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1 | INTRODUCTION

| Atsushi Inagaki® |
| Manabu Kanda'

Abstract

In this study, multi-year near-surface observations were conducted at two sites
in Jakarta, Indonesia to analyse seasonal sea breeze variation. Seasonal length
was defined using observed zonal wind components, the rainy season was
defined as December-March, and the dry season was defined as May-
September. We found that the sea breeze in Jakarta started earlier, propagated
more rapidly, and lasted for a shorter period of time during the rainy than dry
season. Variation in the air temperature difference between urban and coastal
areas of Jakarta was the major factor driving sea breeze seasonal variation.
During the rainy season, night-time cloud downwelling decreased this air tem-
perature difference, causing earlier sea breeze onset and more rapid sea breeze
propagation due to a weaker land breeze. By contrast, during the dry season,
intense night-time radiative cooling inland caused a strong negative tempera-
ture difference that produced a stronger land breeze, thus, slowing sea breeze
propagation. Seasonal differences in urban surface heating and urban heat
island circulation may also affect sea breeze onset and propagation speed. Dis-
crepancies in thermal properties between urban core and coastal areas of
Jakarta also prolonged positive temperature differences after sunset, thus
extending the sea breeze duration in the dry season.
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Slingo, 2001). Both circulation patterns are in turn driven
by variations in solar forcing, arising as a consequence of

Near-surface atmospheric conditions are influenced by a
complex combination of various phenomena from micro- to
global scales. Coupling between annual and diurnal circula-
tion patterns is a fundamental driver of weather and cli-
mate systems in the Maritime Continent (MC) (Nitta &
Sekine, 1994; Qian et al., 2010; Yamanaka, 2016; Yang &

the annual march of the sun and Earth's rotation, respec-
tively. Annual circulation of monsoon, which govern MC's
seasonal transition (Chang, Wang, et al., 2005b; Hamada
et al., 2002; Yoden et al., 2016), may exert some control on
the diurnal circulation. On the other hand, diurnal circula-
tions in the MC also have a strong teleconnection to the
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global climate through the distribution of heat and moisture
via global atmospheric circulation (Yang & Slingo, 2001).
Diurnal circulation, particularly sea breeze, may be the
most important variable influencing the MC climate
(Yamanaka et al., 2018).

Seasonal variation in land-sea-air temperature differ-
ence and background wind will induce variation in sea
breeze (Azorin-Molina et al., 2011; Gilliam et al., 2004;
Grau et al.,, 2021; Shen et al., 2021). Variation in sea
breeze onset, cessation, and duration were observed in
the monsoonal region of the eastern Indian (Reddy
et al., 2021). In the MC, specifically over the eastern coast
of the Malay Peninsula, the seasonal change in cloudi-
ness is the most important factor that affect sea breeze
onset and strength (Jayakrishnan et al., 2021). Seasonal
variation of sea breeze can also be induced by the physi-
cal settings of sea breeze path (Gilliam et al., 2004; Miller
et al., 2003). One important of such physical setting is the
existence of city or urban area. Urban area development
and urbanization could modify the sea breeze frequency
and characteristics, although this modification may
be varied between cities. In Shanghai, for example,
increased urban roughness and decreased solar radiation
by anthropogenic aerosol are assumed to cause reduction
of summer sea breeze frequency and wind speed (Shen
et al., 2019). In Adelaide, however, temperature increase
and urban heat island (UHI) due to urbanization are con-
sidered as the cause of increase in sea breeze maximum
wind speed and sea breeze earlier onset, notably during
summer and autumn (Masouleh et al., 2019). UHI circu-
lation, a phenomena commonly occurs in large cities,
may interact with sea breeze and modify its characteris-
tics (Cenedese & Monti, 2003; Freitas et al., 2007; Hu
et al., 2022; Hu & Xue, 2016; Yoshikado & Kondo, 1989).
Due to this interaction, seasonal differences in UHI
intensity, could potentially alter the sea breeze onset and
propagation speed (Wang et al., 2019; Yoshikado, 1992).
Such seasonal differences in UHI-intensity in MC's tropi-
cal city have been demonstrated through extensive obser-
vation in Singapore (Chow & Roth, 2006; Roth
et al., 2022). Their result shows consistently higher UHI
intensity during dry season compared to rainy season.
Thus, it is important to consider the urban influences
into the seasonal variation of sea breeze.

