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Land and sea breezes are formed due to differential heating between land and sea surfaces and are
prominent local circulation in the tropical region. We present the Brst observational analysis of
the overview of sea-breeze characteristics based on Automatic Weather Station (AWS) data and radiosonde
ascends at Bachok Marine Research Station in peninsular Malaysia. Onset criteria for sea breeze were
deBned based on the variations of Sea Breeze Component (SBC). Associated parameters such as surface
wind direction, wind speed, humidity, and air temperature are analysed for 3 yrs (2015–2017) from the
AWS. The radiosonde data taken during two Beld experiments during northeast monsoon and southwest
monsoon are utilised to investigate the impact of monsoons on the sea breeze in greater detail. The
inCuence of synoptic-scale motion on the sea breeze is also investigated using radiosonde and reanalysis
data. Generally, the sea breeze sets in from the east at about 10:00 AM and occasionally, prevailing
monsoon Cow intruded into the local circulation. An increase in station pressure is noted during the onset.
The time of onset, as well as the strength of the sea breeze, is inCuenced by conditions such as clear,
cloudy, partially cloudy days and the presence of thunderstorms.
Keywords. Sea breeze; diurnal variation; monsoon; synoptic wind.

1. Introduction
Extensive theoretical and observational studies on
sea breeze circulations had been conducted in different parts of the world, such as south-eastern
Australia (Physick and Abbs 2002), Indonesia
(Hadi et al. 2002), Brunei Darussalam (Hassan and
Raman 2008), and southern France (Drobinski
et al. 2006). One of Yoshikado (1992) studies,

based on a numerical experiment using a twodimensional hydrostatic boundary layer model,
examined the basic characteristic of a daytime heat
island circulation. He showed that a daytime circulation which is much stronger than the nocturnal
circulation can develop and evolve into the sea
breeze system to a notable effect on its pattern. Sea
breeze, a dominant feature along with the tropical and the subtropical coastlines occurs along
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two-thirds of the earth’s coastlines (Abbs and
Physick 1992; Simpson 1994). Masselink and Pattiaratchi (1998) studied the impact of sea breeze
activity on nearshore processes. The sea breeze
structure over land had been observed for more
than a century using land-based meteorological
stations (Davis et al. 1890). Characteristics of sea
breeze front had been thoroughly examined in the
latter half of this century following advances in
equipment for thermodynamic investigations
(Frizzola and Fisher 1963; Simpson 1969; Simpson
et al. 1977; Finkele et al. 1995).
Panchal (1989), in his study on onset characteristics of land and sea breeze circulations, noted
the change in wind speed, wind direction, temperature, and speciBc humidity associated with sea
breeze circulation. Subrahamanyam et al. (2001)
looked at the horizontal extension of sea/land
breeze circulation at Thiruvananthapuram. Hamza
and Babu (2007) analysed the boundary layer
characteristics associated with sea/land breeze
circulation over a coastal station, Cochin. Numerical simulation of local winds in view of photochemical air pollution was made by Kimura (1983).
Two-dimensional land and sea breeze characteristics over Kalpakkam were studied by Jamima and
Lakshminarasimhan (2004) using the mesoscale
model and noticed that the duration of the sea
breeze is about 6 hrs as observed.
From a number of sea breeze events during the
CAPE experiment in Florida, Atkins and Wakimoto (1997) observed that oAshore Cow cases
exhibited the widest radar-detected thin lines.
Miller and Keim (2003) developed a method for
predicting sea breeze events during routinely
available hourly surface observations and surface
analysis. Urban eAects of Chennai on sea breeze
induced convection and precipitation were analysed by Simpson et al. (2008) using observed data
and modelling. Their results showed that urban
eAect increases the near-surface air temperature
over Chennai by 3.0 K during early morning hours.
Various studies were conducted to understand
temporal and spatial variations of land and sea
breeze cells using the observed datasets in southeast Asia (e.g., Hadi et al. 2002; Joseph et al. 2008).
This paper analyses observed features of sea breeze
using AWS and high resolution radiosonde data.
Such a study is useful for a better understanding of
boundary layer structure for modelers and boundary layer meteorologists since the data of this kind
is sparse in the tropical region. Seasonal variation
of sea breeze circulations in terms of surface
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boundary layer parameters and synoptic conditions
were examined. Onset and cessation of sea breeze
are deBned based on the variations of SBC and the
time series of temperature, and humidity data over
Bachok. Details of diurnal variation of wind speed
and direction for southwest and northeast monsoon
cases as well as intrusion of monsoon circulations
and associated weather into the sea breeze cells
are investigated for a better understanding of
thermodynamic and dynamic processes.
In brief, this work aims to analyse the structure
and variability of sea breeze over a station in east
peninsular Malaysia using in-situ radiosonde and
reanalysis data. The inCuence of cloudiness and
thunderstorms was examined using AWS data
during different days. The inCuence of southwest/
northeast monsoons and vertical structure of sea
breeze was analysed using radiosonde Cights over
Bachok and ERA 5 reanalysis data. The land–sea
breeze case studies under various conditions such
as the day with clear sky (9 May, 2016), overcast
(20 June, 2016), partially cloudy (11 May, 2016),
and thunderstorms (28 May, 2016) were analysed.
Short duration analysis during southwest monsoon
(3–5 June, 2016) and northeast monsoon (25–27
January, 2016) were carried out to assess the
sea–land breeze characteristics during the period.
Besides, the study also utilized 3 yrs of automated
weather station data from Bachok marine station
to look at the seasonal changes in the land–sea
breeze characteristics. A brief introduction and
objectives of this work are presented in section 1.
In section 2, we describe the datasets and methods
used for this work. Section 3 illustrates the characteristics of the sea breeze and the inCuence of
synoptic wind and surface temperature. The significant results of the study are summarised in
section 4.

