below 64 m. The fluctuations began increasing at the time of the

northerly-to-westerly wind change at Otem.
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1.2 Case-2 (January 09-10, 2017)

Figure 46 shows the temporal variations of WD, U, V and T’ at Naka, Sugi, Shib, and Megu in Case-2.
The WD fluctuated at Sugi and Megu between 23:00 and 01:00 JST, but persisted in the northwest
direction at Naka. The fluctuation period was approximately 30 minutes. The U and V fluctuations could
not be estimated at Shib, where the wind speed was very low.

Figure 47 shows the frequencies of the changes in WD (similar to Fig. 38 but for Case-2). Only one
or two northerly winds dominated in the northern parts of the Tokyo Wards areas such as the Nakano
and Kita Wards, and directional changes were rare. In other areas, including the Suginami and Chiyoda
Ward, the westerly winds frequently changed direction, and no prevailing winds were evident.

Figure 48 plots the 5-min moving-averaged winds and V’ in Case-2 at Fuch, Sugi, Naka, Otem,
Setagayakuseijou (SetW), Setagayakusetagaya (SetE) and Megurokuhimonya (Megu) for Case-2. The
northerly wind dominated at each station between 19:00 and 23:00 JST. The wind direction at all stations
except for Naka, and V’ fluctuated after 23:00 JST. The V' minimum moved eastward from Fuch to
Megu. Although no clear WD fluctuations appeared at Shib (Fig 46), the wind direction at Otem shifted
to westerly after 23:00 JST. Recall that in Case-1, wavelike motions were absent at Shib and Otem, and
the northerly-to-westerly wind change occurred approximately 2.5 hours after the fluctuation at Sugi. In
Case-2, the wind-direction change at Otem lagged that at Sugi by up to one hour.

Figure 49 plots the temporal variations of Ty, T2, T3, T4 and their differences in Case-2. This plots are
similar to Fig. 42 in Case-1. T3 decreased after 23:00 JST when the fluctuation started at Sugi, increasing
(To — Ts). Ty also decreased at this time, so the heat cliff was unclear compared with Case-1.

The temporal variations of the vertical potential temperature and potential temperature gradient profiles
were determined at TT (Fig. 50) and ST (Fig. 51). At the TT, the atmospheric stability under 250 m was
nearly neutral until 23:00 JST. Above 169 m, the potential temperature gradient increased and the potential
temperature fluctuated between 23:00 and 03:00 JST. The elevated inversion layer was formed at this time.
From around 23:00 JST, the potential temperature fluctuated above 103 m. A ground-based inversion

layer with a height exceeding 125 m was formed throughout the night. The potential temperature above
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90 m fluctuated between 23:00 and 01:00 JST.

Figure 52 shows the temporal variation of 6’ at the TT. At all heights, 6’ remained small until 22:00
JST. The fluctuations increased above 169 m after 23:00 JST. At heights above 169 m, the fluctuations
increased after 23:00 JST. The fluctuations exhibited larger magnitude, and tended to begin earlier, in the
upper layer than the lower layer. Fluctuations remained low under 64 m. The amplitudes increased at
the time of the northerly-to-westerly wind change at Otem. These features are consistent with those of

Case-1.

1.3 Case-3 (November 17-18, 2016)

Figure 53 shows the variations of WD, U, V and T’ at Naka, Sugi, Shib and Megu in Case-3. At each
station, a northerly wind persisted through the night. The U, V and T° were considerably more stable
than in Cases-1 and 2.

Figure 54 plots the temporal variations of Ty, T2,T3, T4 and their differences in Case-3. This plots
are similar to Fig. 42 in Case-1. As the temperatures decreased at uniform rates until 19:00 JST, the
temperature differences fluctuated little during this time. The Ty —Tj increased after 24:00 JST, but never
exceeded 2.0°C. Therefore, no obvious heat cliff was formed.

The temporal variations of the vertical potential temperatures and potential temperature gradient profiles
were determined at TT (Fig. 55) and ST (Fig. 56). The atmospheric stability at the TT was nearly neutral
throughout the night, and an elevated inversion layer was not formed. A ground-based inversion layer
developed at the ST, but the potential temperature gradient at this site was smaller than in Case-1 and
Case-2. Figure 57 presents the time series of §” at each height of at TT. This plot is similar to Fig. 45 in

Case-1. At all heights, the 8’ amplitudes remained small throughout the night.
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2 Characteristics of wavelike variation

2.1 Period of wavelike variation

In Case-1 and Case-2, ground-based inversion layers were formed at the ST and periodic variations
were observed some stations. In a stable layer, the Brunt-Viisild oscillation (BVO) is known as one of
periodic variation in stable layers (e.g., Holton 2004).

The frequency (V) and period (1") of the BVO are respectively given by

_J_9 4
- \/9 127315 " dz’ ©)
and
2
T = N (10)

where g, 0 and dfl/dz are the gravitational acceleration (9.8 m s~2), the average potential temperature
at the ST (10 m, 20 m,40 m, 90 m, and 125 m AGL), and the potential temperature gradient at the ST,
respectively. The potential temperature gradient was obtained by regressing the potential temperature
against the height AGL.