Atmospheric conditions in Jakarta, Indonesia, which
is the largest megacity in the MC, are strongly influenced
by the sea breeze in both the dry and rainy seasons. Dur-
ing the dry season, the sea breeze is the main driver of
aerosol and pollutant transport (Pinandito et al., 2001;
Sofyan et al., 2007), whereas during the rainy season, the
sea breeze may trigger afternoon precipitating clouds,
especially in southern Jakarta (Renggono et al., 2001).
Observations have suggested that sea and land breeze

circulation are the main drivers of the meridional migra-
tion of diurnal rainfall between Jakarta coastal and
southern inland areas (Mori et al., 2018). On the other
hand, urban area and urban development in Jakarta may
change the sea breeze. A recent study suggests that the
UHI may be causing the delay of sea breeze propagation
over Jakarta (Ferdiansyah et al., 2020), and such change
could affect the timing and strength of convective storm
(Robinson et al., 2013). Numerical simulation by Argiieso
et al. (2016) has shown that the existence of the city of
Jakarta will enhance sea breeze circulations, increase
near-surface moisture flux convergence, and lead to an
increase of precipitation.

Due to the importance of sea breeze for Jakarta, it is
necessary to understand how it varies over the seasons
and whether the city affects this variation. A boundary-
layer radar (BLR) study conducted in Serpong, a suburb
of Jakarta, showed that a clear sea breeze signal is usually
found during the dry season, but not in the rainy season
(Hadi et al., 2002). They also show that sea breeze intru-
sion occurred earlier on cloudy days; however, the mech-
anism was not investigated. Using the same dataset, a
later study observed sea breeze circulation during the
rainy season, especially when the prevailing winds were
weak (Araki et al., 2006). Although seasonal variation in
sea breeze intensity has been discussed, seasonal varia-
tion in sea breeze onset, duration, and propagation has
not yet been studied in Jakarta; such an analysis requires
long-term observations collected at multiple locations.

The objective of this study is to extend our knowledge
of sea breeze characteristics in Jakarta, focusing on its
seasonal variation of onset, duration, and propagation
speed. Using a multi-year dataset obtained from two
near-surface observation stations in Jakarta, we exam-
ined the effects of seasonal transition on the sea breeze
and explored the potential underlying mechanism. This
study is the first to observe sea breeze characteristics
within the urban area of Jakarta. Our findings will pro-
vide a foundation for future studies on interactions
between the sea breeze and climate change and/or
urbanization in Jakarta. Microclimate changes observed
in Jakarta (Siswanto et al., 2022) may also influence the
sea breeze (Darmanto et al., 2019); therefore, knowledge
about seasonal sea breeze variation will be important for
isolating the effects of climate change and urbanization,
thus improving the accuracy of future analyses.

2 | THEORETICAL BACKGROUND

The sea breeze is a shallow layer of cool, moist marine
air that moves inland in response to local-scale pressure
differences between sea and land during the daytime
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(Miller et al., 2003). The sea breeze is a component of
mesoscale circulation, along with landward lower flow,
rising flow inland, seaward upper flow, and sinking air
over the sea at distances of several kilometres from the
shore. The lower part of this circulation pattern is a
gravity-driven current generated by density differences
between sea and land due to differential temperatures
(Simpson & Britter, 1979). The leading edge of this grav-
ity current, that is, the interface between the marine and
land air masses, also known as the sea breeze front
(SBF), is usually characterized by sharp changes in wind
speed, humidity, and temperature. The sea breeze propa-
gation speed (Vsgp) is the speed at which the SBF
migrates, and is differentiated from the sea breeze wind
speed. The sea breeze structure is described in detail else-
where (Miller et al., 2003).

The sea breeze is a gravity-driven current
(Simpson, 1969; Simpson & Britter, 1979) with a propaga-
tion speed or densimetric speed (V) calculated as

follows:
— A
Vg =k, /22 Plen =k |[“Lgn. 1)
P1 P1

where p; (kg - m™>) is the density of the lighter land air
mass, p, (kg - m™?) is that of the denser marine air mass,
g is acceleration due to gravity (9.8 m - s72), h (m) is the
depth of the current or denser air, and k is the internal
Froude number, which represents the ratio between the
inertial and buoyancy forces. Because density is inversely
proportional to temperature (T), Equation (1) can be
rearranged as:

AT
Va=k ng, (2)

where AT (K) is the temperature difference between the
land air and marine air masses, and T (K) is the absolute
temperature of the denser air mass (Miller et al., 2003;
Schoenberger, 1984; Simpson, 1969). The V,; can be con-
sidered as the propagation speed of a dense air mass into
lighter ambient air in the absence of opposing flow. The
presence of a flow in ambient air (V,) will reduce or
increase the gravity current propagation; such a flow may
be caused by a cross-shore geostrophic wind component
resulting from a synoptic scale pressure gradient or the
opposing land breeze flow. Based on the correlation
between experimental and atmospheric data, Simpson
and Britter (1980) estimated that an opposing flow would
reduce the V, of a sea breeze by 3/5 of its strength, and
estimated an optimal k of approximately 0.87. A rough
estimate of the Vg is given by:

of Climatology

[AT
VSBF = 0.87 ng—059Vg (3)

Thus, in the absence of an opposing flow, Vsgr = V4,
and is in the range 1-5 m - s* (Stull, 1988).

