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Abstract: Sea breezes are important in a coastal urban climate; however, the impact of urban develop-
ment on the effects of sea breezes, which decrease air temperature and increase humidity, has not
been understood quantitatively. To quantitatively evaluate this impact in Sendai, Japan over the
past twenty years, this study analyzed the heat balance mechanisms in urban spaces based on the
simulation results of the Weather Research and Forecasting (WRF) model coupled with Local Climate
Zone (LCZ) maps. Compared to the observation data on air temperature, specific humidity, and wind
in August 2002, results of the numerical simulation, using the 2002 LCZ map and the meteorological
conditions of August 2002, confirmed that the WRF model could reproduce meteorological factors
well. Thereafter, two numerical simulations using the LCZ maps from 2002 and 2022 were conducted
based on the same meteorological condition, from 25 July to 1 September 2008, to extract the impact
of urban development on the effects of sea breeze. Consequently, when land use changed from urban
built-up land to natural land cover, both the effects of sea breeze—decreasing air temperature and
increasing humidity—decreased. Additionally, increases in LCZ 3 (compact low rise), mainly from
LCZ 6 (open low rise) and LCZ 9 (sparsely built), decreased the effects of sea breeze (decreasing air
temperature and increasing humidity) by 5% and 10%, respectively, in areas around Sendai Station.
This was because the consumption of the sea breeze’s potential to decrease air temperature and
increase humidity increased and the wind speed of sea breezes decreased in the windward areas
of Sendai Station. These results provide new insights into the impact of urban development on the
effects of sea breeze and quantitatively reveal changes in the effects of sea breeze.

Keywords: urban development; local climate zone; sea breezes; mesoscale simulation; Weather
Research and Forecasting model; heat balance analysis

1. Introduction

In coastal cities, the urban climate is greatly influenced by sea breezes in the daytime.
Extensive attention has been dedicated to studying the effects of sea breezes on the urban
climate [1–11]. Using numerical simulations, Sasaki and Mochida et al. (2008) showed that
advection caused by sea breezes significantly cooled the air temperature in coastal cities of
Japan, such as Tokyo and Sendai [1]. Watanabe et al. [2] also found similar results in Sendai
based on long-term observation data. Yang et al. (2022) indicated that sea breezes alleviated
the urban heat island effects in Shenzhen, one of the coastal cities in China [3]. Further,
many studies have been conducted on the effect of sea breeze—increasing humidity—in
urban spaces [4,5]. Jin et al. (2022) found that sea breezes inhibited sea fog development
in the daytime in Shangdong, China [6]. On the other hand, the climate is changing
on a global scale [12], and urban warming problems have become more severe because
of the coupled effects of Urban Heat Islands (UHI) and global warming [4,13,14]. For
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successful urban planning that adapts to the future climate in coastal cities, it is necessary
to understand quantitatively the effects (advantages and disadvantages) of sea breezes.
Meanwhile, measures against the urban warming problem should be proposed based on
the understanding of the effects of sea breezes.

As sea breezes are caused by pressure differences due to thermal differences between
land and sea [15], changes in the thermal properties of urban spaces (e.g., urban develop-
ment) will affect the characteristics of sea breezes. In addition, changes in the aerodynamic
effects of urban roughness due to urban development will affect the inland penetration
of sea breezes. Chen et al. (2019) and Hai et al. (2018), who studied the impacts of urban
development on sea breezes, found that urban development in the Pearl River Delta (PRD)
region enhanced the duration, depth, and intensity of sea breezes but blocked their inland
penetration [16,17]. Kusaka et al. (2000) found that land-use alteration in Tokyo, from
1900 to 1985, increased the time taken for sea breezes to penetrate the inland areas and
changed the interaction between boundary layer heating and the sea breeze front [11].

Previous studies have recognized that urban development influences the characteris-
tics of sea breezes, consequently affecting the thermal and humid environment in urban
areas. However, no researchers have analyzed quantitatively how urban development
influences the sea breeze advection effects of sensible/latent heat. Moreover, although
introducing sea breezes has been confirmed as an effective countermeasure against the UHI
problem [1–3], urban development may alter the advection effect of sea breezes. Consider-
ing the use of sea breezes to improve the thermal environment, it is necessary to understand
qualitatively the changes in the extent and area of the sea-breeze advection effects due to
urban development. For this purpose, heat balance analysis was used in this study.

To clarify the factors that contribute to changes in air temperature or specific humidity,
Mochida et al. [1,18–25] proposed a new method to analyze a three-dimensional heat bal-
ance mechanism in urban spaces. This method analyzes the heat balance involving heat
fluxes by advection and turbulent diffusion across all surfaces of an evaluated space (e.g.,
2 km (X direction) × 2 km (Y direction) × 80 m (vertical direction)), named the control
volume (C.V.), and the anthropogenic heat release within the C.V. Specifically, the contri-
bution of three terms, i.e., advection, turbulent diffusion, and anthropogenic heat release,
to the total sensible/latent heat balance, which determines the temperature/humidity
changes in the evaluated C.V., can be analyzed quantitatively. Meanwhile, the influence
degree of advection, turbulent diffusion, and anthropogenic heat release on changes in air
temperature/humidity can also be analyzed. Details of the method of analyzing the heat
balance mechanism in urban spaces are presented in Section 2.1. Using the heat balance
analysis in urban spaces, Mochida et al. (2008) and Sato et al. (2008) [1,25] discovered
that the outgoing sensible heat fluxes caused by the advection of sea breezes were larger
than the incoming ones, preventing the daytime air temperature from rising. Further, the
outgoing latent heat fluxes by the advection of sea breezes were lower than the incoming
ones, which indicated that sea breezes increased the specific humidity in urban spaces [25].
In addition, Sasaki et al. (2005) quantitatively evaluated and compared the contribution
of each factor to the changes in air temperature in three different coastal cities of Japan,
based on the heat balance results in urban spaces [24]. Further, Sasaki et al. (2005) showed
that both the structure and important factors of heat balance vary by city size [24]. On the
other hand, even within a single city, the city area varies over time; however, few studies
have focused on this point. Thus, this study aims to evaluate quantitatively the impact of
urban morphological change in a single city on the effects of sea breezes—decreasing air
temperature and increasing humidity—using heat balance analysis.

