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Abstract 

Local circulation plays an important role in producing high-resolution meteorological and air quality information. In 
this study, detailed surface meteorological and vertical profile features about sea and land breezes in the Seoul Metro‑
politan Area (SMA) were investigated using the data from urban meteorological observation system in SMA (UMS-
Seoul). These data were obtained from high-resolution surface meteorological stations and three wind lidar stations 
for 6 consecutive days (17–22 May 2016) with very weak synoptic winds and low cloud covers. The 6-day average 
diurnal variations of surface meteorological variables revealed temperature differences between land and sea, driving 
the pressure differences between the two. This induced sea–land-breeze circulation. The resulting sea breeze began 
at the shoreline at 1200 local standard time (LST), moved landward at a rate of about 10 km h−1, and reached 60 km 
from the shoreline at 1800 LST. The land breeze occurred within 50 km of the shoreline until noon. The sea-breeze 
front was identified by a steep horizontal temperature gradient, and its passage was accompanied by an abrupt 
temperature drop as well as vapor pressure and wind increases. The time–height cross section of wind indicated that 
the top of sea (land) breeze reached a maximum height of 1.5 km (0.8 km) with maximum winds 0.4 km (0.3–0.4 km) 
high in the late afternoon (early morning). The returning (easterly) flow at 1.5–1.6 km was clearly observed over the 
sea-breeze cells.
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Introduction
Local circulations (e.g., sea–land breezes, mountain–
valley breezes, and urban–rural breezes) are driven by 
thermal differences between two different land cov-
ers (Simpson 1987). They play an important role on the 
local weather and air quality in a number of ways. For 
instance, the nighttime drainage wind, accompanied by 
a mountain breeze, has been observed over mountainous 
regions, often causing vegetation frostbite (Mahrt and 
Larsen 1982; Hootman and Blumen 1983; Wang et  al. 
1995; Mahrt et al. 2001). The thermal internal boundary 
layer is formed over land with different diffusive charac-
teristics below and above the layer, affecting the air qual-
ity along the coastal region (Gaza 1998; Luhar et al. 1998; 
Prabha et al. 2002; Miller et al. 2003; Salvador et al. 2016).

Sea–land breezes or mountain–valley breezes some-
times interact with urban–rural breezes, complicating 
detailed local meteorological features (Bornstein and 
Tompson 1981; Freitas et  al. 2007; Dandou et  al. 2009; 
Ryu and Baik 2013; Ganbat et al. 2015; Hu and Xue 2016). 
It is well known that the inland penetration of sea breezes 
is retarded because of the increased surface roughness 
of cities (Thompson et  al. 2007). Furthermore, the sea 
breeze is accelerated or decelerated depending on the 
urbanward convergent flow induced by the urban heat 
island.

Many observational features about the sea breezes have 
been broadly reported (Changnon et al. 1971; Oke 1978; 
Balling et  al. 1990; Dixon and Mote 2003; Freitas et  al. 
2007). A sea-breeze front at the landward edge of circu-
lation advances inland at a rate of 5–16 km h−1, accom-
panied by an increase in relative humidity, a decrease in 
temperature, and an abrupt change in wind direction and 
speed (Nakane and Sasano 1986; Yoshikado and Kondo 
1989; Abb and Physick 1992; Miller et  al. 2003). The 
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sea-breeze penetration has a wide range, from 15 km in 
Alaska to 300 km in Australia at around 1500–1900 LST 
(Atkinson 1981; Kozo 1982; Simpson 1994; Tijm et  al. 
1999; Miller et al. 2003; Drobinski et al. 2006). The height 
of the sea-breeze head grows to 1300  m or so, and an 
overhead returning flow is often observed (Nakane and 
Sasano 1986; Banta 1995; Tijm et al. 1999). The detailed 
features of sea breeze are regarded as specific to the geo-
graphical location and conditions.