It is clear from Equation (3) that the sea breeze grav-
ity current will be initiated when there is a positive tem-
perature difference between air masses over land and sea
(AT). Conversely, the sea breeze current will cease when
the temperature over land drops below that over the sea,
that is, AT will become negative. The time between sea
breeze onset and cessation is the sea breeze duration,
which depends on the length of time that AT remains
positive.

3 | DATASET

The main dataset used in this study comprised near-
surface observations conducted at two sites in urban
areas of Jakarta. Jakarta is located on the northern coast
of western Java Island (Figure 1). Along its northern side,
its width is the same as that of Jakarta Bay (~30 km),
whereas its southern side has a width of only ~13 km.
The distance from Jakarta Bay to the southern border is
~30 km. Jakarta is located in a relatively flat area, with a
mountain range ~50 km to the south having a maximum
height of 3000 m a.s.l. (Mt. Gede-Pangrango).

The main dataset was used to characterize the sea
breeze and analysed to obtain the seasonal variation in
sea breeze onset, duration, and propagation speed. We
also used several freely available datasets in our analysis.

3.1 | Near-surface observations
Meteorological observations were conducted at two sites
in Jakarta (Figure 1a). The sites were selected for ease of
sea breeze propagation measurement. The first observa-
tion site is a coastal area ~450 m from the Jakarta coast.
The instruments were placed on top of a building owned
by Badan Riset Kelautan dan Perikanan-Kementrian
Kelautan dan Perikanan (KKP), hereinafter KKP. There
are many residential houses to the east of the site, a high-
way to the south, and a recreational area to the west
(Figure 1a, inset). The KKP building is 18 m in height,
which is higher than most surrounding structures, except
for an apartment building to the north-northwest. All
instruments were mounted on 2-m steel poles, as shown
in Figure 1b.

The second site is in the business district in the urban
core of Jakarta, 11.26 km to the south of the KKP
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(a) Map of Jakarta, Indonesia showing observation sites; and photographs of the observation instruments used at the (b)

Kementrian Kelautan dan Perikanan (KKP) and (c) Laboratorium Lingkungan Hidup (LLH) sites. In (a), the sounding station at Soekarno-

Hatta International Airport (CGK) is indicated by the plane symbol; and the perimeter line indicates the Jakarta city administrative

boundary. Building footprints within a 1-km radius of the observation sites are shown in the circular inset. The rectangular inset shows a

map of Java Island indicating the position of the study area. The base map was designed using a relief map obtained from Stamen Design

(http://maps.stamen.com/terrain). [Colour figure can be viewed at wileyonlinelibrary.com]

building. Instruments were placed on top of a building
owned by Laboratorium Lingkungan Hidup (LLH),
Jakarta City Government, hereinafter LLH. The LLH
building has a height of 22 m, which is extended by a
10-m lattice tower. There is a large cemetery to the east
of the park, and many tall buildings to the north and
southwest. Wind and radiation measurement instru-
ments were mounted on the lattice tower at a height
7.3 m above the rooftop, and other instruments were
mounted at the base of the tower (Figure 1c). A detailed
description of the site is provided in Table 1. Because the
instruments were mounted on the tops of buildings, we
considered the observations to have been collected within
the urban roughness sublayer (Oke et al., 2017).

The main instruments used at both sites were ultra-
sonic anemometers and temperature/humidity gauges
(Figure 1b, c). A net radiometer and automatic weather
station (AWS) were also installed on the LLH building.
The main purpose of the AWS was to obtain rainfall data
for ultrasonic anemometer screening. Measurements
were mainly logged at a sampling rate of 10 Hz, whereas
the net radiometer and AWS logged measurements at 1-
and 5-min intervals, respectively. Detail specification of

the instruments is presented in Table 2. Observations
were conducted from March 2017 to October 2021, except
for net radiometer measurements, which started in
January 2019. Data were not obtained continuously
throughout the observation period; they could not be
obtained during several periods due to errors or technical
problems. At the LLH building, no data were obtained
for nearly 5 months, from June to October, 2020. Approx-
imately 45 months of data were obtained for the analysis.