Figure 58 shows the temporal variations of the BVO period, the potential temperature gradient at the
ST (10-125 m) and the lower (4-205 m) and upper (205-250 m) layers of the TT for Case-1. The
atmosphere at the ST was strongly stable (2.0 °C 100 m~!) until 01:00 JST. Thereafter, the potential
temperature gradient increased to 5.0°C 100 m~! around sunrise. Meanwhile, the lower layer at the
TT was atmospherically neutral until 24:00 JST, and weakly stable (0.9 °C 100 m~1) at 06:00 JST. In
the upper layer at the TT, the potential temperature gradient was relatively constant up to 02:00 JST,
then fluctuated between 0.0 and 1.6°C 100 m~! as the wind direction shifted to westerly at Otemachi.
Between 22:00 and 24:00, the BVO period was approximately 4 minutes, 5-10 times shorter than the
observed wavelike motion period at Sugi and Naka (20—50 mins, Figs. 38 and 39). Assuming constant
0, the periods of the BVO and observed wavelike motion can be reconciled only if df/dz is neutral

(0.08-0.005 °C 100 m—1). Figure 59 shows the temporal variations of the potential temperature gradient
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around the ST and in the lower and upper layers around the TT, along with the BVO period, in Case-2.
Between 23:00 and 01:00 JST, when the winds fluctuated at Sugi, the BVO period was 2—4 min, clearly
shorter than the period of the wavelike wind motions at Sugi (see Fig. 46).

Observed wind periods in Cases-1, and -2 were clearly longer than BVO periods. Yokoyama et al.
(1981) observed the wavelike motion of wind with period of 10-20 times the BVO period at Nerima.
The ratios of the BVO periods observed in the present cases are roughly consistent with those of previous

studies (Yokoyama et al. 1981; Sun et al. 2015).

2.2 Propagation of wavelike variation

In Case-1 and Case-2, wavelike variations seemed to move eastward (Figs.41 and 48). To clarify the
horizontal propagation of the wavelike motion, the times of maximum V (northerly wind) or minimum
V (southerly wind) were read from the temporal wind behaviors in Case-1 as follows. The winds and
the real part of the wavelet coefficient for V temporal variations are shown in Fig. 60 during 22:00 and
01:00 JST. In this figure, the wavelet coefficient are averaged during 20 and 50 mins because the wavelike
variation period are 20-50 mins. Moreover, red triangles indicate the coefficient maxima and V > 0,
and blue triangles indicate the coefficient minimum and V < 0. In addition to this, these triangles are
connected as the propagation of wavelike variation. According to this figure, two propagation patterns
(P; and P3) can be obtained. First, P; derived from only the coefficient temporal variations. However,
northerly WD at Sugi, Naka, and Neri developed before 23:15 JST even though WD changed to westerly
at Fuch and Koga before this time. Therefore, it is difficult to refer to P; as a propagation of wavelike
motion. Next, Po derived from coefficient and WD temporal variation. For example, WD at Musa, Sugi,
Naka changed to westerly at approximately 23:05, 23:45, and 23:50 JST, respectively. These times are
referred to as propagation times. Therefore, P is assumed to as propagation of wavelike variation in this
study.

Distributions of above-mentioned times (P5) are plotted in Figure 61. Periodic motions were not evident

at some stations (marked with x in the figure). During the night, the maximum and minimum fronts
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moved from Fuchu to Nerima. From the de-clarified wavelike motion of the Fuchu-to-Nerima movement
in the urban area, we could locate the boundary of the wavelike motion. This boundary was consistent
with the heat cliff (Fig.29). Moreover, the time difference and distance between Fuch and Neri are 125
mins and 20 km, respectively. As a result, the propagation speed of the wavelike variation is obtained as
27ms L,

A wavelike motion in stable layer has a characteristic of shallow water wave (Yokoyama ef al. 1983).

A phase speed of the shallow water wave (c) is given by

xgH, (11)

where @, g, H, 0 and Af are average wind speed, gravitational acceleration (9.8 m s~2), height of
inversion layer, potential temperature at bottom of inversion layer, and potential temperature different
between top and bottom of inversion layer, respectively (Yokoyama et al. 1983).

In this study, w is defined as the average wind speed at Sugi between 23:00 and 02:00 JST in Case-1
(1.0 m s™Y). H (125 m), 6 (279.4 K) and Af (2.7 K) are obtained from vertical potential temperature
profile at ST (Fig. 44), respectively. As a result, c is estimated as 1.043.5 m s~ 1. This value is consistent
with the observed propagation speed of wavelike variation. In addition to this, it agrees with previous
studies such as estimated phase speeds at Nerima Ward (Yokoyama et al. 1983) and propagation speeds
observed by Doppler radar in Chiba Prefecture (Kusunoki et al. 2000).

On the other hand, the other propagation speed in P; is estimated as 10.8 m s~! (Fig. 60). This speed
may be too fast compared with wind speed (approximately 1.0 ms~1). Further insight into this propagation
speed of wavelike variation is left to future work. However, it seems reasonable to conclude that the
wavelike motion propagated to eastward and did not develop over the center of the Tokyo metropolitan

area.
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2.3 Generation of wavelike variation

There are some causes, which produce wavelike motion such as: 1) topography (e.g., Yokoyama et al.
1984), 2) vertical windshear (e.g., Ohya et al. 2008), and the 3) convergence between background flow and
density currents (e.g., Sun et al. 2015). Sun et al. (2015) observed the wavelike motions of temperatures
and wind speeds and suggested that such motions result from the convergence of background flow and
density currents. They referred to the observed wavelike motion as gravity wave (GW). In Case-1 and
Case-2, the wavelike motion developed in areas where the northerly winds passing through urbanized
areas such as Saitama intercepted by the western cold current. Therefore, This supports that the wavelike
motions were GW generated by the convergence of the northerly and westerly flows (Fig. 62a).

Figure 62b illustrates the effects of the wavelike wind and temperature motions. When V’ < 0, the
penetration of cold and stable westerly flow reduces the surface air temperature. Conversely, when V’
> 0, the surface layer receives positive sensible heat and momentum from the upper northerly wind

layer. The vertical motion enhances vertical mixing. A downward sensible heat flux is also generated by

mechanical mixing in the stable surface layer. Consequently, V/T" indicates positive (Fig. 37).