2. Data and methods
The location map of Bachok Marine Research
Station (BMRS) of Institute of Ocean and
Earth Sciences (IOES), University of Malaya
(6°40 10.509600 N; 102°230 49.869600 E) is shown in
Bgure 1. BMRS is a coastal station which is just
100 m away from the South China Sea. The horizontal and vertical extent of sea breeze were
investigated using radiosonde data obtained at the
location during the intensive experimental period
conducted by the atmospheric science unit of
IOES. Data from two Beld experiments involving
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Figure 1. Map of the study region with topography. The black
dot gives the location of Bachok Marine Research Station
(BMRS).

3-hrly high-resolution radiosonde ascents at
Bachok, conducted for the periods 25–27 January,
2016 (northeast monsoon) and 3–5 June, 2016
(southwest monsoon), respectively, were used for
the study. Three hourly datasets consist of meteorological parameters such as pressure, temperature, wind speed, wind direction and humidity up
to 500 hPa. The Automatic Weather Station
(AWS) data were utilised to analyse the diurnal
variation of the sea breeze. The AWS is installed at
the BMRS station on a micrometeorological tower
with a height of 20 m. The tower uses LSI LASTEM Automated Weather Station, technical
details of which is available from http://www.
lsi-lastem.it/en/applications/weather/observations/
aws-for-Bxed-installations-powered-by-220-vac. It
measures the data in 1-min interval. Maintenance
and quality checks of data are monitored by the
First Institute of Oceanography, China. AWS data
which include parameters such as wind speed, wind
direction, air temperature, relative humidity, at
1-min interval was extracted for the years 2015,
2016, and 2017.
In order to identify cloudy and non-cloudy days,
Meteosat colour-enhanced cloud imageries and
hourly INSAT-3D (Indian National SATellite)
were used. Since METEOSAT data are of 6 hourly,
INSAT brightness temperature hourly images from
MOSDAC website are used as supplementary evidence to authenticate cloudiness, the images of
which are not included in the paper. In addition,
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daily weather reports available for Bachok from
the Malaysian Meteorological Department (MMD)
at Kota Bharu were used to conBrm the categorisation of cloudy and non-cloudy days. Monthly
long-term average of the wind direction was utilised to illustrate the diurnal variation of wind
direction for different months from January to
December. The monthly averaged ERA-5 data for
different hours were used to analyse the distribution of the 2 m surface temperature and 925 hPa
wind speed over the region. The data for 2015, 2016
and 2017 were averaged for this study. This data
is of 0.25 degree resolution (Copernicus Climate
Change Service (C3S), 2017). Statistical analysis
was carried out for the same years’ data for day
and night separately to Bnd the minimum, maximum, mean and standard deviation of wind speed
and direction.
2.1 Onset criteria for the sea breeze
The experimental site, is oriented to the coastline
by 337°–157° azimuth. Hence wind direction
between 337° and 157° is considered as onshore
wind. In a study by Hamza and Babu (2007), SBC
is utilised to examine the sea breeze characteristics
over a coastal station in south India. To investigate
the onset and duration of the sea-breeze, SBC was
derived for Bachok station using the equation
SBC ¼ V  Cosð337  dddÞ;
where V is the wind speed and ddd is the wind
direction in meteorological angles. SBC is positive
for sea breeze and negative for land breeze. Hourly
variations in wind speed, wind direction, humidity,
and air temperature were also examined. Surface
temperature decreases slightly during the onset
due to cold air advection from the sea towards the
land. The duration of dip in temperature is short
before it increases. Humidity decreases initially but
increases gradually due to the Cow of cold moist air