3.2 | Data processing

The average of each observed variable was used for the
analysis. Averaged 1-h variables were mainly analysed,
with 10-min averages used to identify sea breeze intru-
sion and cessation. Prior to averaging, observation data
from the main instruments were subjected to pre-
processing. Thresholds of +25m - s7! 278.15-318.15 K,
and 0%-100% were used to detect non-physical wind
speed components (U, V, W), air temperature (T), and
relative humidity (RH), respectively. Anomalously high
or low measurements within very short periods, that is,
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TABLE 1 Descriptions of the observation sites.
Description KKP LLH
Building 18 m 22m
height
Terrain 2.9 m 13.6 m
elevation
Site Coastal area, +450 m  Business district in
surrounding from sea, with large urban core area,
recreational area with many tall
with dense buildings in
vegetation in north (N) and
northwest (NW) to southwest (SW)
southwest (SW) direction. There
direction. Building is a large

base higher than cemetery in

surrounding north-northeast

canopy, except for (NNE) to south-

one building in the southeast (SSE)

north direction with
sparse
vegetation.

Measurement ultrasonic ultrasonic
height (z,,) anemometer: 21 m anemometer:

temperature/ 29.3 m net

humidity gauge: radiometer:

20 m 293 m
temperature/
humidity gauge:
23 m automatic
weather station:
23 m

Displacement 13.5m 12.8 m
height (z4) *)
Darmanto

et al. (2017)

Abbreviations: LLH, Laboratorium Lingkungan Hidup; KKP, Kementrian
Kelautan dan Perikanan.

spikes, were detected using the median absolute devia-
tion (MAD) algorithm (Mauder et al., 2013). Observation
sample x; is considered a spike if its absolute value (|x;|)
is larger than |(x)+ZXMAD| where (x) symbolizing the
median of x and MAD={(|x;— (x)|). Erroneous measure-
ments were replaced with values linearly interpolated
from adjacent measurements, or with average values of
non-erroneous measurements, depending on the number
of consecutive erroneous measurements. If the propor-
tion of erroneous measurements exceeded 60% of the
total sample window, the average value was discarded.
Because ultrasonic anemometers are highly sensitive to
rain, we ‘screened’ variables measured by this instru-
ment using AWS rainfall intensity data, at a threshold of
>1mmh~". The total amount of data that was removed
by the rainfall-threshold is 5.2% at KKP and 6.1% at LLH.
After processing and screening, from all 1-h mean values

of Climatology

between 1st March 2017 0000 and 31st October 2021
2300, usable data acquired is 82.5% and 74.3% from KKP
and LLH sites, respectively.

Although average values were the main focus, we also
examined wind fluctuations («',v',w’) and sonic tempera-
ture (T') to calculate sensible heat flux (Qp) and stability
parameter (). Sensible heat flux is calculated as follows:

Qy = pCpwTyY, (4)

where p is the air density, C,, is the specific heat of air at
constant pressure, and w'Ts is the covariance of w and
T, (Stull, 1988). The stability parameter is calculated
from effective height (z) and Obukhov length (L) as
folows:

c=i=Gra )
b

where is z, measurement height, z4 is displacement
height, k is von Karman constant (0.4), and u, is friction
velocity, which is estimated using:

u, = \/ (wwi)?+ (vwr)>. (6)

The displacement height (z4) is obtained from estima-
tion by Darmanto et al. (2017). The value of z,, and z, are
tabulated in Table 1.