In Case-1, the penetration of the westerly wind apparently stagnated around the Shibuya Ward until
02:00 JST. Because a near-neutral urban boundary layer develops in the Shibuya Ward, the energy of
an GW arriving in the region is vertically displaced, and the wavelike motion is less clear than in rural
areas such as Sugi (Fig. 63a). Therefore, the different wind fluctuations on the suburban side (e.g., the
Suginami Ward) and the urban side (e.g., the Shibuya Ward) suggest a change in the atmospheric stability
between these areas.

After 02:00 JST, the wind reduced in amplitude and its direction shifted westward at each station (Figs.
36 and 41). The wind shift indicates a penetration of cold current (westerly wind) into the urban area
(Fig. 63b). At that time, the potential temperature fluctuations at the TT increased at heights above 169
m (Fig. 45), suggesting an perpendicular movement of the bottom of the elevated inversion layer (Ohara
et al. 1989). The height at which the potential temperature fluctuates widely agrees with that of Ohara et

al. (1989).
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Previous observations were limited to one location (Yokoyama et al. 1981), or to homogeneous
topographies within hundreds of square meters (Sun et al. 2015). The regional characteristics of these
wavelike motions have not been investigated in metropolitan areas or in heterogeneous rural-urban areas
with different surface conditions. The present study elucidated the wavelike motions and their regional

characteristics over a larger area (tens of square kilometers) than in previous studies.

3 Relationships between wind system and temperature distribution

Mori and Niino (2002) suggested three distinct flow regimes in the formation processes of horizontal
convections: the diffusion regime, the gravity current regime, and the gravity wave regime. Niino et al.
(2006) derived the time Tqw (T c) required for a gravity wave (gravity current) to reach the center of
a heat island. They suggested that gravity waves initiated from the edge of the heat island arrive at its
center when Tgw < Tgc. Note that these regimes were derived solely from the surface temperature
differences (Mori and Niino 2002), whereas in the present study, wavelike motions are generated by the
convergence of two wind flows. The wavelike variations of temperature and wind at Sugi and Naka in
Case-1 (Fig. 36) suggest that the gravity wave regime (23:00-02:00 JST) progressed to the gravity current
regime (after 02:00 JST). On the contrary, the gravity wave regime was probably bypassed at Shib, and
the gravity current regime developed after 02:00 JST (Fig.36). In Case-2, both the gravity wave and
gravity current regimes were thought to develop at Sugi (as in Case-1), but the endurance time of the
gravity wave regime was shorter than in Case-1. Owing to the weak winds at Shib and the low temporal
resolution (10-min data interval) at Otem, whether the gravity wave regime developed in the urban area
cannot be concluded. However, the temporal wind variations suggest that a gravity current developed at
Otem.

We can now relate the wavelike motions to the heat cliff. In Case-1, the westerly wind penetrated
eastward from west of the Tokyo and a GW was generated. This penetration led to the decreasing
temperature at the western part of the Tokyo metropolitan area. The GW arrived near Sugi, but it cannot

penetrate to the urban area owing to near neutral layer. Hence, a clear heat cliff developed. According to
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Niino et al. (2006), HIC basically develops at the western part of the Tokyo Ward area and suppresses a
penetration of westerly cold current, forming the heat cliff. After that, the gravity current penetrated to
the urban area. The time when the wind direction changed to west at Shib was same as that at Sugi. It is
expected that penetration of cold current promotes temperature decreasing. The temperature decreasing
rate did not change in the urban area. The downward sensible heat from the elevated inversion layer
probably suppress the temperature decreasing in a surface layer (Uno et al. 1988).

In Case-2, the westerly wind appeared to penetrate the Shibuya Ward without stagnating. The pen-
etration increased the potential temperature gradient in the lower layer around the TT, suggesting that
the stable layer over a non-urban area is preserved even when the air column penetrates an urban area.
Therefore, the temperatures decreased at similar rates in the urban and rural areas of Tokyo, and no
obvious cliff was formed. However, although Case-2 is included in the small-HII days (Chapter V), which
are dominated by northerly winds, its wind field differs from those of other small-HII days. Whether
the penetration of westerly winds observed in Case-2 is a common phenomenon raises some interesting
questions.

In Case-3, northerly wind dominated nighttime. The heat cliff was unclear, the atmospheric stability
was nearly neutral, and the temperature fluctuations at the TT were small. Using Doppler LIDAR and
radiosonde observations, Oda et al. (2011) investigated the structural characteristics of the atmospheric
boundary layer over Koganei, Tokyo, on February 21 of 2010. They reported near-neutral atmospheric
stability and low vertical-velocity fluctuations below 1 km during the night (03:50-04:30 JST). Figure
64 shows the wind system, temperature distribution, and temperature deviation from the spatial average
around the Tokyo Wards during the night of February 20, 2010. At Otemachi, the wind speed and WD
from 18:00-06:00 JST were averaged as 3.4 m s~ ! and north-northwest, respectively. A northerly wind
dominated throughout that night in Tokyo. The horizontal temperature gradient was small around the
Suginami Ward, where the heat cliff is sometimes formed. The average wind speed was stronger than
in the present study, which focused on clear nights with weak winds, but the wind system resembled
those in Case-3 and small-HII days (Chapter V). Figure 65 shows the temporal variations of the potential

temperature and its gradient at the TT. The atmospheric stability was neutral from the surface to 250
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m. These results imply that when northerly winds dominate throughout the night, the zone of neutral
atmospheric stability in urban Tokyo extends to hundreds of meters AGL. The potential temperature
gradient at the ST tended to be small. The heat cliff was smeared by dispersal of heat from the surface,

which eventually exerts a uniform heating effect.
4 Nocturnal urban boundary layer in Tokyo metropolitan area