from the sea.
3. Characteristics of the sea breeze
3.1 Characteristics of the sea breeze
during cloudy and non-cloudy days
The inCuence of cloudiness on sea breeze circulation is analysed in this section. Clouds make a
significant variation in the insolation and outgoing long-wave radiation, thereby inCuence the
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temperature of the lower atmosphere. The clear
day was identiBed from the weather reports and
from METEOSAT cloud imageries (Bgure 2a).
Figure 3(a) shows the variability of SBC for a clear
sky day on 9 May, 2016 over Bachok based on
AWS data. The onset of the sea breeze occurs at
about 10:00 AM (Malaysia local time, GMT+8)
and it reaches peak intensity near 3:00 PM. Sea
breeze is extended till 7:00 PM in this case with a
duration of 9.5 hrs. Variation of the associated
parameters for the case is shown in Bgure 4. The
data is absent from 12 AM to 3 AM. Wind direction turns to easterly from westerly during the
onset of the sea breeze. The onshore wind begins to
set in after 09:30 AM with a direction 50–100
degrees. It continues till late night, thereafter turns
to southerlies. The diurnal variation of temperature is significant in this case with a gradual
increase from 27.5° to 32.5°C at around 10:00 AM,
thereafter shows a slight decrease associated with
the passage of the sea-breeze front. The variability
of temperature is in accordance with the change in
wind direction. A significant increase in wind speed
is noticed from 10:00 AM until 8:00 PM. Wind
speed is 2 m s1 during the land breeze with a
maximum of *8 m s1 during the event at 1:00
PM to 2:00 PM. Surface pressure shows an increase
during the hours of onset, thereafter decreases to a
minimum during 6:00 PM. The dip in surface
pressure is associated with convective and
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turbulent atmosphere due to strong daytime
heating of the land surface. After 7:30 PM, a
gradual increase in pressure is observed as a result
of the cooling of land and the gradual establishment of the nocturnal boundary layer during nighttime. There is a corresponding decrease in wind
speed after 7:30 PM. Relative humidity shows an
increase from 50 to 80% during the onset of the sea
breeze. Diurnal variation of wind speed and direction has clearly distinguished in this case associated with diurnal variation of surface temperature.
This case study represents typical sea breeze
characteristics for a clear sky day.
Sea breeze characteristics during an overcast day
are depicted in Bgures 2(b), 3(b) and 5. It is evident
that the sea breeze circulation is disrupted from its
normal characteristics in this case. The onset of the
sea breeze cannot be distinguished due to disruption of the wind by the presence of overcast clouds
and associated weather systems. Typical diurnal
variation of the circulation is not observed in this
case. Wind direction changes rapidly and irregularly due to intense overcast clouds and normal sea
breeze circulation is not clearly visible. The duration of sea breeze cannot be estimated from the
variability of the parameters. The diurnal variation
of temperature is not substantial compared to the
previous case. Day time temperature is *30°C
during this case resulted from the decrease in
insolation due to cloudiness. Also, strengthening

Figure 2. METEOSAT representative cloud images for (a) clear sky day (9 May, 2016), (b) overcast day (20 June, 2016),
(c) partially cloudy day (11 May, 2016), and (d) thunderstorm day (28 May, 2016) over north peninsular Malaysia as marked by
pink circle.
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Figure 3. Diurnal variation of SBC computed from AWS data during (a) clear sky day (9 May, 2016), (b) overcast day (20 June,
2016), (c) partially cloudy day (11 May, 2016), and (d) thunderstorm day (28 May, 2016). Sea breeze is well established during
clear sky and partially cloudy days and disrupted during overcast day and occurrence of thunderstorm.