3.3 | Support datasets

To support our analyses, we retrieved several openly
available datasets. Sounding data observed by Badan
Meteorologi Klimatologi and Geofisika (BMKG) at
Soekarno-Hatta International Airport (CGK) were
acquired via the University of Wyoming weather website
(https://weather.uwyo.edu/upperair/sounding.html).
Sounding data were available only at 0000 and 1200
UTC (0700 and 1900 LT, respectively), and only manda-
tory levels were retrieved. A climatological rainfall
dataset (Global Precipitation Measurement [GPM]
IMERG Level 3) was obtained (Huffman et al., 2019).
This dataset has a 0.1° spatial resolution and 30-min
time interval. A global 3-h, 0.25°-resolution sea surface
temperature (SST) dataset was acquired from the Woods
Hole Oceanographic Institution (WHOI) Climate Data
Record (CDR) (Clayson et al., 2016). Finally, boundary-
layer height estimates were retrieved from the ERAS5
reanalysis dataset, which has a spatial resolution of 0.3°
and temporal resolution of 1 h (Hersbach et al., 2020).
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TABLE 2 Instruments specification.
Sampling
Brand and type [data frequency Parameters
Instruments logger] Resolution Accuracy/uncertainty (interval) obtained
Ultrasonic Gill Windmaster Wind speed: 0.01m - s™* Wind speed accuracy: 10 Hz (0.1 s) U, V, W, T
anemometer |Graphtec GL840 Sonic temperature: <1.5% RMS @
analog data logger] 0.01°C 12 m - s* Sonic
temperature accuracy:
+2°C [between —20°C
and + 30°C]
Temperature Vaisala HMP 155 with Temperature: 0.0035°C Temperature accuracy: 10 Hz (0.1 s) T, RH
humidity fan-aspirated radiation (*) relative humidity +0.055 + 0.0057 x T°C
gauge shield [Graphtec GL840 (RH): 0.0025% (*) (*) [between +20°C
analog data logger]| based on datalogger's and + 60°C] RH
analog to digital accuracy:
converter (ADC) +1.0 + 0.008 X RH %
resolution [between —20°C
and + 40°C]
Net Kipp & Zonen CNR4 Pyranometer: <0.06 Pyranometer uncertainty:  0.016 Hz RyLy L,
radiometer [Campbell Scientific W - m~? pyrgeometer: <5% (for daily total) (1 min)
CR1000] <0.12W - m™> pyrgeometer
uncertainty: <10% (for
daily total)
Automatic Meter atmos 41 [Meter Rain gauge: 0.017 mm Rain: +5% of 0.083 Hz Rain rate
weather EMG60G] measurement (5 min)
station
4 | RESULTS and weaker at night, consistent with the diurnal varia-

A monthly-diurnal composite of zonal wind speed (U)
observed at the KKP and LLH buildings showed strong
annual variation, shifting between positive (westerly) and
negative (easterly) every year, with the direction remain-
ing consistent at the diurnal scale (Figure 2a, b). The
zonal wind component was dominated by easterlies From
May to September, and by westerlies from December to
March. During seasonal transition periods, zonal wind
tended to be weaker and daily wind directions became
less consistent. Sounding observations at CGK confirmed
this shift (Figure 2c, d). Sounding data also indicated
diurnal zonal wind consistency in the morning (0700 LT)
and evening (1900 LT). Similar patterns were observed in
both lower-level (1000 hPa) and upper-level (850 hPa)
sounding, indicating consistent zonal wind directions
throughout the boundary layer height (H,). Sounding
data indicated the magnitude of observed near-surface
zonal winds were consistent with lower-level sounding.
However, higher-level sounding was seen at higher mag-
nitudes, following the logarithmic boundary-layer wind
profile (Arya, 2001; Stull, 1988).

Although they were dominated by annual signals,
near-surface zonal winds observed at the KKP and
LLH buildings also exhibited diurnal variation. Zonal
wind magnitudes were stronger during the daytime

tion of near-surface wind speed observed by other
researchers (e.g., Crawford & Hudson, 1973; Fajber
et al.,, 2014; Jiménez et al., 2016). Stronger daytime
near-surface winds were caused by rapid, efficient
momentum transfer from aloft by the convectively
unstable boundary layer, whereas the more stable
night-time boundary layer will reduced downward
momentum transport, hence resulting in slower near-
surface winds (Arya, 2001; Fajber et al., 2014; Jiménez
et al., 2016). The diurnal change in boundary layer sta-
bility condition is confirmed from stability parameter
(). The average value of { on both sites during daytime
is ranged from —1 to —12.34, indicating a very-unstable to
extremely-unstable condition (Cantero et al., 2022;
Sorbjan & Grachev, 2010). Meanwhile during night-time,
average ( is ranged from —0.2 to 5.3, indicating a weakly-
unstable to extremely-stable condition.

By contrast, the meridional wind component ()
exhibited a strong diurnal cycle (Figure 2e, f). Diurnal
shifts between positive (southerly) and negative (north-
erly) values of V occurred throughout the observation
period, indicating sea and land breeze circulation, respec-
tively. Compared to KKP, southerly to northerly shifts at
the LLH building occurred later, and the periods of
northerly (sea breeze) winds were shorter, strongly sug-
gesting that the sea breeze propagates from north (KKP)
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compared to monthly averaged U and V data from sounding observations at CGK for (c and g) 850 hPa and (d and h) 1000 hPa. In (a, b, e,
and f), horizontal dashed lines indicate the sounding measurements time, while block shading indicates missing data. [Colour figure can be
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to south (LLH). Sounding observations also provide evi-
dence of these circulation patterns (Figure 2g,h). Meridio-
nal wind sounding at 0700 LT showed dominant southerly
winds at the lower level (1000 hPa), with weak winds at the
upper level (850 hPa), indicating a shallow land breeze. Con-
versely, sounding observations at 1900 LT indicated domi-
nant northerly winds at the lower level and southerlies at
the upper level, clearly indicating the sea breeze and its
return flow aloft (anti-sea breeze), as also described in previ-
ous studies (Araki et al, 2006; Hadi et al., 2000; Hadi
et al., 2002). Sounding data from December to February do
not appear to show similar sea breeze circulation patterns,
likely due to the shorter sea breeze duration (Figure 2e).