4.1 Characteristics of nocturnal vertical potential temperature profiles

The vertical potential temperature distribution was separated into five categories. During summer
months (May—August), the ground-based mixed layer formed at night and its height was at least 250 m
deep. This result is consistent with previous numerical simulations of the Tokyo urban area. During winter
months (November—February), the bottom height of the elevated inversion layer with strong atmospheric
stability (2.0 <) was approximately 200 m or more above 250 m (cluster E). Moreover, stable layer
from the surface to the upper layer (1.0—y—1.5) was formed (cluster D). These atmospheric stabilities in
the surface layer and its upper layer were consistent with previous observational studies. The observed
stabilities tended to be higher than the previously simulated values.

In winter, the temporal variation of the vertical potential temperature profile (from the surface to 250
m above the Tokyo urban area) was well explained by the suppression (promotion) of vertical mixing,
which increased (decreased) the bottom height of the elevated inversion layer.

The atmospheric stability at urban area has been assumed near neutral. However, this study indicated

its diversity and temporal variations.

4.2 Relationships between atmospheric stability in urban area and Hll

There is a positive correlation between atmospheric stability at the Tokyo metropolitan area and the HII
(Fig.22b). This relationship indicates the HII tends to increase when the atmospheric stability at urban
area was stable. This seems to contradict the expected increase in HII through the mechanical processes
of vertical mixing (Fig. 2). However, the relationship between the atmospheric stability at the ST and TT

also showed positive correlation. These relationships suggest that the stable layer over a non-urban area
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is preserved even when it penetrates the Tokyo metropolitan area.
The atmospheric stability of columns advected from rural areas to urban area has been assumed to be
near neutral. However, it is non-neutral, and a stable surface layer can form even in large-scale cities such

as the Tokyo metropolitan area.

4.3 Mechanism of the heat cliff

According to the flow regimes derived by Niino ef al. (2006), the HIC pattern in nighttime was assumed
as type-E (Fig.34). In type-E, the HIC develops at the edge of the urban area. Therefore, this suggests
difference of wind flows and atmospheric stability between urban and non-urban areas.

In winter nighttime, GW was generated by the convergence of the northerly and westerly flows at the
west of the Tokyo metropolitan area and it moved to eastward. Penetration of GW reduces the temperature
atnon-urban area. On the contrary, the GW was dispersed around the boundary non-urban and urban areas
owing to near neutral atmospheric stability at urban area. Therefore, decreasing rate of the temperature
at urban area does not change. Consequently, the clear heat cliff was formed. However, the stable layer
on a non-urban area was sometimes preserved even if it penetrates to the urban area (Case-2). In these
days, the heat cliff was unclear. The westerly wind was suggested to affect the nocturnal urban boundary

layer and the horizontal temperature distribution.
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Chapter VII  Conclusions

This study characterized the nocturnal urban boundary layer and related it to the distribution of surface

air temperature and the wind system in the Tokyo metropolitan area. The temperature values at the TT

were validated prior to analysis. Although the vertical potential temperature profile in the surface layer

was expected to be neutral under strong-wind conditions, the potential temperature in the top 2% of

wind speeds (based on the dry adiabatic lapse rate) was higher at some specific heights than at others.

The potential temperature at each height was statistically corrected, assuming that the vertical potential

temperature profile becomes neutral in sufficiently strong winds. The statistical corrections were made

twice: once in the April 2001-March 2011 period, the other in the April 2016—March 2017 period. The

results are summarized below:

1)

2)

During summer months (May—August), the ground-based mixed layer formed at night was at least 250
m deep. This result is consistent with previous numerical simulations of the Tokyo urban area. During
winter months (November—February), the bottom height of the elevated inversion layer with strong
atmospheric stability was approximately 200 m or more above 250 m. Moreover, the atmospheric
stability in the surface layer and its upper layer were consistent with previous observational studies.
The observed stabilities tended to be higher than the previously simulated values. In winter, the
temporal variation of the vertical potential temperature profile (from the surface to 250 m above
the Tokyo urban area) was well explained by the suppression (promotion) of vertical mixing, which
increased (decreased) the bottom height of the elevated inversion layer. The depth of the nighttime
mixed layer was 50 m higher in the 2000s than in the 1960s—1980s. The mixed layer depth was
probably increased by urbanization, with increasingly high building structures. The estimated ratio
of the mixed layer depth to the typical building height was 6-8, larger than in other cities.

Both of the vertical potential temperature gradient at the rural area and the difference of vertical
potential temperature gradient between the rural area and the urban area have significant positive
correlations with HII, as observed in previous studies. The vertical potential temperature gradient

on the urban area also has a significant positive correlation with HII. In a heat budget analysis of
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3)

4)

the air column moving from non-urban to urban areas via nocturnal land breezes, the heating rate of
the air column was determined as 93 W m~2. The downward sensible heat flux induced by vertical
mixing was estimated to exceed the upward sensible flux from the urban surface, as reported in
previous observational studies of small- or mid-scale cities. Previous studies have postulated neutral
atmospheric stability over urban areas. However, the present study suggests that the stable layer over
a non-urban area is preserved even when it penetrates the Tokyo metropolitan area.

Clear nighttime conditions with weak winds were categorized into HII formation and atmospheric
stability. Northerly winds dominated during small-HII nights. In contrast, the wind directions on
large-HII nights were unclear in the western part of the Tokyo Wards area. The HII and atmospheric
stability on winter nights at Tokyo were interpreted in terms of the parameters derived from numerical
simulations of HIC (Niino et al. 2006). These parameters admit a regime in which the HIC develops
over the edge of the urban area that corresponds to the heat cliff.