The Seoul Metropolitan Area (SMA), noted in 2015 
as the world’s fifth largest urban area in terms of popu-
lation, has a very complex geography, topography, and 
land cover distribution (Demographia 2015; Park et  al. 
2017). Thus, local circulations are expected to be very 
complicated. There have been model-based studies on 
sea breezes in SMA (Jeong et al. 2008; Pokhrel and Lee 
2011; Ryu and Baik 2013). However, maximum penetra-
tion distance of sea breeze has been reported with a vari-
able range from 24 km (Jeong et al. 2008), 30 km (Pokhrel 
and Lee 2011), and 45 km (Ryu and Baik 2013). Although 
the penetration distance of sea breeze has been reported 
to have a wide range, there have been few observation-
based studies in the SMA. Additionally, like in the case of 
sea breeze, there have been very few studies on the fea-
tures of land breeze in the area.

Recently, an urban meteorological observation system 
in the SMA (UMS-Seoul) was installed by the weather 
information service engine (WISE) and Korea Meteoro-
logical Administration. It includes very high resolution 
surface meteorological stations and several surface-based 
remote sensing stations (Park et  al. 2017). The former 
could provide information regarding high-resolution sur-
face meteorological features, while the latter could collect 
data on the vertical structure of local circulation.

Therefore, this study investigates temporal, horizontal, 
and vertical features of the sea and the land breezes in the 
SMA by analyzing 6-day average detailed surface meteor-
ological variables and time–height cross sections of wind 
using UMS-Seoul observed data for the period of 17–22 
May 2016.

Domain and instrumentation
Domain
Figure  1 shows the research domain and the location 
of the meteorological stations used in this study. The 
SMA consists of three administrative provinces: Seoul, 
Incheon, and Gyeonggi Province. The Yellow Sea is to 
the west of the SMA separated by a very irregular coast-
line. The western part of the SMA comprises relatively 
low-lying farmland and urban areas, whereas the east-
ern part contains high-altitude mountain ranges, some 
of which are higher than 1000  m. Highly populated 

areas include Incheon, Seoul, and the southern Gyeo-
nggi Province. Detailed descriptions of topography and 
land use can be found in Park et al. (2017).

Sites and instrumentation
Two types of meteorological observation stations are 
used: surface meteorological observation stations and 
wind lidar stations (Fig.  1). There are 381 integrated 
meteorological observation (IMO) stations operated by 
SKTechX, that are used for observation of the horizon-
tal distribution of surface meteorology. Each IMO sta-
tion has an IMO sensor and a precipitation gauge on 
the telecommunication tower. Each IMO sensor meas-
ures air temperature, relative humidity, wind speed, 
wind direction, and air pressure at the same altitude. 
Most IMO stations are installed over the rooftop of a 
building near populated urban areas. The station den-
sity is designed to be roughly proportional to the popu-
lation density. For example, the stations have a dense 
horizontal resolution of 1.5 × 1.5  km2 in Seoul, but a 
coarse resolution of 9.5 × 9.5  km2 elsewhere. All sur-
face meteorological data are averaged every minute. 
The quality check for these data is implemented using 
an algorithm developed by Chae et  al. (2014). The air 
temperature is corrected with respect to the sea-level 
height of sensors considering the monthly mean tem-
perature lapse rate (4.8 K km−1) of the free atmosphere 
observed by a rawinsonde at the Osan World Meteoro-
logical Organization (WMO) upper-air measurement 
station (Fig. 1; Park et al. 2014).

Seven stations are selected to analyze the diurnal var-
iation of surface meteorological variables with respect 
to their distance from the shoreline. Station 1 is on an 
offshore island ~ 10  km from the shoreline; whereas, 
the other stations are inland at variable distances from 
the shoreline. Among them, Stations 3, 4, and 5 are in 
western (23 km from shoreline), middle of (36 km), and 
eastern (46  km) Seoul, respectively. Meanwhile, Sta-
tions 6 and 7 are located in mountainous terrain, 56 km 
and 74 km from the shoreline, respectively.