Sendai, one of the typical coastal cities in Japan [1,2], is included in the system of
designated cities in Japan [26]. Since 1999, urban planning has been conducted in Sendai
to build a compact city based on the subway and train network [27]. Under this policy
measure, regional bases have been formed gradually in Sendai over the past twenty years
(2002~2022). To evaluate the impact of urban development on the effects of sea breezes
over the past twenty years, it is necessary to align weather conditions. Therefore, only
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land use conditions are changed, and the meteorological conditions are kept constant in
the numerical experiments. Furthermore, by mapping the advection component of the
heat balance mechanism in urban spaces, the relationship between urban development and
the effects of sea breezes is spatially identified. This study’s novelty is that changes in the
impact of sea breezes on air temperature and humidity in urban areas due to urbanization
are first analyzed based on heat balance mechanisms in the urban space. The method and
simulation are described more in Section 2, Section 3 presents the results and discussion,
and Section 4 concludes the paper.

2. Methodology
2.1. Method of the Heat Balance Mechanism in Urban Space

Murakami et al. [18] first proposed the concept of heat balance analysis in urban spaces
which considers the generation and transport of sensible and latent heat in urban spaces.
As shown in Figure 1, the proposed method sets up a three-dimensional space (control
volume, (C.V.)) to evaluate the heat balance in the atmospheric part of urban space. Further,
it evaluates the balance between the amounts of sensible or latent heat that flow in and
out from each surface of the C.V. by advection and turbulent diffusion and the sensible or
latent heat of artificial waste released into the C.V.
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In Figure 1, Qin,adv and Qin,tur are the incoming sensible or latent heat flux by advection
and turbulent diffusion, respectively, and Qout,adv and Qout,tur indicate the outgoing sensible
or latent heat flux by advection and turbulent diffusion, respectively. In addition, Qanth is
the anthropogenic heat release.

The heat balance of the C.V. is determined by the total heat of these three components.
The heat storage of the C.V. can be expressed as:

∆Qs = ∆Qs,adv + ∆Qs,tur + Qs,anth (1)

∆Ql = ∆Ql,adv + ∆Ql,tur + Ql,anth (2)

In Equations (1) and (2), ∆Qs and ∆Ql indicate the sensible and latent heat storage of
the C.V., respectively. ∆Qs,adv, ∆Ql,adv are the net sensible and latent heat transferred by
advection in urban spaces, respectively, and ∆Qs,tur and ∆Ql,tur are the net sensible and
latent heat transferred by turbulent diffusion, respectively. Qs,anth and Ql,anth indicate the
sensible and latent heat generation from anthropogenic heat release in the C.V.

Meanwhile, the net sensible and latent heat transferred by advection in urban spaces,
∆Qs,adv and ∆Ql,tur, are calculated as follows:

∆Qs,adv = Qs,in,adv − Qs,out,adv (3)

∆Ql,adv = Ql,in,adv − Ql,out,adv (4)
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where Qs,in,adv and Ql,in,adv are the incoming sensible and latent heat fluxes by advection in
the C.V., respectively, and Qs,out,adv and Ql,out,adv are the outgoing sensible and latent heat
fluxes by advection in the C.V., respectively.

Similarly, the net sensible and latent heat fluxes by turbulent diffusion in the C.V.,
∆Qs,tur and ∆Ql,tur, respectively, are calculated as:

∆Qs,tur = Qs,in,tur − Qs,out,tur (5)

∆Ql,tur = Ql,in,tur − Ql,out,tur (6)

where Qs,in,tur and Ql,in,tur are the incoming sensible and latent heat fluxes by turbulent
diffusion in the C.V., respectively, and Qs,out,tur and Ql,out,tur are the outgoing sensible and
latent heat fluxes by turbulent diffusion in the C.V., respectively. Notably, when the C.V. is
in contact with the ground surface, the Qs,in,tur and Ql,in,tur are the convection heat transfer
between the ground surface and the air near the ground surface, respectively.

The component of the anthropogenic heat release of heat balance (Qs,anth or Ql,anth) is
decided by the net heat exchange between air conditioning systems and the heat flowing
into the buildings from the atmosphere, which can be expressed as:

Qs,anth = Qs,ac − Qs,build (7)

Ql,anth = Ql,ac − Ql,build (8)

where Qs,ac and Ql,ac are the sensible and latent heat released from the air conditioning
systems to the atmosphere, respectively, and Qs,build and Ql,build are the sensible and latent
heat flowing, respectively, from the atmosphere to the urban buildings within the C.V. The
heat exchange between air conditioning systems and the atmosphere was calculated based
on a previous study by Yumino et al. [14].

Owing to the sensible heat balance of the C.V., the air temperature of the C.V. will increase
(decrease) when the net sensible heat (∆Qs) is positive (negative). Similarly, the change in
the specific humidity of the C.V. depends on the latent heat balance (∆Ql). In this study, the
advection effect of sea breezes is analyzed by calculating the advection term of the heat balance
mechanism in urban spaces. In this study, the C.V. is set as 1 km × 1 km × 60 m, and the heat
balance is computed over the whole study area. Spatial distribution maps of the sea breeze
effect are created based on values of the advection component of the heat balance by using all
cells in the analysis domain.