Figure 4. Diurnal variation of meteorological parameters obtained from AWS during a clear sky day on 9 May, 2016. The diurnal
variation of the parameters is clearly identiBed in this case. The change in wind direction and increase in wind speed could be
noticed following the onset of the sea breeze. Corresponding changes are noticed in the other parameters also.

wind and increase in pressure is less compared to
the clear day. Westerly wind of feeble strength
*2 m s1 prevailed during the day hours except
for two peaks up to 6 m s1 in the afternoon. The
land–sea breeze is associated with the baroclinic
atmosphere arising due to temperature contrast
between land and ocean. Since the speciBc heat
capacity of water is higher than that of soil, land
gets heated/cooled at a higher rate during day/
night. This causes the diurnal variation of horizontal temperature gradient and baroclinicity over

the coastal region, which acts as the formation
mechanism for land–sea breeze, especially over the
tropics. The temperature gradient is not prominent
during cloudy days. Meteosat IR brightness temperature over the region shows very low values
indicating deep/vertically thick clouds (Bgure 2b).
INSAT images also show intense cloud clusters
over the northeastern peninsular Malaysia starting
from 9:00 AM and prevail until midnight.
The sea breeze event on 11 May, 2016 and the
variations of meteorological parameters during a
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Figure 5. Diurnal variation of meteorological parameters obtained from AWS during an overcast day on 20 June, 2016. The sea
breeze circulation is disrupted due to decrease in incoming radiation. Decrease in wind speed and changes in other parameters
could be noticed compared to the previous case.

Figure 6. Diurnal variation of meteorological parameters obtained from AWS during a partially cloudy day on 11 May, 2016. No
significant variation is noticed in the parameters compared to the clear sky day. Maximum wind speed is less compared to a clear
sky day.

partially cloudy day are shown in Bgures 3(c) and
6. Although the characteristics are more or less
similar to that of the clear sky day, the cloud cover
determines the incoming solar radiation and subsequent sea breeze features. In this particular case,
the onset of the sea breeze was about 10:30 AM on
11 May, 2016. Dissipation occurs at about 8:30
PM. The maximum wind speed is less than the
clear sky day with a value of about 7 ms1. The
duration of the sea breeze is about 10 hrs, but the

time of onset and dissipation are slightly different
from that of the clear sky day. The corresponding
cloud image is shown in Bgure 2(c).
The sea breeze characteristics during a thunderstorm day are illustrated in Bgures 3(d) and 7
on 28 May, 2016. The circulation was well developed and the onset of sea breeze occurred after
10:00 AM. However, the wind was of lower
strength compared to clear and partially cloudy
day. Northern parts of peninsular Malaysia were
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Figure 7. Diurnal variation of meteorological parameters obtained from AWS during a thunder storm day on 28 May, 2016
(9:00–11:00 PM). Rapid variations in the parameters could be noticed during the hours of occurrence of the thunderstorm.

cloudy throughout the day as per satellite observations (see Bgure 2d). The wind direction
abruptly surged southeastwards around 4:00 PM
for about an hour due to the intense cloud and
associated strong wind. The sea breeze circulation
extended from 10:30 AM to 9:00 PM and prevailing
clouds made it weaker compared to clear and partially cloudy days. From 9:00 PM to 11:00 PM, a
thunderstorm occurred as evident from meteorological reports and satellite images (Bgure 2d).
INSAT-3D brightness temperature image reveals
the development of thick clouds starting from 9:00
PM which prevailed until 11:00 PM, then slightly
shifted to the south (Bgure not included). There is
a corresponding decrease in temperature of 5°C
during the time. Wind direction showed a rapid
change from easterlies to westerlies, thereafter
turns to 180°. Wind speed also showed a rapid
variation from 9:00 PM with a decrease during the
thunderstorm. This shows that a thunderstorm
event changes the normal easterly sea breeze circulation to irregular directions. Random cases
are chosen for the analysis of the circulation
characteristics, of which representative cases are
presented in this section.
3.2 Characteristics of the sea breeze
during the monsoons: Case studies
using radiosonde data
The inCuence of the synoptic scale monsoon system
on the microscale sea breeze cell, its variabilities