Three wind lidars (Windcube-200, Leosphere) are 
installed at the Bucheon, Gwanghwamun, and Jungnang 
Stations, to the west, in the center, and to the east of 
Seoul, respectively (Fig. 1). They provide a vertical pro-
file of wind speed and direction at 50-m intervals up to 
maximum 6 km (typically to the boundary-layer height) 
with a 10-min temporal resolution. The following qual-
ity check procedure is applied to remove noisy data: 
carrier-to-noise check, data availability check, and ver-
tical gradient of horizontal wind check in addition to 
the basic missing data check (Park and Choi 2016).
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Results and discussion
Meteorology
To find the overall local circulation features, the period 
from 17 to 22 May 2016, consecutively weak synoptic 
winds and less-cloudy conditions, was selected. Weather 
charts indicated that a zonal anticyclone in northern 
Japan blocked an eastward moving weather system. Thus, 
the synoptic weather system was stagnant throughout 
that period. Therefore, wind speeds of 850  hPa at 0000 
UTC (0900 LST), observed at the Osan WMO upper-
air measurement station (47122), were very weak, rang-
ing from 2 to 5.5  m  s−1. Daily mean wind speed at the 
Seoul station was recorded as 1.6–2.0 m s−1, lower than 
the monthly (May 2016) mean wind speed of 2.4 m s−1. 
Additionally, daily mean cloud cover was low, rang-
ing between 0 and 28%, which was much lower than the 
monthly mean cloud cover of 46% (http://www.weath​
er.go.kr).

Figure 2a shows the 6-day averaged diurnal variation of 
temperature, sea-level pressure, and wind vector at seven 
different stations (Fig.  1). The diurnal variation of tem-
perature exhibited a typical diurnal pattern of both sea 

and land, with low amplitude on an offshore island (Sta-
tion 1) and high amplitude in most inland areas (Stations 
6 and 7) (Yamato et  al. 2017). The offshore island (Sta-
tion 1) exhibited the lowest daily maximum temperature 
in the daytime, but did not exhibit the highest minimum 
temperature in the nighttime. Instead, urban areas (Sta-
tions 3, 4, and 5) exhibited the highest minimum temper-
ature at nighttime because of the urban heat island effect. 
The far-east and most inland areas (Stations 6 and 7) 
showed the lowest temperatures from 2000 LST to 0800 
LST among the inland areas, partially due to the moun-
tainous terrain. They showed slightly lower than or nearly 
the same temperature as the non-Seoul inland areas dur-
ing the rest of the day. In the evening, the eastern (Sta-
tion 5), central (Station 4), and western (Station 3) Seoul 
stations indicated the highest, the second highest, and 
the third highest temperatures, respectively. The higher 
temperature in Seoul’s urban areas induced a significant 
urban–rural breeze.

Because temperature differences between the land and 
sea induce a pressure difference between the two, sea–
land breezes occur. The diurnal variation of sea-level 

Fig. 1  Location of the SKTechX surface meteorological observation stations, wind lidar stations, Seoul automatic synoptic observation station, and 
Osan upper-air station in the Seoul Metropolitan Area. Selected SKTechX stations are indicated by the red-filled circle with the number

http://www.weather.go.kr
http://www.weather.go.kr
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pressure anomalies (PAs) are depicted in Fig.  2b. The 
diurnal variation of sea-level PA at each station exhibited 
a semi-diurnal wave: the first peak was in the morning 
and the second was at midnight as documented in previ-
ous studies (Tijm et al. 1999; Dai and Wang 1999; Huang 
et  al. 2010; Park 2018). The offshore island (Station 1) 
showed the lowest maximum sea-level PA and the high-
est minimum sea-level PA. The most inland area (Station 
7) showed the largest maximum and lowest minimum 
pressures, and, subsequently, the maximum daily sea-
level pressure range. Amplitude and phase of PA varied 
according to the distance from the shoreline. Except for 
the most inland area (Station 7), the difference between 
the inland and offshore PA remained positive from 
2200 to 1000 LST, and negative from 1100 to 2100 LST 
(Fig. 2c). The positive (negative) difference produced the 
sea-to-land directional pressure gradient force, which is 
the main force driving the land (sea) breeze in this area 
(Simpson 1994; Tijm et al. 1999).