2.2. Calculation Conditions

As mentioned in the introduction section, Sendai has experienced urban development
toward a compact city since 1999 [27]. In accordance with the compact city policy, built-up
urban land in some suburban areas is being replaced by the natural land cover; in central
urban areas, the building density and height have increased. To understand the changes in
land cover and urban morphology over the past twenty years in Sendai, the Local Climate
Zone (LCZ) scheme, including ten categories of urban built-up land and seven categories
of natural land cover, was applied in this study. This is because the built classification of
the LCZ scheme considers urban factors, including the sky view factor, impervious surface
fraction, and building height and width of streets, among others [28,29]. Thereafter, the
produced LCZ map data, as land surface boundary conditions, were introduced into the
Weather Research and Forecasting (WRF) model [30], a regional urban climate model. It
has been reported that the simulation accuracy of the WRF model can be improved by
coupling with the LCZ scheme [31,32], which is another reason for using the LCZ scheme
in this study.

In this study, three simulation cases were computed, as summarized in Table 1. First, a
numerical simulation using land use data in 2002 based on the LCZ scheme and meteorolog-
ical conditions from 25 July to 1 September 2002 (noted as Case 0) was conducted to validate
the accuracy of the WRF model. Further, to extract the impact of urban development on
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the effects of sea breeze, two numerical simulations using the LCZ maps from 2002 (noted
as Case lu_2002) and 2022 (noted as Case lu_2022) were conducted, based on the same
meteorological condition. The Case lu_2002 and Case lu_2022, simulations were performed
under the same condition as in August 2008, which was selected as the standard climate
in August for the period from 1990 to 2009 by the Working Group for Climate Change
Modeling of Architectural Institute of Japan [33]. Finally, the advection components of the
sensible and latent heat balance in urban spaces (C.V. size: 1 km (X direction) × 1 km (Y
direction) × 60 m (vertical direction)) were calculated based on the simulation results of
Case lu_2002 and Case lu_2022 over the whole study areas.

Table 1. Simulation cases.

Case Name Land Use Data Meteorological Data

Case 0 LCZ map of 2002 August 2002

Case lu_2002 LCZ map of 2002 August 2008
Case lu_2022 LCZ map of 2022 August 2008

2.2.1. WRF Model Configuration

The Advanced Research WRF-ARW version 3.6.1 model [30] coupled with a multi-
layer Urban Canopy Model [34], a Building Effect Parameterization (BEP), and a Building
Energy Model (BEM) [35] were applied in this study to simulate the interaction with the
urban environment. Three layers of nested domains with spatial resolutions of 25 km
(72 × 72), 5 km (100 × 100), and 1 km (120 × 120) for Domain 1, Domain 2, and the
innermost Domain 3, respectively, were used. The coordinate of all domains’ centers is the
location of Sendai Station (39.288◦ N and 139.336◦ E), as shown in Figure 2. The model
configurations are summarized in Table 2. Furthermore, 34 vertical levels, with the topmost
being 50 hPa, were set in this study. The initial and boundary conditions were derived from
the Final Operational Global Analysis data (NCEP/FNL) [36] available for free from the
National Centers for Atmospheric Research (NCAR) (Research Data Archive). The entire
simulation duration was from 21:00 25 July to 09:00 1 September (JST). The first week of the
simulation period was set as a spin-up time in this study.
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Table 2. Calculation conditions for the WRF simulations.

Items Content

Date 21:00 (JST) 25 July to 09:00 1 September
Number of Vertical Grids 34 (from the surface to the 50-hPa level)

Time Step Domain 1: 100 s; Domain 2: 20 s; and Domain 3: 4 s

Topographic Data Domains 1 and 2: U.S. Geological Survey
Domain 3: Japanese National Land Numerical Information

Horizontal Resolutions Domain 1: 25 km; Domain 2: 5 km; and Domain 3: 1 km
Nesting One-way nesting

Table 3 summarizes the physical schemes for the WRF model. For the surface process
in this study, the NOAH land-surface model [37] was used for non-urban surfaces and the
BEP scheme was adopted for urban surfaces [34]. By treating the urban geometry as a three-
dimensional street canopy with roofs, walls, and roads, the BEM estimates the temperature
and heat flux from the three kinds of surfaces and considers the shadowing from buildings
and the reflection of radiation [35]. Further, the cloud microphysics used for the WRF
model in this study was a single-moment 6-class (WSM6) microphysics scheme [38]. The
rapid radiative transfer model (RRTMG) [39] and the Dudhia shortwave scheme [40] were
used for the longwave and shortwave radiation schemes, respectively. For the planet
boundary layer scheme, the Mellor–Yamada–Janjic TKE scheme [41] was applied. The new
Kain–Fritsch scheme [42] was used for the cumulus process in Domains 1 and 2.

Table 3. Physical schemes for the WRF simulation.