The wavelike motions on three clear nights with weak winds were investigated in 1-min data of the
Tokyo metropolitan area. The period of the wavelike motion (20-50 mins) was 5-10 times longer
than the BVO period. This ratio agreed with a previous observational study by Yokoyama et al.
(1981). The wavelike motions were presumed as GW generated by the convergence of two wind
flows: the northerly wind passing through the urbanized areas such as Saitama, and the westerly cold
current. The GW moved eastward from Fuchu-to-Nerima. The wind and temperature fluctuations
were explained by vertical mixing between the upper neutral warmer layer and the surface stable
cooler layer. When a heat cliff formed, the wavelike motion developed in the western part of the Tokyo
Wards area, but was suppressed in the central urban area. The boundary of the wave-like motion
developed or not was consistent with the heat cliff. The GW was considered to be dispersed around
the central urban area because the atmospheric stability was near neutral there. The atmospheric
stability probably changed between the Suginami and Shibuya Wards. The potential temperature
fluctuations above 169 m at the TT increased with the arrival of the westerly wind. Their presence
suggested a downward sensible heat flux from the elevated inversion layer to the surface layer. The

wave-like motion infrequently occurs in the urban area. In this case, the atmosphere in the urban
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area was stable, and no clear heat cliff developed.

Based on the flow regime derived by Niino et al. (2006), the HIC on winter nights in Tokyo primarily
develops over the western part of the Tokyo Wards area, where the heat cliff is formed. The stable layer
over non-urban areas is infrequently preserved even when it penetrates the Tokyo metropolitan area. The
westerly wind is suggested to affect the nocturnal urban boundary layer and the horizontal temperature
distribution. The stable layer on a non-urban area was sometimes preserved even if it penetrates to the
Tokyo metropolitan area. Although this study focused on the heat cliff formed in the western part of the
Tokyo Wards area, heat cliffs also develop in the eastern part of this area. The formation process of the
eastern heat cliff remains a challenge for future research.

The elevated inversion layer probably formed above the observation height of the TT (250 m) in cluster
C (Chapter III). In addition, the depth of the elevated layer remains undefined. These problems could be
resolved by higher observations using a temperature profiler (e.g., Khaikine et al. 2006; Kadygrov et al.
2007; Melecio et al. 2018).

The regional characteristics of the wavelike motion were examined in case studies. Wavelike motions
in both cases were considered to result from the convergence of two wind flows. However, as other
phenomena can also generate wavelike motions, the formation process of these motions should be clarified
in accumulated cases. Fujibe (2018) derived the climatological features of surface-air temperature
variations in Japan from one-minute data collected by 917 AMeDAS. The horizontal interval of AMeDAS
is approximately 17 km. One-minute meteorological APMS data in Tokyo have been recorded since the
2010s. The horizontal interval of APMS in this area is approximately 4.7 km. In future studies,
these higher-resolution data will provide better insights into the climatological features of the wind and

temperature fluctuations in the Tokyo urban area.
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Figure 1: Schematic of the typical layering of the atmosphere over a city at night

The height scale is logarithmic, except near the surface. Red lines indicate vertical potential temperature
(0) profiles from surface. (after Oke et al. (2017))
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Figure 2: Schematic of the vertical potential temperature profiles over urban and non-
urban areas in the cases of (a) heating from a surface, (b) mechanical mixing,
and (c) both (a) and (b)

The 4 (—) symbols indicate that the potential temperature is higher (lower) in the urban area than the

rural area.
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Figure 3: Map of the study area
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Figure 4: Distribution of daytime population density in the target area and the distribu-
tion of observatories

The red thick line indicates the boundary of the Tokyo Wards area.

Data are taken from the population census in 2015.
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Figure 5: Historical changes in the number of buildings with at least 4 stories and at

least 16 stories around Tokyo Tower in the Minato, Chuo, and Chiyoda wards

Data are taken from the statistics of the Tokyo Fire Department published annually from 1973 to 2015.
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Figure 6: Distribution of building heights around TT, and the locations of TT and Tokyo
District Meteorological Observatory (Otemachi)

Ch, Cu, Ko, Me, Mi, Sb, Sn, and Sh denote Chiyoda, Chuo, Koto, Meguro, Minato, Shibuya,
Shinagawa, and Shinjuku Wards, respectively. The dashed blue line line encloses an area of 5 km radius
from the TT.
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Figure 7: Area coverage of buildings within a 5-km radius from TT (circled area in
Fig. 6)

The building heights are binned into 10-m intervals.

The total areas of buildings over 200 m are combined in the last bin.
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Figure 8: Inter-annual changes in potential temperature differences from that at 169 m,
and the numbers of strong-wind hours

Error bars indicate standard deviations. The symbols are horizontally shifted to avoid overlap.

A0 indicates potential temperature difference from 169 m.
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mean square error, respectively, in the strong-wind cases.
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Figure 11: Potential temperature differences from that at 169 m and the number of strong
wind hours

A6 indicates potential temperature difference from 169 m.
N indicates the number of strong wind hours.