To determine the sea-breeze and land-breeze regime, 
the diurnal variations of wind at seven different stations 
are shown in Fig.  2d. It was found that wind direction 

and speed depended on the time of day and the dis-
tance from the shoreline. Easterly winds (land breeze) 
started at 1900 LST and continued until 1200 LST in the 
most inland area (Station 7); whereas, it started at mid-
night and continued until 1500  LST in the middle of 
Seoul (Station 4). Westerly winds (sea breeze) started at 
1300  LST and ended at 0100  LST at an offshore island, 
whereas it started between 1600 and 1700 LST and ended 
between 2000 and 2300 LST in Seoul’s urban areas. Weak 
westerly winds between 1300 and 1600 LST in the most 
inland area (Station 7) seemed not to be directly related 
to the sea breeze, owing to spatial inconsistencies. In 
summary, sea-breeze penetration started at an offshore 
island area at 1200  LST, moved landward at a rate of 
about 10 km h−1, and reached 60 km from the shoreline 
between 1700 and 1900 LST.

This result indicates that the penetration limit in this 
study was much larger than those reported by most pre-
vious studies: 10–25 km in Japan (Chiba et al. 1999), 20 
(30)  km with offshore (onshore) synoptic-scale winds 
(Simpson 1994), and 45 km from an urban canopy model 
in SMA (Ryu and Baik 2013).
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Fig. 2  Diurnal variation of a air temperature, b surface pressure anomaly at 7 stations, c pressure anomaly difference between Stations 6 and 1, and 
d time–distance cross section of wind at seven stations in the SMA. All data are averaged for the period of 17–22 May 2016, and the station number 
is indicated in Fig. 1
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Horizontal distributions of meteorological variables
Figure  3 shows the horizontal distribution of the 6-day 
averaged hourly mean air temperature and sea-level 

air pressure at 6-h intervals. The western (sea) regions 
exhibited a relatively high temperature, whereas the east-
ern (land) regions exhibited a relatively low temperature 

Fig. 3  Horizontal distribution of the air temperature (left) and sea-level pressure (right) at a 0300 LST, b 0900 LST, c 1500 LST, and d 2100 LST 
averaged over 6 days from 17 to 22 May 2016
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between 0000 and 0900 LST (Fig. 3Ia, b). Meanwhile, the 
eastern (land) regions exhibited a relatively high tem-
perature, whereas the western (sea) regions exhibited a 
relatively low temperature between 1500 and 1800 LST 
(Fig. 3Ic).

The urban areas exhibited higher temperatures than 
the surrounding rural regions throughout the period, 
because of the urban heat island effect, resulting from 
the heat capacity difference between the urban and rural 
regions and anthropogenic heat release (Khan and Simp-
son 2001; Freitas et al. 2007; Ryu and Baik 2013). Temper-
ature differences between eastern Seoul and neighboring 
rural areas were greater than 5 °C at 0300 LST and were 
insignificant at 1500 LST (Fig. 3Ia, c). These temperature 
differences can induce urban–rural circulation.

The hottest temperature in eastern Seoul and the lower 
temperature in western Seoul at 1800 LST could be the 
result of a temperature decrease after the passage of 
the sea-breeze front. The urban area in Seoul exhibited 
higher temperatures by 1–2  °C over Incheon and Gyeo-
nggi province at nighttime (Fig. 3Ia, d), owing to building 
density. The horizontal distribution of air temperature 
was sufficient for the land–sea breeze as well as the 
urban–rural breeze. Moreover, sea–level pressure oppo-
sitely responded to air temperature, owing to its buoy-
ancy (Fig.  3II). That is to say, the eastern part of Seoul 
(land direction) exhibited higher sea-level pressures than 
the western part of Seoul (sea direction) at nighttime, 
whereas the former exhibited lower pressure than the lat-
ter in daytime. The Seoul area exhibited lower sea-level 
pressures than the surrounding areas by about 1  hPa, 
mainly because of higher temperatures.

To discriminate the effect of different land cover condi-
tions on the daily range of air temperature and pressure, 
the horizontal distribution of the 6-day averaged daily 
temperature and air pressure ranges during 17–22 May 
2016 were investigated (Fig. 4). Daily temperature differ-
ences showed a low temperature difference (< 12  °C) in 
the western sea region and a high temperature difference 
(> 18 °C) in eastern land region (Fig. 4a), owing to the dif-
ference in heat capacity between the two. Because of the 
higher temperature at nighttime in urban areas related 
to heat storage by buildings and roads, daily temperature 
differences in Seoul, especially western Seoul, were much 
smaller than those in the surrounding rural regions. Daily 
pressure differences ranged from 2.8 hPa in the western 
(sea) region to above 4.0 hPa in the eastern (land) region 
(Fig.  4b). The contours were roughly parallel with the 
shoreline. This implies that the effect of urban areas on 
the daily pressure difference was not as significant as that 
of the daily temperature differences.