Items Content

Microphysics WRF single-moment six-class scheme [38]
Shortwave Radiation Dudhia scheme [40]
Longwave Radiation Rapid radiative transfer model scheme [39]

Land Surface Noah land surface model [37] + Multi-layer urban
canopy model [34] + Building energy model [35]

Planetary Boundary Layer Mellor–Yamada–Janjic scheme [41]

Cumulus Parameterization Domains 1 and 2: Kain–Fritsch (new Eta) scheme [42]
Domain 3: None

2.2.2. LCZ Scheme and Land Use and Land Cover (LULC) Data

The Word Urban Database and Access Portal Tools (WUDAPT), as a global initiative,
aims to collect urban morphology and land use data for climate studies and model applica-
tions [28]. Three levels of the LCZ are designed for WUDAPT products [29]. In this study,
the WUDAPT level 0 (WUDAPT L0) method was used to create LCZ maps: First, different
seasons’ satellite imagines are selected from Landsat; then, training samples for each LCZ
category are created based on the definition of each LCZ using the three-dimensional
images in Google Earth. Finally, selected satellite images and training samples are loaded
in SAGA GIS for LCZ classification in the region of interest, based on machine learning
with a random forest method. The detailed method of the data process for creating LCZ
maps followed the procedure described by Zhou et al. and Chiba et al. [43,44].

As shown in Table 4, to obtain high-quality LCZ products, satellite images with less
cloud cover were selected near 2002 or 2022. Based on the WUDUPT 0 method, LCZ maps
in 2002 and 2022 were created with an overall accuracy of 0.92 and 0.95, respectively. The
detail of LCZ maps (Figure A1) and accuracy evaluation for LCZ maps (Tables A1 and A2)
can be seen in the appendix materials.
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Table 4. Satellite images for creating LCZ maps.

Satellite Image Entity ID Date Season

Landsat 7
(2002 LCZ map) LE07_L1TP_107033

09/24/2001 Autumn
04/24/2002 Spring
06/07/2002 Summer
02/18/2002 Winter

Landsat 8
(2022 LCZ map) LC08_L1TP_107033

08/19/2020 Summer
01/19/2022 Winter
04/03/2022 Spring
09/10/2022 Autumn

In this study, the LCZ maps with 100 m resolution (Figure A1) were used as the land
use data for urban built-up land. In addition, the 100 m resolution LULC data from Japanese
National Land Numerical Information [45] were used as LULC resources for the areas
outside the urban built-up land of the LCZ maps. The land use data in Domains 1 and 2
in the WRF calculation were set to be the USGS geographic resources, and Domain 3 data
were replaced by the up-to-date land-use datasets in the LCZ maps and LULC of Japanese
National Land Numerical Information.

The land use data in Domain 3 for Case lu_2002 and Case lu_2022 are shown in
Figures 3a and 3b, respectively. The urban built-up land of LCZ 2 (compact middle rise)
was distributed in urban center areas, both in 2002 and 2022, and there were no changes in the
urban built-up land of LCZ 2. The urban built-up land of LCZ 3 (compact low-rise) had been
extended mainly in the south-north directions. This is because two regional bases had been
formed in the south and north of Sendai Station with the plan for a compact city in Sendai.
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Figure 4 shows the land use change in Sendai between 2002 and 2022. Land use changes
from urban built-up land to natural land cover were scattered in the surrounding areas
of Sendai, with decreases in LCZ 9 (sparsely built) and increases in the forests and paddy,
showing that the land use of urban built-up land disappeared in rural areas because of the
compact city policy. However, partial losses in urban built-up land (LCZ 9) near the coastal
line of Sendai were caused by the influence of earthquake and tsunami disasters in 2011 [46].

In Figure 4, the land use changes in urban built-up land were mainly in the eastern
coastal areas of Sendai Station. The increases in LCZ 3 were mainly from LCZ 6 (open
low-rise) and LCZ 9 and the increases in LCZ 6 were mainly from LCZ 9. These two kinds
of land use changes showed the characteristics of building a compact city: both the height
and the density of buildings increased.
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2.3. Definition of a Sea Breeze Day

In this study, the analyzed targets were sea breeze days selected from August 2008,
using the following procedures. First, clear summer days were extracted based on the
definition of sunny days by the Japan Meteorological Agency [47]: the daily precipitation
is less than 1 mm and the daily sunlight hours are more than 7 h. In addition, the sunlight
hours are defined as time under a shortwave radiation flux of 120 W/m2 or more by the
Japan Meteorological Agency [47]. Thereafter, if 70% of the wind direction during the day
(local time from 06:00 to 18:00) were sea directions (from the east to south in Sendai as
shown in the plot of Sendai urban areas in Figure 2), then the selected clear summer days
was defined as sea breeze days [5]. Note that the data on precipitation, shortwave radiation
flux, and wind direction used to extract the sea breeze days were from the calculated grid
closest to the Sendai District Meteorological Observatory (Figure 2).

After deciding on the sea breeze days, the hourly combined average of meteorological
factors and advection components of heat balance from the selected sea breeze days
were calculated. Finally, the daytime average of meteorological factors and advection
components of heat balance (local time from 10:00 to 15:00), during which the sea breezes
were prevalent, were used for analysis.

3. Results and Discussion
3.1. Validation

To validate the prediction accuracy of the WRF model, observation data on the air
temperature, specific humidity, wind direction, and wind speed in August 2002 from Sendai
Meteorological Observation Station [47] were used to compare the simulation results of the
WRF model. Air temperature and specific humidity on sunny days with no precipitation
were extracted from the results of the WRF simulation and observation data. The average
hourly value of air temperature and specific humidity are shown in Figures 5a and 5b,
respectively. The diurnal variations of air temperature and specific humidity from the WRF
simulation were consistent with the observation (OBS) data, as shown in Figure 5. Figure 6a
shows the frequency distributions of horizontal wind speed between the WRF results
and OBS data in August 2002. Although there were some differences in the frequency
distribution of wind speed below 1 m/s, the trend of the observed wind speed was
generally reproduced by the WRF model. The dominant southeast sea breezes in August
were reproduced by the WRF model, as presented in Figure 6b. It was confirmed that the
meteorological factors of air temperature, specific humidity, and wind could be reproduced
by the WRF simulation well.