Black circle and boxplot indicate average, 10th, 25th, 50th, 75th and 90th percentiles.
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Figure 13: Wind rose at Otemachi at 18:00 JST (black) and 6:00 JST (gray) in clear
nights with weak winds in 2001-2010
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Figure 14: Cluster-analysis dendrogram for categorizing the vertical profiles of potential
temperature

The bottom numerals state the number of hours in each cluster.
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Figure 15: Vertical profiles of (a) potential temperature gradient and (b) difference of
potential temperature from that at 250 m in each cluster
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Figure 16: Monthly relative appearance frequencies (%) of the five clusters of vertical

potential temperature profiles

71



\\\\\\

4

18 20 22 24

2

<V

OV

o b

Y7

<

5 P
m_\\\\\\\\\\___

S o o b = O °
w2 ® © ~ A

~ [9] Aouanba.4

8

S
%

Y777

D

G0

D%

S

4

18 20 22 24

[9] Aouanba.4

6

2
Time [JST]
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of vertical potential temperature profiles in (a) summer and (b) winter
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Figure 18: Nocturnal changes in the clusters of vertical potential temperature profiles

(a)—(c) On these nights, cluster D appeared between 03:00 and 06:00 JST.

(d)—(f) On these nights, cluster E appeared between 03:00 and 06:00 JST.

(a), (d) No changes in the clusters.

(b), (e) Cluster C changed to cluster D or cluster E, or cluster D changed to cluster C.
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Figure 19: Rate of potential temperature change (°Ch~!) during each cluster transition,
and its anomaly from the average rate of potential temperature change during
the 24:00-06:00 JST period

Error bars in each panel span the 25th to 75th percentiles. The symbols are vertically shifted to avoid

overlap.
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Figure 20: Average rate of potential temperature change during different clusters tran-
sitions

Numbers in parentheses indicate the occurrence numbers of these transitions.
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Abbreviation of APMS

Fuch: Fuchuushimiyanishichou
Kiyo: Kiyoseshikamikiyoto
Megu: Megurokuhimonya
Neri: Nerimakunerima

Shib: Shibuyakuudagawachou

Haru: Chuuoukuharumi
Koda: Kodairashiogawachou
Musa: Musashinoshisekimae
SetE: Setagayakusetagaya
Sugi: Suginamikukugayama

Kand: Chiyodakukandatsukasachou
Koga: Koganeishihonchou

Naka: Nakanokuwakamiya

SetW: Setagayakuseijou

Figure 21: Index map showing the target area and the distribution of observatories.

The APMS stations mentioned in text are listed as abbreviation. The thick line indicates the boundary of

the Tokyo Wards area.

The stations within the red, green, blue, purple lines were used to derive ave rage temperatures T1, T,

T3 and T4, respectively (see text details).
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Figure 22: Relationship between temperature difference (A7T") and potential temperature
gradient at (a) ST and (b) TT at 06:00 JST

The formula and R at the bottom left of each panel denote the regression equation and correlation

coeflicient, respectively. Asterisks indicate that the correlation is statistically significant at the 1% level.

77



Y =0.238 x X - 0.140 0§
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Figure 23: Relationship between the potential temperature gradients (df/dz) at the ST
and TT at 06:00 JST

The formula and R at the top left in each panel denote the regression formula and correlation coefficient,
respectively. Asterisks indicate that the correlation is statistically significant at the 1% level. Numbers

mean the date of clear nights width weak wind (see Table 2).
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Figure 24: Relationship between the temperature difference (A7) and difference in
potential temperature gradient A(d#/dz) at 06:00 JST

A(d#/dz) is potential temperature difference between at the ST and TT. The formula and R at the bottom
left of each panel denote the regression formula and correlation coeflicient, respectively. Asterisks
indicate that the correlation is statistically significant at the 1% level. Numbers mean the date of clear

nights width weak wind (see Table 2).
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Figure 25: Vertical potential temperature profiles at the TT and ST on the night of
January 1, 2017, averaged over 04:00-06:00 JST

80



. | . . | .

250 7] ; - == N
] ey o=l I
200 - et = -
= ] =) K==l i
— ] i |=—=l i
— 150 — ; —
Q 1 |l [
< ] ' [
5100 - -
‘O 1 I
I 1 04:00-06:00 JST -
50 -| 4: Cross-day E
1 ¢: NC-day I
0 - N

! | ! ! | ! |

-4 -2 0 2 4

Urban Potential Temperature Excess [°C]

Figure 26: Vertical variations in potential temperature difference between the urban
(TT) and non-urban (ST) areas (HII), averaged over 04:00-06:00 JST

On Cross-days, the coincident point was found below 250 m; on NC-days, no coincident point was found

at this height. Symbols are placed at the 50th percentile, and error bars span the 25th to 75th percentiles.
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Figure 27: Composite map of temperature deviation from the average spatial tempera-
ture and the wind system in and around the Tokyo Wards area, averaged over
2400-0600 JST on Cross-days

The dashed, solid, and thick lines represent the negative, positive, and zero temperature deviations,

respectively.
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Figure 28: Horizontal profiles of temperature deviation (gray) from the average spatial
temperature (black) in various cases on Cross-days along the ST-TT cross-
section.

The left and right dotted lines indicate the boundaries between Suginami (Sg) and Nakano (Na) Wards
and between Na and Shibuya (Sb) Wards, respectively.
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Figure 29: Distributions of temperature deviation (colors), temperature (contours) and
the wind system around the Tokyo Wards area on large-HII days at 4-h

intervals starting from 18:00 JST
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Figure 30: Distributions of temperature deviation (colors), temperature (contours) and
the wind system around the Tokyo Wards area on small-HII days at 4-h

intervals starting from 18:00 JST
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Figure 31: Wind rose at each APMS on large-HII nights at 4-h intervals starting from

18:00 JST

The station at which the recording frequency of calm winds (<0.1 m s~1) exceeded 50% is marked by a

cross (X). The sizes of wind roses indicate the ratio of wind direction.
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Figure 32: Wind rose at each APMS on small-HII nights at 4-h intervals starting from