and vertical extend were examined in this section. Characteristics of the meteorological parameters during two monsoon seasons were
investigated using data obtained from radiosonde
ascends. This provides better understanding of the
diurnal and vertical evolution of the meteorological
parameters. Figure 8 illustrates the interpolated
time-height diagram of wind speed and direction
during the southwest monsoon obtained from
radiosonde ascends from 3 to 5 June 2016 (active
southwest monsoon period). The vertical lines
indicate the times of ascending of radiosonde. Wellestablished westerlies are observed above 1000 m
associated with the southwest monsoon. Sea breeze
circulation and less intense land breeze are noticed
in the lower part of the boundary layer during
different times of the day. Southeasterly/easterly
wind from the surface to about 1000 m at 5:00 PM
and 8:00 PM indicates well-established sea breeze
cell within the southwest monsoon Cow. A weak
wind regime of counter current is observed aloft
these cells, which are noticed in the vertical distribution of wind speed and direction, the speed of
which is *2 ms1. During certain periods, the
westerlies arising from the monsoon Cow intruded
into the well-established sea breeze cell (e.g., about
11:00 PM on 3 June). The easterly surface wind
over Bachok is observed at 11:00 AM on 4 June. It
existed till 11:00 PM and dissipation is clear during
the Cight at 2:00 AM on 5 June. The depth of sea
breeze cell varied between 800 and 1000 m and
during certain occasions, it rose to 1500 m due to
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Figure 8. Interpolated time (in local time) height diagram of (a) wind direction (degree), (b) wind speed (ms1), and (c) zonal
wind speed (ms1) during the southwest monsoon period, 3–5 June 2016 from radiosonde ascents. X-axis shows the date and time
of the radiosonde ascents, and height in meters is denoted by Y-axis. Diurnal cycle of the circulation can be noticed. The sea
breeze cell could reach up to *1000 m. The times of ascend of radiosonde are indicated by the vertical lines. The white striations
are due to lack of sufBcient data while interpolation.

convective mixing in the lower atmospheric
boundary layer.
The southwest monsoon Cow of strength around
10 ms1 is observed above 1000 m with its core
located at *2000–2500 m. In the lower boundary
layer, there is feeble southeasterly sea breeze with
direction about 100°. The wind speed is *5 ms1
in the lower atmosphere from 5:00 PM to 8:00 PM
on 3 June and 2:00 PM to 11:00 PM on 4 June. As
per Defant (1951), wind speed is generally of the
order of 5 ms1 in a sea breeze, but high wind
speed of 10 ms1 or those approaching storm
intensity are not uncommon. The reverse directed
wind within the monsoon Cow with a speed
*5 ms1 in the lower atmosphere indicates that
the southwest monsoon has no significant inCuence
in modifying the sea breeze circulation in the lower
atmosphere. Winds with low speed are noticed
during the rest of the day. This implies the intensiBcation of onshore wind in the afternoon hours,
and well-established sea breeze during the monsoon
month. The depth of the sea breeze is up to
800–1500 m during this period.
The air temperature and dew point (Bgure 9)
show variations during the sea breeze circulations
from 3 to 5 June 2016 radiosonde ascends. A wavelike pattern is noticed in dry bulb temperature and
dew point due to the daytime convection and rising
thermals. The depth of the warm surface layer
increases during the hours of intensiBcation of the

sea breeze which is in accordance with the wind
pattern is shown in Bgure 8. Increase in the heated
surface depth is followed by onshore wind, which
indicates the relation between daytime convection
and intensiBcation of the sea breeze. Dew point
temperature shows a decrease towards the afternoon and increases during the night-time reaching
approximately to the environment temperature in
the early morning.
Wind direction and the zonal wind speed illustrate the characteristics of (Bgure 8 top and bottom
panels) a small sea breeze cell that exists from 5.00
PM to 8.00 PM on 3 June, up to 1000 m height.
There was an occurrence of thunderstorm activity
as reported by the Malaysian Meteorological
Department at 11:00 PM. In association with the
thunderstorm activity, there were updraft and
downdraft which could mix up and intrude monsoon westerlies from above 1000 m, into easterly
sea breeze cell. That is evident in the westerly gap
at about 11:00 PM on 3 June. The strength and
extent of land breeze were weak and visualized as
a decay in strength of easterly sea breeze in the
diagram. On 4 June, sea breeze onset occurred
after 8.00 AM and an extended sea breeze cell was
visible up to 11.00 PM. Then the intensity of sea
breeze cell decayed and transformed to westerlies
or south-westerlies at surface levels. This mechanism is repeated throughout the day. Owing to
convective mixing in the lower boundary layer, the
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Figure 9. Interpolated time (in local time) height diagram of (a) air temperature (K) and (b) dew point temperature during the
southwest monsoon period 3–5 June 2016 from radiosonde ascents. X-axis shows the date and time of the radiosonde ascents and
heights in m is denoted by Y-axis. The times of ascend of radiosonde are indicated by the vertical lines. The white striations are
due to lack of sufBcient data while interpolation.