Atmosphere 2023, 14, 677 9 of 19Atmosphere 2023, 14, x FOR PEER REVIEW 9 of 20 
 

 

  

Figure 5. Validations for air temperature and specific humidity. (a) Diurnal variations of air temper-
ature averaged for sunny days in August 2002; (b) diurnal variations of specific humidity averaged 
for sunny days in August 2002. 

  
Figure 6. Validation for wind conditions. (a) Frequency distribution of wind speed in August 2002; 
(b) frequency distribution of wind direction in August 2002. 

3.2. Impacts of Urban Development between 2002 and 2022 on Meteorological Factors 
To make the focus regions from Figure 4 easier to follow, the plot of land use changes 

between 2022 and 2002 is reposted in Figures 7–11. The land use changes were divided 
into four groups and distinguished using four series of colors in Figure 4: (1) from natural 
land cover to urban built-up indicated by a red series of colors; (2) from urban built-up to 
natural land cover indicated by a green series of colors; (3) land use changes with increases 
in building height or building density indicated by a purple series of colors; and (4) land 
use changes with decreases in building height or building density indicated by a blue 
series of colors. In addition, the inland, central, and coastal locations for Sendai can be 
referred to in the plot of terrain height over Sendai as seen in Figure 2. 

  

(a) (b) 

(a) (b) 

(a) (b) 
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ture averaged for sunny days in August 2002; (b) diurnal variations of specific humidity averaged for
sunny days in August 2002.
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3.2. Impacts of Urban Development between 2002 and 2022 on Meteorological Factors

To make the focus regions from Figure 4 easier to follow, the plot of land use changes
between 2022 and 2002 is reposted in Figures 7–11. The land use changes were divided
into four groups and distinguished using four series of colors in Figure 4: (1) from natural
land cover to urban built-up indicated by a red series of colors; (2) from urban built-up to
natural land cover indicated by a green series of colors; (3) land use changes with increases
in building height or building density indicated by a purple series of colors; and (4) land
use changes with decreases in building height or building density indicated by a blue series
of colors. In addition, the inland, central, and coastal locations for Sendai can be referred to
in the plot of terrain height over Sendai as seen in Figure 2.

3.2.1. Wind Speed

1. Land use change from urban built-up land to natural land cover (forest, paddy, and
farmland) close to the coastline (regions identified by green series of colors in coastal
areas in Figure 7d): The wind speed increased by 0.2~0.8 m/s (Figure 7c) due to the
decrease in the surface roughness of the natural land cover. Further, on the inland side
of Sendai Station (regions identified by the green series of colors close to the inland
areas in Figure 7d), the land-use change from urban built-up land to natural land
cover increased wind speeds but the increases were smaller compared with those in
coastal areas.
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2. Land use change from natural land cover to urban built-up land (LCZ 9, LCZ 6, and
LCZ 3) (regions identified by the red series of colors in Figure 7d): Owing to the
increased aerodynamic drag caused by the buildings, significant decreases in wind
speed by 0.5~0.8 m/s occurred in coastal areas with increases in LCZ 3 and LCZ 6 in
Figure 7c. The impact of decreasing wind speeds also extended to the leeward areas,
as shown in Figure 7c.

3. Land use changes with increases in building height or building density indicated by
the purple series of colors, mainly including from LCZ 6 to LCZ 3, LCZ 9 to LCZ 3,
and LCZ 9 to LCZ 6, in Figure 7d: Wind speeds decreased due to increases in building
density and building coverage ratio. Changes in wind speed in these areas were
smaller compared with those in the case of urban built-up land to natural land cover
or from natural land cover to urban built-up land.
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Figure 7. Daytime wind {m/s} fields. (a) In Case lu_2002; (b) in Case lu_2022; (c) scalar difference of
wind speed (between Case lu_2022 and Case lu_2002); and (d) land use changes between 2002 and
2022 in Sendai (reposted Figure 4).
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Figure 8. Daytime air temperature {◦C} distributions. (a) In Case lu_2002; (b) in Case lu_2022; (c) air
temperature differences (between Case lu_2022 and Case lu_2002); and (d) land use changes between
2002 and 2022 in Sendai (reposted Figure 4).
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Figure 9. Daytime specific humidity {g/kg’} distributions. (a) In Case lu_2002; (b) in Case lu_2022;
(c) specific humidity differences (between Case lu_2022 and Case lu_2002); and (d) land use changes
between 2002 and 2022 in Sendai (reposted Figure 4).
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Figure 10. Distributions of the advection component of sensible heat balance {MW} in the daytime.
(a) In Case lu_2002; (b) in Case lu_2022; (c) changes in the advection component of sensible heat
balance (between Case lu_2022 and Case lu_2002); and (d) land use changes between 2002 and 2022
in Sendai (reposted Figure 4).
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Figure 11. Distributions of the advection component of latent heat balance {MW} in the daytime.
(a) In Case lu_2002; (b) in Case lu_2022; (c) changes in the advection component of latent heat balance
(between Case lu_2022 and Case lu_2002); and (d) land use changes between 2002 and 2022 in Sendai
(reposted Figure 4).
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3.2.2. Air Temperature

1. Land use change from urban built-up land to natural land cover (forest, paddy, and
farmland) (regions identified by the green series of colors in coastal areas in Figure 8d):
The air temperature decreased by 0.3~0.6 ◦C (Figure 8c).