To investigate the characteristics of surface mete-
orological variables when the sea-breeze front passes, 

an enhanced time series and a 1-min horizontal distri-
bution were analyzed, respectively (Figs.  5 and 6). An 
abrupt temperature drop (30.6–29.6 °C) and vapor pres-
sure increase (5.9–11.2 hPa) were observed during 2-min 
span from 1718 to 1720 LST at Jungnang Station (Fig. 5), 
which was accompanied by a sea-breeze front passage. 
During this period, wind direction did not change sig-
nificantly. However, wind speeds increased from 1.5 to 
4  m  s−1. Horizontal distributions of temperature and 
wind at 1700, 1730, and 1800  LST supported the sea-
breeze front passage (Fig.  6). An isotherm line between 
28 and 30  °C, with the very steep west–east horizon-
tal gradient of temperature, was in the middle of Seoul 
at 1700  LST (Fig.  6a). It moved eastward (landward) 
at 1730  LST and passed by the Jungnang Station at 
1800 LST on 20 May, 2016 (Fig. 6b, c). The propagation 
speed of the front was about 10 km h−1, which was the 
same as the speed shown in Fig.  2d. Landward areas of 
the 30 °C contour line exhibited low wind speeds and an 
irregular wind direction, whereas the seaward area of the 
28 °C contour line exhibited strong westerly winds. It was 
also found that the contour line of 28 °C was retarded in 
the middle of Seoul at 1700 LST (Fig. 6a), which could be 
evidence of sea-breeze penetration retardation in urban 
areas, caused by increased surface roughness from high-
rise buildings (Thompson et al. 2007).

Vertical profile of wind
To investigate the vertical structure of the sea-land 
breeze, the 6-day averaged vertical profiles of wind 
observed by a pulsed Doppler wind lidar at Bucheon, 
Gwnaghwamun, and Jungnang Stations were drawn 
(Fig. 7). Time–height cross sections of wind gave not only 
temporal, but also vertical regimes of sea and land-breeze 
circulations for each station.

The sea breeze started at 1500  LST, 1600  LST, and 
1700  LST and ended at 2200  LST, 2100  LST, and 
2000  LST at Bucheon, Gwanghwamun, and Jungnang 
Stations, respectively. Thus, the duration of the sea 
breeze decreased with distance from the shoreline. There 
were two sea-breeze cells during the 1500–1800 LST and 
1900–2200  LST at Bucheon Station, and one cell at the 
other stations. The top of the sea breeze reached a maxi-
mum height of 1.1–1.5 km 1 h after the sea-breeze front 
passage. Then, it decreased slowly. The maximum height 
of the sea-breeze head was nearly the same as those sug-
gested in previous studies (Nakane and Sasano 1986). 
In the sea-breeze cells, maximum winds occurred from 
near the surface to 0.4 km from 1600 to 1900 LST with 
the strongest wind at the Gwanghwamun Station. The 
returning (easterly) flow was clearly observed over the 
sea-breeze cells of 1.5–1.6 km height at the Gwanghwa-
mun and Jungnang Stations.
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The surface land breeze started at 0100 LST, 2300 LST, 
and 2300  LST, and ended at 1100  LST, 1100  LST, 
1200  LST at Bucheon, Gwnaghwamun, and Jungnang 
Stations, respectively. The land-breeze cell evolved 
from 0.2 to 0.4  km between 0200 and 0300  LST, and 
reached 0.7–0.8 km between 0900 and 1000 LST. In the 
land-breeze cells, maximum easterly winds occurred at 
0.3–0.4  km heights between 0600 and 0700  LST, corre-
sponding to the large difference in PA between the land 
and sea (Fig. 2c). Above the land-breeze cells, northerly 
strong winds blew with its core at 1.4–1.6  km heights 
between 0600 and 0800 LST.