Figure 10. Interpolated time (in local time) height diagram of (a) wind direction (degree) and (b) wind speed (ms1) during the
northeast monsoon period for the dates 25–27 January, 2016. X-axis shows the date and time of the radiosonde ascents and height
in m is denoted by Y-axis. Strong easterly winds could be noticed at the surface level in comparison with the southwest monsoon
season. The times of ascend of radiosonde are indicated by the vertical lines. The white striations are due to lack of sufBcient data
while interpolation.

vertical extent of sea breeze cells varied at different
times and dates. On 3 June, the vertical extent was
up to about 1000 m and on the next day, the vertical extent was beyond that, reaching 1500 m
during certain occasions (11:00 PM). Above
1000 m up to about 3000 m, well-established
monsoon westerlies were present with the wind
speed of 5–15 ms1. The wind speed was 15 ms1
at the core.

Figure 10 gives the time-height section of the
wind direction and wind speed, which shows the
sea breeze’s evolution during the northeast monsoon over Bachok station from 25 to 27 January
2016. Strong onshore winds dominate at the surface
levels during the period. The sea breeze front
started at about 08:00 AM on 26 January which
extended until the radiosonde Cight at 08.00 PM
and subsequently turned to *75 degree direction
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(northeasterly). The easterlies reach 1000 m in the
lower boundary layer. The cell was elevated to
higher levels in the afternoon due to convection.
Differing from the southwest monsoon case, the
wind speed for this event is higher at the surface,
nearly between 8 ms1 and 20 ms1. During the
event, the wind speed noted is approximately two
times or more compared to the strength during the
southwest monsoon season. As observed in the
southwest monsoon case, the counter current aloft
is not noticed in this case. These observations
clearly show that the northeast monsoon Cow significantly inCuences the wind speed of the sea
breeze as the station is directly exposed to the
South China Sea. The southwest monsoon winds
are not strong at the surface as the wind speed
deteriorates due to surface roughness caused by the
landmasses. This could be one of the reasons why
the wind direction does not exhibit significant
diurnal variation at the surface when compared to
the southwest monsoon case. Lack of long-term
upper air data observation prevents us from looking at the composite features of the boundary layer
condition during different monsoon periods. It will
also be useful to look at the mesoscale model
analysis in the future to interpret some of the
observed features in this study. Composite diurnal
variation of the wind direction during different
months was analysed to observe the evolution of
sea breeze during different seasons, and the results
are presented in the next section.
3.3 Monthly mean wind direction and inCuence
of synoptic wind/surface temperature
The monthly mean of SBC and wind direction
obtained from AWS for three years, 2015, 2016,
and 2017 were examined (Bgures 11 and 12). The
analysis provides vital information on the coastal
circulations since long term in-situ data are available from the AWS. To average the wind direction
mathematically, zonal and meridional wind components were estimated from the wind speed and
direction. Subsequently, the mean wind direction is
derived to get the average monthly wind direction.
As per the alignment of the coastline, onshore and
oAshore winds were differentiated.
SBC shows the onset of the sea breeze at about
11:00 AM and dissipation near 9:00 PM during
May–October. This indicates that during the
southwest monsoon and intermonsoon months, the
average duration of sea breeze is about 10 hrs. The
southwest monsoon season, which starts from June
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to September (Chenoli et al. 2018) is comparatively
a dry period in Malaysia. From Bgure 12, a rapid
variation in wind direction is noticed in all cases
except December–March. The change in wind
direction starts at about 10:00–12:00 AM. The
onshore wind dissipates at about 8:00 to 9:00 PM
from June to October. The diurnal cycle of the
wind direction is apparent during the period. The
change in SBC and wind direction reveals the
typical onset of sea breeze and a well-deBned
land–sea breeze cycle. The sea breeze circulation is
observed to be prominent with the northeasterly
surface wind having a direction 0–50°.
The variability differs from December onwards
with a prominence of onshore wind and the weakening of oAshore wind. The sea breeze component
(Bgure 11) shows that the land breeze duration is
zero/not prominent from December to February.
The duration of sea-breeze cannot be identiBed due
to the inCuence of the synoptic wind. The diurnal
variation of land–sea breeze circulation resumes
April onwards. In January and February, northeasterly winds of about 50° are observed throughout the day (Bgure 12). During March and
December, onshore or alongshore winds exist. This
feature agrees with the radiosonde case study
shown in Bgure 10, where strong easterly wind
prevails at lower levels during day and night.
Based on the wind speed and direction analysis in
the previous and the current sections, it is evident
that the strong synoptic wind dominates over the
microscale coastal circulation, and land–sea breeze
circulation is not well established in the northeast
monsoon season. The distribution of the surface
wind and temperature on a regional scale is to be
examined to explain these features in detail. Seasonal variation of synoptic wind and the surface
temperature plays a significant role in the local
circulation.
Horizontal variation of the 2 m air temperature
and 925 hPa wind averaged for 2015, 2016 and
2017 obtained from ERA-5 data during the afternoon and early morning for representative months
are shown in Bgures 13 and 14. The previous
Bgure shows that northeasterly wind dominates in
January and February compared to other months.
The diurnal variability of wind direction is prominent during southwest monsoon season. The inCuence of synoptic wind and the land sea temperature
gradient on the variability of wind direction is
analysed here. Data at 2:00 AM and 2:00 PM for
representative months, February, May, August
and November, were used for this analysis. The
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Figure 11. Monthly mean of hourly SBC from January to December. The land–sea breeze circulation is prominent during the
southwest monsoon season, while it cannot be well-deBned in northeast monsoon season.