2. Land use change from natural to urban built-up land (LCZ 9, LCZ 6, and LCZ 3)
(regions identified by the red series of colors in Figure 8d): The air temperature
increased by less than 0.3 ◦C (Figure 8c), which was smaller than the change in the
case of urban built-up land to natural land cover.

3. Land use changes with increases in building height or building density (indicated by
the purple series of colors in Figure 8d) (mainly including from LCZ 6 to LCZ 3, LCZ
9 to LCZ 3, and LCZ 9 to LCZ 6): The air temperature increased by approximately
0.3 ◦C in urban central areas with a land use change from LCZ 6 to LCZ 3. The air
temperature had almost no changes (less than 0.2 ◦C) in suburban areas with a land
use change from LCZ 9 to LCZ 3 or LCZ 9 to LCZ 6.

The land use changes in Figure 4 not only affected the air temperature in areas with
land use changes but also affected those in the leeward areas following the wind direction
as observed in Figure 8c.

3.2.3. Specific Humidity

1. Land use change from urban built-up land to natural land cover (forest, paddy, and
farmland) (regions identified by the green series of colors in coastal areas in Figure 9d):
The specific humidity increased by 1.0 g/kg’ (Figure 9c) because of increases in
evapotranspiration from the surface.

2. Land use change from natural land cover to urban built-up land (LCZ 9 and LCZ
6) (regions identified by the red series of colors in Figure 9d): The specific humidity
decreased by 1.0 g/kg’ (Figure 9c). Different from the changes in air temperature, the
increased values in specific humidity were almost the same as the decreased values in
specific humidity in the case of urban built-up land to natural land cover.

3. Land use changes with increases in building height or building density (indicated by
the purple series of colors in Figure 9d) (mainly including from LCZ 6 to LCZ 3, LCZ
9 to LCZ 3, and LCZ 9 to LCZ 6): The specific humidity almost had no changes as
seen in Figure 9c.

In Figure 9c, the impact of land use changes on specific humidity was not only in the
areas with land use changes but also expanded in the corresponding leeward areas because
of the influence of sea breezes.

3.3. Impacts of Urban Development between 2002 and 2022 on Advection Effects of Sea Breezes
3.3.1. Changes in the Advection Component of Sensible Heat Balance

In Figure 10a,b, the advection components of the sensible heat balance (∆Qs,adv) had
negative values, with large absolute values in the coastal areas, showing that the effect of
sea breezes decreasing the air temperature was more significant in coastal areas than in the
other areas. In addition, the effect of sea breezes decreasing the air temperature reached the
inland areas, about 10 km from the Sendai Station. This means that, during the daytime
on sea-breeze days, sea breezes had the potential to decrease air temperature throughout
the urban areas of Sendai. The values of the advection component of the sensible heat
balance in urban central areas were approximately one-third of that in the coastal areas in
Figure 10a,b. These distributions were attributed to the increased temperature (Figure 8a,b)
and decreased wind speed of sea breezes (Figure 7a,b) as they flowed from the coast to the
inland. Further, the gradual decreases in the absolute values of the advection component
of the sensible heat balance from the coast to the inland indicated that the potential of sea
breezes to decrease air temperature was consumed gradually as the sea breezes flew into
inland areas.
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Figure 10c shows the changes in the advection component of sensible heat balance
(∆Qs,adv) due to land use changes between 2002 and 2022 (Figure 4). The advection com-
ponents of the sensible heat balance have negative values; thus, the positive values of
changes in the advection component of the sensible heat balance mean that the absolute
values in Case lu_2022 are smaller than those in Case lu_2002. In short, the effect of sea
breezes decreasing air temperature decreases in areas with positive changes in the advec-
tion component of the sensible heat balance. On the contrary, if the values of change in the
advection component of the sensible heat balance are negative, then the absolute values in
Case lu_2022 are larger than those in Case lu_2002, and the effect of sea breezes decreasing
the air temperature increases.

1. Land use change from urban built-up land to natural land cover (regions identified
by the green series of colors in Figure 10d): The absolute values of the advection com-
ponent (negative value) of the sensible heat balance decreased as seen in Figure 10c.
This was due to decreases in the sensible heat supplied into the C.V. by turbulent
diffusion and decreases in air temperature (in Figure 8c). For the sea breezes flowing
into the C.V., the decreases in urban built-up land reduced the amount of sensible
heat in the C.V., and the sensible heat absorbed by sea breezes decreased; therefore,
the sensible heat removed from the C.V. by sea breezes was reduced, which decreased
the absolute value of the advection component of the sensible heat balance (∆Qs,adv,
negative value). In other words, the decreased sensible heat in the C.V. reduced the
consumption of the sea breeze’s potential to decrease the air temperature.

2. Land use change from natural land cover to urban built-up land (regions identified
by the red series of colors in Figure 10d): Owing to the opposite reasons in the case of
urban built-up land to natural land cover, the absolute values of the advection compo-
nent of sensible heat balance (∆Qs,adv, negative value) increased. This means that the
consumption of the sea breeze’s potential to decrease air temperature increased.

3. The three locations indicated by triangles in the coastal areas in Figure 10c: Even
though the land use did not change from urban built-up land to natural land cover,
the absolute values of the advection component of sensible heat balance (∆Qs,adv,
negative value) decreased. In their windward areas, the air temperature increased
by 0.2~0.3 ◦C, as seen in Figure 8c, and the wind speed decreased (in Figure 7c)
significantly due to land use changes from natural land cover to urban built-up
land. The sea breeze’s effect of decreasing air temperature, which can be evaluated
using the advection component of the sensible heat balance (magnitude of negative
values), was weakened after the sea breezes were heated and slowed in the windward
areas. This may be the reason why the absolute values of the advection component
(negative value) of the sensible heat balance decreased in these three areas. The
value of the advection component of the sensible heat balance mechanism in Case
lu_2022 decreased by 5% compared to that in Case lu_2002, for the same reason as the
decreases in the three locations indicated by triangles in Figure 10c, in urban central
areas (regions with LCZ 2 land use as shown in Figure 3), even though the land use
experienced no change.