Because Jakarta is situated on the northern side of
Java Island, wind decomposition into its zonal and
meridional components can be used to separate annual
and diurnal circulation patterns. The zonal wind can be
used to identify seasonal changes, and meridional wind
to identify the sea breeze.

4.1 | Zonal wind variation and seasonal

change

Over the MC, seasons are typically categorized as dry or
rainy according to the rainfall pattern (Chang, Wang,

et al., 2005b; Hamada et al., 2002; Tanaka, 1994). Transi-
tions between the dry and rainy seasons are mainly
driven by the monsoon regime change between the Asian
winter (Australian summer) monsoon and Asian summer
(Australian winter) monsoon (Belgaman et al., 2017,
Chang, Wang, et al., 2005b). Within the Southern Hemi-
sphere MC, including Jakarta, the Asian winter monsoon
carries considerably more moisture from the eastern
Indian Ocean and northern MC, mainly the South China
Sea (Suwarman et al., 2013), thus, inducing more rainfall
over this area. Conversely, the Asian summer monsoon
carries less moisture and produces less rainfall. Thus, the
Asian winter monsoon regime is regarded as the rainy
season, and the Asian summer monsoon as the dry
season.

Because the dry and rainy seasons are mainly defined
in terms of rainfall, they vary among geographic loca-
tions, even within relatively short distances (Chang,
Wang, et al, 2005b; Ferijal et al, 2022; Hamada
et al., 2002; Moron et al., 2009). Based on pentad (5-day)
rainfall variation, Jakarta's climatology has been classi-
fied as A-I, which is dominated by an annual cycle and a
rainy season from September to February (Hamada
et al., 2002). However, when using this classification sys-
tem, rainy season length varies among stations in
Jakarta. For example, at coastal stations such as Tanjung
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Priok, the rainy season typically persists for 3 months
(December-March), whereas at Halim, an inland station
roughly 17 km from Tanjung Priok, the rainy season lasts
for 5 months (November—April). To study the sea breeze,
which can extend up to 80 km inland, a more robust defi-
nition of seasonal length is required. Therefore, in this
study, we defined seasonal changes based on zonal wind
patterns.

In this study, we used the strong annual variation
exhibited by zonal winds as a parameter to determine the
lengths of seasonal periods in Jakarta. A diurnal time
series of monthly averaged U observed at both sites
shows clear seasonal separation (Figure 3a,b). A diurnal
pattern characterized by dominant easterlies was
observed from May to September, whereas the opposite
pattern was observed from December to March. The tran-
sition periods, that is, April, October, and November, are
clearly distinguished by low winds throughout the day.
By clustering these diurnal U patterns, we separated the
seasons in Jakarta into a dry season from May to September
and rainy season from December to March. Although this
seasonal separation was based on wind data, we retain the
terms “dry” and “rainy” because they are typically used to
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distinguish seasons in this region. In this study, the transi-
tion from the rainy to dry season in April is referred to as
transition 1 (trl), and that from the rainy to dry season in
October or November is referred to as transition 2 (tr2).

The atmospheric conditions for several seasonal
periods are shown in Figure 3c-f. The maximum daily
total net radiation energy (Ry) occurred during the late
dry season (September), with a second peak in April
(Figure 3c). Minimum Ry values were observed in
January during the rainy season and June during the dry
season. The maximum and minimum Ry values appeared
to follow the equinox and solstice, respectively. Annual
daily mean T showed a similar pattern to Ry, but with a
clear lag (Figure 3d). Peaks of T were observed in May
(dry season) and October (tr2), whereas the minimum
T values were observed in late January and July, follow-
ing a net radiation minimum in June. Although the net
radiation minima were similar in magnitude, minimum
T values during the rainy season were much lower than
in the dry season. This suggests that another T regulatory
mechanism, such as cold air advection, may dominate
during the rainy season (Chang, Harr, & Chen, 2005).
In tropical Jakarta, high RH values of >60% were
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FIGURE 3 (Left) Diurnal time series of monthly averaged zonal wind speed (U) observed at the (a) KKP and (b) LLH sites. Lines with
triangles and circles indicate the mean value of U during dry and rainy period, respectively. The shaded areas are the standard deviation
from the mean values. (Right) Multiyear (c) mean daily total net radiation, (d) daily average temperature, and (e) relative humidity
measured at the KKP and LLH sites, and (f) monthly accumulated rainfall obtained from the Global Precipitation Measurement (GPM)
dataset. For image clarity, data were smoothed using a 31-day moving average filter. GPM data were averaged around each site using a 9-
point average. Seasonal periods based on zonal wind are indicated at the top of the right panel. [Colour figure can be viewed at
wileyonlinelibrary.com|
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observed throughout the year (Figure 3e). The lowest RH
values occurred in the last 3 months of the dry season
(July-September), whereas the maxima occurred at the
peak of the rainy season, from late January to early
February. Maximum and minimum rainfall amounts
were observed in February and July-September, respec-
tively. Applying the wind-based seasonal period thresh-
olds to the GPM rainfall data, we found that the monthly
rainfall in Jakarta was <200 mm - month™" during the dry
season and > 300 mm - month™" during the rainy season.