variations during 02:00 AM for the representative
months are shown in Bgure 13. It is evident that in
the early morning, average temperature contrast is
less during November and February. The gradient
is higher in May and the synoptic surface wind is
weak over the region of the station and therefore
wind shifts to land breeze during the night time.
On the other hand, strong northeasterly wind of
strength *10 ms1 directly hits the east coast
during February. The surface temperature gradient also is not as strong as in the other case. Hence
the land breeze is not well established during this
month. This feature is noticed in the monthly
diurnal variation of wind from AWS data, where no
oAshore winds are present during January and
February. Similar characteristics can be observed
in Bgure 10 where relatively strong easterly surface
wind dominates during the period of observation.
Similar features are noted during the afternoon
(2:00 PM is depicted in the Bgure) when the surface
heating reaches its maximum (see Bgure 14). The

surface temperature gradient between land and sea
is significant in all the cases for the formation of the
sea breeze. In May, 925 hPa southwesterly wind is
not strong over the region around the station due
to surface roughness. In November and February, a
direct inCuence of the northeast monsoon wind is
observed, inCuencing the local circulation. Northeasterly winds are stronger in inland regions of
peninsular Malaysia in February. The wind
becomes weaker on reaching central peninsular
Malaysia due to the eAect of the elevated land
surface.
Statistical analysis of the hourly wind
(2015–2017) from the ERA-5 data for day and
night are shown in table 1. Data from 10:00 AM to
5:00 PM are taken to analyse sea breeze characteristics and 02:00 AM to 07:00 AM are taken for
land breeze. The time ranges are selected as per the
variation of wind direction observed in Bgure 3.
Mean wind speed is higher in the southeasterly
direction during day and night in February. This
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Figure 12. Long term monthly average of the hourly (in local time) wind direction from AWS, which shows the diurnal variation
of sea breeze from January to December over Bachok station. X-axis shows the time in hours and Y-axis depicts the wind
direction in degrees. Establishment of sea breeze could be noticed during 10:00 AM to 2:00 PM local time. Variability is strong
during April and May. Dominant onshore winds are noticed during January and February.