Although the study is limited to Sendai and cannot be generalized quantitatively, quali-
tative trends in points one and two above can be used as a reference for other coastal cities.

3.3.2. Changes in the Advection Component of Latent Heat Balance

In Figure 11a,b, the advection component of the latent heat balance (∆Ql,adv) in urban
areas had positive values, indicating that the inflow of latent heat by advection was
larger than the outflow, which increased the specific humidity of the C.V. Similar to the
distributions of the advection component of sensible heat balance (Figure 10a,b), the positive
values of the advection component of the latent heat balance were not only distributed
in the coastal areas but also in the inland areas, which showed the increasing humidity
effects of sea breezes extended from the coast to the inland. In other words, sea breezes
had the potential to increase humidity throughout the urban areas of Sendai in the daytime



Atmosphere 2023, 14, 677 15 of 19

on sea-breeze days. On the other hand, the gradual decreases in the absolute values of the
advection component of the latent heat balance from the coast to the inland in Figure 11a,b
showed that as the sea breezes blew inland, the potential of sea breezes to increase humidity
was gradually consumed.

Figure 11c shows the changes in the advection component of the latent heat balance
(∆Ql,adv) caused by land use changes between 2002 and 2022 (Figure 4). In Figure 11c,
where the advection component of the latent heat balance shows positive values, these
positive values of change mean that the absolute values in Case lu_2022 are larger than
those in Case lu_2002. Similarly, the effect of sea breezes to increase humidity increases in
areas with positive changes in the advection component of the sensible heat balance. In
contrast, if the changes in the advection component of the latent heat balance (∆Ql,adv) are
negative between Case lu_2022 and Case lu_2002, then it indicates decreases in the effect of
sea breezes to increase humidity.

1. Land use change from urban built-up land to natural land cover (regions identified
by the green series of colors in coastal areas in Figure 11d): The absolute values of the
advection component of the latent heat balance (∆Ql,adv, positive value) decreased as
the latent heat supplied into the C.V. by turbulent diffusion increased, which would
increase the specific humidity (Figure 9c). For sea breezes flowing into the C.V., the
latent heat used to increase the humidity of the C.V. decreased because of the land use
change from urban built-up land to natural land cover, and the outflow of latent heat
from the C.V. increased. Thus, the absolute value of the advection component of the
latent heat balance (∆Ql,adv), a positive value, decreased. In other words, the increased
specific humidity due to land use change from urban built-up land to natural land
cover reduced the humidity difference between the air in the C.V. and sea breezes
flowing into the C.V. Therefore, the potential of sea breezes to increase humidity was
less used.

2. Land change from natural land cover to urban built-up land (regions identified by the
red series of colors in Figure 11d): In contrast to the reasons in the case of urban built-up
land to natural land cover, the latent heat from sea breezes used to increase the specific
humidity of the C.V. increased, and the outflow of the latent heat decreased for sea
breezes flowing into the C.V. Alternatively, the increased humidity difference between
local air in the C.V. and sea breezes flowing into the C.V., due to land use change from
natural land to urban built-up land, resulted in increases in the transfer of humidity
from sea breezes to the local air in the C.V. Therefore, the consumption of the sea breeze
potential to increase humidity increased (Figure 11c), and the absolute value of the
advection component of latent heat balance (∆Ql,adv, positive value) increased.

3. The three locations indicated by triangles in the coastal areas in Figure 11c: The
decrease in the advection component of the latent heat balance (∆Ql,adv, positive
value) had no relation to the land use change from urban built-up land to natural land
cover. In their windward areas, the specific humidity decreased by 1.0 g/kg, as seen
in Figure 9c, and the wind speed decreased (Figure 7c) significantly because of the
increases in land use of LCZ 6 from LCZ 9, forest and paddy, and increases in land use
of LCZ 3 from paddy. The effect of sea breezes to increase specific humidity, which
can be evaluated by the advection component of latent heat balance (magnitude of
positive values), was reduced. This is because both the humidity and wind speed of
sea breezes were reduced after flowing through the windward areas. Consequently,
the humidity-increasing effects of sea breezes may decrease in these three areas. The
value of the advection component of the latent heat balance mechanism was found
to decrease by 10% in Case lu_2022, compared to that in Case lu_2002, in areas with
the same land use of LCZ 2 in 2002 and 2022 (Figure 3) for the same reason as the
decreases in the three locations indicated by triangles in Figure 11c.

The quantitative changes discovered in the effects of sea breezes due to urban devel-
opment are limited to Sendai; however, the qualitative trends presented in points one and
two also apply to other coastal cities.
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4. Conclusions

Based on the changes in the advection components of the heat balance mechanisms in
urban spaces, this study quantitatively analyzed the impact of urban development on the
effects of sea breezes to decrease air temperature and increase specific humidity for the first
time. The qualitative conclusions about the impact of urban development on the effect of sea
breezes are shown in points one and two below, and the quantitative results on the effect of
sea breezes in Sendai’s urban central areas are summarized as the point three below:

1. Land use change from urban built-up land to natural land cover: The effect of sea
breezes decreasing air temperature decreased because of the reduced inflow of sensible
heat by turbulent diffusion and the decreases in air temperature differences between
the local air and sea breezes. This reduced the amount of sensible heat absorbed by
sea breezes and the consumption of sea breeze potential to decrease temperature.
Meanwhile, the effect of increasing the specific humidity of sea breezes decreased
as the inflow of latent heat by turbulent diffusion increased and the difference in
specific humidity between local air and sea breezes decreased, which reduced the
consumption of the sea breeze’s potential to increase humidity. Consequently, the
effects of sea breezes to decrease temperature and increase humidity are maintained
and can be effective in more inland areas because of land use changing from urban
built-up land to natural land cover.