4.2 | Meridional wind variation and sea
breeze identification

The seasonal mean meridional wind data shown in
Figure 4a,b suggest that sea breeze circulation was dom-
inant in both seasons. A northerly to southerly shift
before noon and southerly to northerly shift after sunset
were clearly observed at both sites. Hadi et al. (2002)
argued that daytime enhancement of low-level north-
erlies during the rainy season was unlikely to have been
caused by the sea breeze due to a lack of obvious land-
sea temperature differences and subdued seaward
return flow. However, a comparison of T at KKP and
sea surface temperature (SST) near Jakarta (Figure 4c)
showed that daytime land-sea temperature differences
occurred in both seasons. While over land T shows
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significant variation between dry and rainy season, SST
during both seasons does not differs significantly; thus,
seasonal sea breeze variation in Jakarta might be primar-
ily affected by temperature dynamics over land rather
than over the sea.

The diurnal variation in peak northerly wind between
seasons is shown in Figure 4a,b. The peak magnitude of
northerly wind differed significantly between the dry and
rainy seasons; whereas that during the dry season was
nearly double that in the rainy season. We also observed
seasonal variation in the time of peak northerly wind,
which occurred at approximately 1300 LT in the rainy
season and approximately 1500 LT in the dry season at
KKP. A similar transition was observed at LLH, but with
a 1-h lag. These findings are in contrast with those of a
previous study showing that the timing of the peak
northerly anomaly did not vary seasonally (Araki
et al., 2006).

Another striking feature revealed by comparing
Figure 4a,b with Figure 2e,f is a clear discrepancy in the
southerly to northerly shift between KKP and LLH. This
shift occurred at approximately 0900 LT at KKP, whereas
its timing varied seasonally at LLH. At LLH, the shift
occurred earlier in the rainy season than the dry season,
suggesting seasonal variation in the Vggg. The positioning
of the KKP and LLH sites allowed us to estimate this
parameter using the intrusion time and distance between
sites.
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Seasonal average hourly meridional wind speed (V) observed at the (a) KKP and (b) LLH sites, and seasonal average air

temperature (T) at KKP and sea surface temperature (SST) on the Java Sea, north of Jakarta. Shadings in (a, b) were standard deviations of V'
from its average values. [Colour figure can be viewed at wileyonlinelibrary.com]
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To further investigate sea breeze seasonal variation,
we constructed a dataset of selected sea breeze occur-
rences or sea breeze days. Sea breezes were identified
based on front intrusions at each site. Front intrusion
onset was indicated by a sharp change in wind direc-
tion, accompanied by a rapid increase in humidity. Sim-
ilar methods have been used in several previous studies
(e.g., Ferdiansyah et al., 2020; Hadi et al., 2002;
Jayakrishnan et al., 2021; Reddy et al., 2021). Because the
Jakarta coastline runs in the east-west direction, we
assumed that the sea breeze mainly blows from north (sea)
to south (land). We used positive to negative shifts in the
meridional wind component (V) to identify the onset of
sea breeze intrusion, and the opposite shift to identify sea
breeze cessation. We further refine the identification pro-
cess by using the abrupt increase in humidity to clear-cut
when the intrusion time of sea breeze occurs and discard
doubtful cases where the wind shift might be caused by
other phenomena (Sumner, 1977).

We calculated a daily 10-min average time series of
the observation data to obtain a clearer understanding of
the timing of sea breeze intrusion and cessation. Because
significant temperature drops were not typically observed
during sea breeze intrusion in Jakarta, we used only V,
wind direction, and RH for sea breeze identification. A
representative daily time series of these factors for
5 August, 2018 are shown in Figure 5, where sea breeze
intrusion occurred at approximately 1030 LT (1230 LT) at
KKP (LLH) and sea breeze cessation occurred at approxi-
mately 20:10 LT (2020 LT) at LLH (KKP). These thresh-
olds were identified using a semi-automatic process for
all available data; we applied a simple change detection
algorithm followed by manual correction.