18:00 JST

The station at which the recording frequency of calm winds (<0.1 m s~1) exceeded 50% is marked by a

cross (X). The sizes of wind roses indicate the ratio of wind direction.
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Figure 33: Wind barbs and wind roses at (a) Suginamikukugayama and (b) Shibuyaku-
udagawachou are superimposed on the plot of temperature difference (AT)
and difference potential temperature gradient between ST and TT A(d6/dz)
at 06:00 JST

AT is temperature difference between the urban side of the cliff and the area outside of the cliff same as
Fig.23 (b). The wind barbs and wind roses are the vector averages and frequencies of the WD,
respectively, during 23:00-01:00 JST.
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Figure 34: Typical mesoscale formations of urban boundary layers: (a) urban dome, (b)
urban plume, (c) type-E urban dome, in which the heat island circulation
(HIC) develops over the edge of the urban area, and (d) type-C urban dome,
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in which the HIC develops over the center of the urban area

(after Oke et al. (2017) and Kimura (1975)).
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Figure 35: Relative occurrence frequencies (%) of the non-dimensional parameter ey

characterizing type-E to type-C transitions. Data were recorded between
20:00 JST and 06:00 JST
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Figure 36: Temporal variations of the WD, the zonal (U) and meridional (V) components

of the wind speed, and the temperature deviation from 7 (T’) in Case-1
(January 11-12, 2017)

(a) Nakanokuwakamiya, (b) Suginamikukugayama, (c) Shibuyakuudagawachou, and (d)

Megurokuhimonya. T is 61-min moving-average temperature.
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Figure 38: Time-frequency distributions of the meridional wind-speed component ob-
tained by Morlet wavelet analysis: (a) Nakanokuwakamiya, (b) Sugi-
namikukugayama, (c) Shibuyakuudagawachou, (d) Megurokuhimonya

Analyzed data were collected from 20:00 JST January 11, 2017 to 04:00 JST January 12, 2017. The

colors indicate the amplitude of the real part of the wavelet coefficient.
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Figure 39: Time-frequency distributions of temperature obtained by Morlet wavelet
analysis: (a) Nakanokuwakamiya, (b) Suginamikukugayama, (c) Shibuyaku-
udagawachou, (d) Megurokuhimonya

Analyzed data were collected from 20:00 JST January 11, 2017 to 04:00 JST January 12, 2017. The

colors indicate the amplitude of the real part of the wavelet coefficient.
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Figure 40: Distributions of wind roses and frequencies of wind-direction changes from
23:00 JST January 11, 2017 to 02:00 JST January 12, 2017

Observation points recording more than 60 min of calm conditions are marked by x.

95



Otem

Neri

Naka

Sugi

Musa

Koga

Fuch

Otem

Neri

Naka

Sugi

Musa

Koga

Fuch

Otem

Neri

Naka

Sugi

Musa

Koga

Fuch

Figure 41:

Fuch, Koga, Musa, Sugi, Naka, Neri and Kita denote Fuchuushimiyanishichou, Koganeishihonchou,

Musashinoshisekimae, Suginamikukugayama, Nakanokuwakamiya, Nerimakunerima and Kitanomaru,
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respectively. V’ indicates the 20—60-mins band-pass filtered V all stations except for Otemachi.
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Temporal variation of wind barbs in the horizontal plane along the Otemachi—
Fuchu cross-section from 18:00 JST January 11, 2017 to 06:00 JST January
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Figure 42: Temporal variations of the temperatures in different areas of the Tokyo
metropolis (see text for details) and their differences in Case-1
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Figure 43: Temporal variations of the potential temperature (contours) and potential
temperature gradient (colors) at the TT from 18:00 January 11, 2017 to
06:00 JST January 12, 2017

Analysis data were the moving-averaged values of the 10-min data. The contour interval is 0.25°C.
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Figure 44: Temporal variation of the potential temperature (contours) and potential

temperature gradient (colors) at the ST from 18:00 January 11, 2017 to
06:00 JST January 12, 2017

The contour interval is 0.5°C.
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Figure 45: Vertical variations in €’ from 18:00 January 11, 2017 to 06:00 JST January
12,2017

0’ is the potential temperature deviation from the 61-min moving average. Dashed lines represent the

average + 0.5°C. The lines are vertically shifted to avoid overlap.
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Figure 46: Temporal variations of the WD, the zonal (U) and meridional (V) components

of the wind speed, and the temperature deviation from 7 (T’) in Case-2

(January 09-10, 2017)

(a) Nakanokuwakamiya, (b) Suginamikukugayama, (c) Shibuyakuudagawachou, and (d)

Megurokuhimonya. T is 61-min moving-average temperature.
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Figure 47: Distributions of wind roses and frequencies of wind-direction changes from
23:00 JST January 09, 2017 to 02:00 JST January 10, 2017

The observation stations recording more than 60 min of calm conditions are marked with x.
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Fuch, SetW, SetE, Sugi, Naka and Otem denote Fuchuushimiyanishichou, Setagayakuseijou,

Setagayakusetagaya, Suginamikukugayama, Nakanokuwakamiya and Otemachi, respectively. V’

e 20—-60-mins band-pass filtered V all stations except for Otemachi.
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Temporal variation of wind barbs in the horizontal plane along the Otemachi—
Fuchu cross-section from 18:00 JST January 09, 2017 to 06:00 JST January
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Figure 49: Temporal variations of temperatures in different areas of the Tokyo metropo-
lis (see text for details) and their differences in Case-2
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Figure 50: Temporal variations of the potential temperature (contours) and potential
temperature gradient (colors) at the TT from 18:00 January 09, 2017 to
09:00 JST January 10, 2017