2. Land use change from natural land cover to urban built-up land: The effect of sea
breezes decreasing air temperature increased because the inflow of the sensible heat
by turbulent diffusion increased and the air temperature differences between the
local air and sea breezes increased, increasing the consumption of the potential of sea
breezes to decrease temperature. The effect of increasing the specific humidity of sea
breezes also increased as the inflow of latent heat by turbulent diffusion decreased and
the differences in specific humidity between the local air and sea breezes increased,
which increases the consumption of the sea breeze’s potential to increase humidity.

3. In the eastern coastal areas with increases in building density or urban cover ratio,
the sea breeze wind speeds decreased because of the increased surface roughness.
Further, the sea breezes became warm and had less humidity after flowing through
the increased urban areas, which decreased the advection effects of sea breezes in
areas around Sendai Station or further inland areas. Consequently, for sea breezes
flowing into areas around Sendai Station in Case lu_2022, the effect of decreasing air
temperature decreased by 5% and the effect of increasing humidity decreased by 10%,
compared to those in Case lu_2002.

These results indicate that if there is a continuous natural land cover from the seacoast,
cool sea breezes can be provided and delivered to further inland areas while maintaining
the potential of sea breezes to decrease air temperature and increase humidity. On the other
hand, urban planning should consider the building density and building cover ratio in the
coastal areas so that sea breezes with high cooling and humidity potential can reach further
areas. The findings from this study have implications for local policymakers and planners
with a quantitative understanding of the impact of urban development on the effects of
sea breezes. However, one of the limitations of our study is that the generality of the
quantitative results of the changes in the effect of sea breezes due to urban development in
Sendai’s urban central area cannot be determined solely from this study. More case studies
about sea breeze events over Sendai or using a combined average with more statistics of
sea breeze events are necessary for future study.
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Figure A1. LCZ maps of Sendai with 100 m resolution. (a) In 2002; (b) in 2022. Figure A1. LCZ maps of Sendai with 100 m resolution. (a) In 2002; (b) in 2022.

Table A1. Confusion matrix for the LCZ classification of Sendai, Japan in 2002.

Class LCZ 2 LCZ 3 LCZ 5 LCZ 6 LCZ 8 LCZ 9 LCZ 10 LCZ A LCZ C LCZ D LCZ G Sum Row User Accuracy

LCZ 2 58 0 0 0 0 0 0 0 0 0 0 58 1.00
LCZ 3 0 36 0 2 0 0 0 0 0 0 0 38 0.95
LCZ 5 0 0 23 0 0 0 0 0 0 0 0 23 1.00
LCZ 6 0 3 1 57 2 4 0 0 0 0 0 67 0.85
LCZ 8 0 0 0 3 90 0 10 0 0 0 0 103 0.87
LCZ 9 0 0 0 3 0 97 3 3 7 0 0 113 0.86
LCZ 10 0 0 0 0 0 1 36 0 0 0 0 37 0.97
LCZ A 0 0 0 0 0 0 0 333 0 0 0 333 1.00
LCZ C 0 0 0 0 0 0 0 0 117 0 0 117 1.00
LCZ D 0 0 0 0 0 3 0 0 0 52 0 55 0.95
LCZ G 0 0 0 0 0 0 0 0 0 0 316 316 1.00

Sum Column 58 39 24 65 92 105 49 336 124 52 316
Output Accurate 1.00 0.92 0.96 0.88 0.98 0.92 0.73 0.99 0.94 1.00 1.00

Overall Accuracy 0.92
Kappa Coefficient 0.90

Table A2. Confusion matrix for the LCZ classification of Sendai, Japan in 2022.

Class LCZ 2 LCZ 3 LCZ 5 LCZ 6 LCZ 8 LCZ 9 LCZ 10 LCZ A LCZ C LCZ D LCZ G Sum Row User Accuracy

LCZ 2 78 0 1 0 0 0 0 0 0 0 0 79 0.99
LCZ 3 2 47 0 2 0 0 0 0 0 0 0 51 0.92
LCZ 5 0 0 32 2 0 1 0 0 0 0 0 35 0.91
LCZ 6 0 5 5 76 0 2 0 0 0 0 0 88 0.86
LCZ 8 0 0 0 0 90 0 4 0 0 0 0 94 0.96
LCZ 9 0 0 0 0 0 71 0 0 0 0 0 71 1.00
LCZ 10 0 0 0 0 5 0 81 0 0 0 0 86 0.94
LCZ A 0 0 0 0 0 0 0 363 0 0 0 363 1.00
LCZ C 0 0 0 0 0 0 0 0 151 0 0 151 1.00
LCZ D 0 0 0 0 0 4 0 0 0 72 0 76 0.95
LCZ G 0 0 0 0 0 0 0 0 0 0 316 316 1.00

Sum Column 80 52 38 80 95 78 85 363 151 72 316
Output Accurate 0.98 0.90 0.84 0.95 0.95 0.91 0.95 1.00 1.00 1.00 1.00

Overall Accuracy 0.95
Kappa Coefficient 0.94
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