Figure 13. Monthly average of hourly data of 2 m temperature (in contour) and 925 hPa wind at 02:00 AM for (a) February,
(b) May, (c) August, and (d) November based on ERA5 data. Black dot in the Bgure shows the location of the station. Lower
temperature gradient and strong northeasterly winds hitting east coast of Malaysia could be noticed in February. The inCuence
of synoptic wind is less over the region of the station during May and August.
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Figure 14. Monthly average of hourly data of 2 m temperature (in contour) and 925 hPa wind at 2:00 PM for (a) February,
(b) May, (c) August, and (d) November. Surface temperature gradient is significant in all cases. Direct inCuence of northeasterly
winds is present during November and February which could enhance the strength of the sea breeze. The synoptic scale wind is
not strong over the region.

Table 1. Minimum, maximum, mean and standard deviation of hourly values (2015–2017) of wind
speed (in ms1) and direction (in degrees) during day and night for representative months.
Wind speed/
direction
February
May
August
November

Minimum

Maximum

Mean

Standard deviation

Day

Night

Day

Night

Day

Night

Day

Night

1.41
0.43
0.03
1.54
0.16
1.38
0.15
0.37

1.2
8.32
0.11
1.72
0.19
11.8
0.42
9.97

13.68
358.5
10.03
359.8
9.14
359.9
10.09
359.2

13.34
349.3
8.61
359.5
10.35
350.1
11.97
359.8

5.91
93.2
2.38
153.4
2.82
223.5
3.81
114.2

6.12
102.5
2.21
202.7
3.11
242.6
3.85
119.4

2.59
55.25
1.41
108.7
1.67
88.94
1.75
98.3

2.74
53.4
1.45
79.6
1.94
58.9
1.97
89.2

Table 2. Minimum, maximum, mean and standard deviation of hourly values (2015–2017) of
temperature (in °C) for representative months of the period of study.
Temperature
February
May
August
November

Minimum

Maximum

Mean

Standard deviation

19.16
23.27
23.16
22.63

33.08
38.44
35.46
32.58

25.39
28.27
27.03
26.24

2.92
3.61
3.26
2.48

shows the inCuence of northeast monsoon Cow at
the surface levels that disrupts the land–sea breeze
cycle. In November also, the mean diurnal wind
direction does not differ significantly between day
and night. The deviation in mean wind direction is
comparatively high during May and August, as

observed in the previous sections. Higher mean
diurnal variation during the southwest monsoon
season is evident from the table.
The values of daily 2 m temperature from hourly
ERA 5 data for representative months are shown in
table 2. From May to August, minimum and
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maximum temperatures are also higher due to the
high heating rate which contributes to the wellestablished land–sea breeze circulation during the
southwest monsoon period. The standard deviation
also is higher during May–August signaling higher
diurnal variation of the surface temperature. These
results are in accordance with the variation of local
winds during the seasons.
4. Conclusions
Sea breeze onset and cessation characteristics are
deBned based on observed changes in meteorological parameters over Bachok Marine Research
Station. The onset, cessation and circulation
characteristics of sea breeze during cloudy and
non-cloudy days were analysed specifically using
Automatic Weather Station and the radiosonde
data over Bachok. The onset time and characteristics for different cases such as cloudy, non-cloudy,
northeast/southwest monsoon, and associated
changes in pressure, wind speed, wind direction
and humidity were investigated. Sea breeze circulations are established during the clear sky and
partly cloudy conditions; however, it is disturbed
or shortened during overcast days and thunderstorms. During clear and partially cloudy days, an
increase in pressure is noted with the onset of the
sea breeze. The vertical extend of the sea breeze
circulations reaches to *1000–1500 m and a shallow return current above the cell is observed during
southwest monsoon season. Return current aloft is
not observed in the case study during northeast
monsoon, resulting from the strong northeast
monsoon Cow. Sea breeze cell with a return current
aloft is well established during the south-west
monsoon season. The monthly average diurnal
cycle of SBC is most prominent during the southwest monsoon and intermonsoon seasons, with
onset and dissipation were around 11:00 AM and
9:00 PM, respectively. Land–sea breeze circulations are not well established during northeast
monsoon due to strong synoptic-scale wind at the
surface levels. Variability and vertical structure of
the sea breeze are associated with the variation of
surface temperature and monsoon currents.
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