Analysis data were the moving-averaged 10-min data. The contour interval is 0.25°C.
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Figure 51: Temporal variations of the potential temperature (contours) and potential

temperature gradient (colors) at the ST from 18:00 JST January 09, 2017 to
09:00 JST January 10, 2017

The contour interval is 0.5 °C.
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Figure 52: Vertical variations of 6’ from 18:00 JST January 09, 2017 to 06:00 JST
January 10, 2017

0’ is the potential temperature deviation from the 61-min moving average. Dashed lines represent the

average + 0.5°C. The lines are vertically shifted to avoid overlap.
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Figure 53: Temporal variations of the WD, the zonal (U) and the meridional (V) com-

ponents of the wind speed, and the temperature deviation from 7 (T’) in

Case-3 (November 17-18, 2016)

(a) Nakanokuwakamiya, (b) Suginamikukugayama, (c) Shibuyakuudagawachou, and (d)

Megurokuhimonya. T is 61-min moving-average temperature.
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Figure 54: Temporal variations of temperatures in different areas of the Tokyo metropo-
lis (see text for details) and their differences in Case-3
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Figure 55: Temporal variations of the potential temperature (contours) and potential

temperature gradient (colors) at the TT from 20:00 November 17, 2016 to
08:00 JST November 18, 2016

Analysis data were the moving averages of 10-min data. The contour interval is 0.25°C.
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Figure 56: Temporal variations of the potential temperature (contours) and potential
temperature gradient (colors) at the ST from 20:00 November 17, 2016 to
08:00 JST November 18, 2016

The contour interval is 0.5 °C.
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Figure 57: Vertical variations in 6’ from 18:00 November 17, 2016 to 06:00 JST Novem-
ber 18, 2016

0’ is the potential temperature deviation from the 61-min moving average. Dashed lines represent the

average + 0.5°C. The lines are vertically shifted to avoid overlap.
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Figure 58: Temporal variations of the potential temperature gradients at the ST and TT,
and the Brunt-Viisila oscillation (BVO) period at the ST, from 17:00 JST

January 11, 2017 to 09:00 JST January 12, 2017
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Figure 59: Temporal variations of the potential temperature gradients at the ST and TT,
and the Brunt-Viiséla oscillation (BVO) period at the ST, from 17:00 January

09, 2017 to 09:00 JST January 10, 2017
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Figure 60: Temporal variation of wind barbs and C in the horizontal plane along the
Otemachi—Fuchu cross-section from 18:00 JST January 11, 2017 to 06:00
JST January 12, 2017

Fuch, Koga, Musa, Sugi, Naka, Neri and Otem denote Fuchuushimiyanishichou, Koganeishihonchou,
Musashinoshisekimae, Suginamikukugayama, Nakanokuwakamiya, Nerimakukitamachi and Otemachi,
respectively. C indicates the scale averaged coefficient between 20 and 50 mins obtained from Wavelet
analysis. The blue and red lines are connected coeflicient maxima and minimum, respectively and the

dashed and solid lines mean propagation pattern P; and Ps.
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Figure 61: Positions of (a) maximum V’ peak, and (b) minimum V’ peak in Case-1

Stations recording non-clarified periodic motions are marked with x.
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Figure 62: Conceptual diagrams of wavelike motions: (a) generation of wavelike mo-
tions, (b) vertical mixing induced by wavelike motions
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Figure 63: Conceptual diagrams of (a) gravity waves and (b) gravity currents from
non-urban areas penetrating urban areas
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Figure 64: Distributions of temperature deviation (colors), temperature (contours) and

the wind system around the Tokyo Wards area at 3-h intervals starting from
18:00 JST February 20, 2010
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Figure 65: Temporal variations of the potential temperature (contours) and potential
temperature gradient (dashed lines, colors) at the TT
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Table 1: Monthly numbers of clear nights with weak winds (2001-2010)

Apr. May June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. Mar. Annual

25 13 6 10 6 11 14 42 57 50 27 30 291
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Table 2: Cases of clear nights with weak winds

No. Date H[m] Q[kIm 2]

01 Nov. 17,2016-Nov. 18, 2016 - -

02  Nov. 25,2016-Nov. 26, 2016 88 108
03  Dec. 16,2016-Dec. 17,2016 131 280
04 Dec. 17,2016-Dec. 18, 2016 84 241
05 Dec. 20, 2016-Dec. 21, 2016 76 154
06  Dec. 31, 2016-Jan. 01, 2017 109 229
07  Jan. 02, 2017-Jan. 03, 2017 142 160

08 Jan. 06, 2017-Jan. 07, 2017 - -
09 Jan. 09, 2017-Jan. 10, 2017 - -
10 Jan. 10, 2017-Jan. 11, 2017 - -

11 Jan. 11,2017-Jan. 12, 2017 176 420
12 Jan. 12, 2017-Jan. 13, 2017 104 96
13 Jan. 15,2017-Jan. 16, 2017 115 202
14 Jan. 17,2017-Jan. 18, 2017 162 292
15  Jan. 25, 2017-Jan. 26, 2017 163 245

16 Jan. 27, 2017-Jan. 28, 2017 - -
17  Feb. 02, 2017-Feb. 03, 2017 - -
18  Feb. 19, 2017-Feb. 20, 2017 - -

Average 123 221

H and Q denote the coincident point and amount of heating, respectively.

non

indicates cases with no coincident point below 250 m.
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Table 4: Wind speed statistics at the ST on clear nights with weak winds, averaged over
01:00 to 06:00 JST

Height (m)
45 80 115 151

Average (ms™—1) 35 43 42 48
Standard deviation (ms~') 3.5 43 42 438
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