During the land–sea intermediate period, weak south-
erly winds were observed at the Gwanghwamun and 

Jungnang Stations. This may be related to other local cir-
culations (e.g., mountain–valley breezes).

Summary
The detailed surface meteorological and vertical profile 
features of the sea–land-breeze circulation were inves-
tigated using UMS-Seoul data obtained from high-res-
olution surface meteorological observation stations and 
three wind lidar stations. The experimental period lasted 
from 17 to 22 May 2016, having very weak synoptic 
winds and low cloud covers.

The 6-day averaged diurnal variation of surface mete-
orological variables at seven different stations cho-
sen with respect to their distance from the shoreline 

a

b

Fig. 4  Horizontal distribution of period mean daily differences of a air temperature and b pressure averaged over 6 days from 17 to 22 May 2016
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indicated that the temperature differences between 
the land and sea could induce the pressure difference 
between the two. Amplitude difference and phase 
shift of the sea-level PA with respect to the distance 
from the shoreline produced the pressure differences 
between the sea and land. These were the major forces 
driving the sea–land circulation. Therefore, diurnal var-
iations of wind indicated that the starting and ending 
times of surface land and sea breezes were determined 
by the distance from the shoreline. The sea-breeze front 
began at the shoreline at 1200 LST, moved landward at 
a rate of about 10  km  h−1, and reached 60  km inland 

at 1800 LST. The land breeze occurred at areas within 
50  km of the shoreline with a maximum in the early 
morning.

The horizontal distributions of temperature and pres-
sure exhibited distinct temperature and pressure dif-
ferences not only between land and sea regions, but 
also between urban and rural regions, respectively. 
They made possible not only sea–land breezes, but also 
urban–rural breezes. The hottest temperature in east-
ern Seoul in the late afternoon resulted from the tem-
perature drop behind the sea-breeze front. The urban 
areas in Seoul exhibited the highest temperature by 
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1–2  °C over the urban areas at Incheon and Gyeonggi 
Province at nighttime, owing to denser and higher 
buildings. Daily temperatures and pressure ranges 
exhibited distinct differences between the land (large 
difference) and the sea (small difference). Daily tem-
perature differences in Seoul, especially western Seoul, 
were much smaller than those in the surrounding rural 
regions because of higher temperatures at nighttime.

Through an enhanced time series and horizontal dis-
tribution of meteorological variables, abrupt tempera-
ture drop, vapor pressure, and wind-speed increases 
occurred when a sea-breeze front passed. Isothermal 
lines with very steep temperature gradients demarked 

the sea-breeze front, which was sometimes retarded 
owing to urban high-rise buildings.

Through time–height cross-section wind analysis, the 
temporal and vertical regimes of sea- and land-breeze 
circulation could be checked. Time–height cross sec-
tion of wind gave temporal and vertical regimes of the 
sea- and land-breeze circulations for each station. The 
top-of-sea (land) breeze reached a maximum height of 
1.5 km (0.8 km) with maximum winds of 0.4 km (0.3–
0.4  km) in the late afternoon (in the early morning). 
The returning (easterly) flow was clearly observed over 
the sea-breeze cells of 1.5–1.6 km height.

a b

c

Fig. 6  Horizontal distribution of air temperature (contour) with wind (arrow) at a 1700 LST, b 1730 LST, and c 1800 LST. The Jungnang Station is 
indicated by the blue-filled diamond
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Because the observed wind is a sum of synoptic, sea–
land breeze, urban–rural breeze, and other minor local 
breeze components, it is still very difficult to extract 
only one component of local wind.

Abbreviations
IMS: integrated meteorological observation; LST: local standard time (+09 
UTC); PA: pressure anomaly; SKTechX: a subsidiary company of a telecom‑
munication company, SK, in Korea; SMA: Seoul Metropolitan Area; UMS-Seoul: 
urban meteorological observation system in the SEOUL Metropolitan Area; 
WISE: weather information service engine.

a

b

c

Fig. 7  Time–height cross sections of wind speed (contour, arrow size) and direction (arrow) obtained by wind lidar averaged over 6 consecutive 
days from 17 to 22 May 2016 at a Bucheon, b Gwanghwamun, and c Jungnang Stations
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