For Vgsgr estimation, intrusion times for both sites
were required; therefore, only days satisfying this require-
ment were retained in the dataset. Days with sea breeze
intrusion detected at both sites were retained as sea
breeze days; all other days were considered non-sea
breeze days. For each sea breeze day, the cessation time
at both sites was also identified. The cessation time of sea
breeze is also regarded as the intrusion time of land
breeze at each site. The sea breeze cessation time was
identified only from V shifts because most data showed
no obvious humidity changes during these periods. This
might have reduced the accuracy of cessation time esti-
mations; however, as most of the data indicate sharp
wind direction shifts, as shown in Figure 5b, we consid-
ered the results valid.

We identified 810 sea breeze days from among
1121 days with available data throughout the observation
period. The percentages of sea breeze and non-sea breeze
days are shown in Figure 6. Most sea breeze days
occurred between March and November, consistent with
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FIGURE 5 Example of 10-min averaged (a) meridional wind
speed (V), (b) wind direction (D), and (c) relative humidity (RH)
observed at the KKP and LLH sites on August 5, 2018. Plots are
smoothed using a 30-min moving average window. Vertical dashed
and dashed-dot lines indicate the sea breeze intrusion and cessation
time, respectively. [Colour figure can be viewed at
wileyonlinelibrary.com]

the findings of previous studies (Araki et al., 2006; Hadi
et al., 2002). Fewer sea breeze days were identified during
December, January, and February. Araki et al. (2006)
found that the sea breeze signal was less clear, but nev-
ertheless distinguishable, during this period, especially
on days with weak prevailing winds. Data were una-
vailable for many days during this period due to rain-
fall screening; thus, the number of sea breeze days was
underestimated.

4.3 | Seasonal variation in sea breeze

The monthly distribution of sea breeze intrusion times at
both sites in Jakarta is shown in Figure 7a. At KKP, sea
breezes arrived earlier in the rainy season, and at tr2,
than in the dry season and at trl. If the sea breeze intru-
sion at KKP represents the sea breeze onset at Jakarta,
then the sea breeze occurs faster in the rainy than dry
season, although the earliest occurrence was in October
(tr2). The interquartile range of sea breeze intrusion time
shows fluctuation of approximately 0.5-1 h around the
median value. The seasonal average intrusion time is pro-
vided in Table 3, and indicates an approximately 30-min
difference in sea breeze onset between the rainy and dry
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(a) Boxplot of sea breeze intrusion times at Kementrian Kelautan dan Perikanan (KKP) and Laboratorium Lingkungan

Hidup (LLH) and (b) sea breeze propagation speed (Vsgr). Dotted lines represent mean values for each month. Seasonal periods are
indicated at the top of each plot. [Colour figure can be viewed at wileyonlinelibrary.com]

seasons. This difference impacts sea breeze intrusion at
LLH, where it arrives later during the dry season.

Table 3 also shows the seasonal averages of sea breeze
cessation time and duration. In this study, sea breeze
duration was defined as the time difference between sea
breeze cessation and intrusion at KKP, which was found
to vary seasonally. At KKP, the cessation time was typi-
cally 1900-1930 LT, except in the dry season, when the
sea breeze started late, but lasted until 21:00, that is, for a
longer duration (>11 h) than in the rainy season (<10 h).

The late sea breeze arrival at LLH during the dry season
was caused by both late-onset and lower propagation speed.
The slowest sea breeze propagation was observed from May
to July, and the fastest was in February (Figure 7b). During

the dry season, the average Vsgr was approximately
1.56 m - s™', similar to previous observations based on
satellite-derived cloud lines (Ferdiansyah et al., 2020). Vggp
was 0.55m -s ' slower in the dry than rainy season
(Table 3). The interquartile range of Vspr also suggested
that Vggr tended to be higher during the rainy season.

5 | DISCUSSION
5.1 | Seabreeze onset

Based on Equation (1), sea breeze onset depends on the
rate at which positive AT between land and sea develops.
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TABLE 3 Seasonal averages of sea breeze characteristics observed in Jakarta.
Characteristic trl Dry tr2 Rainy
Average (Avg.) intrusion time (LT) KKP 9:20 9:40 9:00 9:10
LLH 11:30 12:10 11:10 11:10
Avg. cessation time (LT) KKP 19:30 21:00 19:30 19:00
LLH 18:50 19:30 18:20 17:40
Avg. duration (h) 10.18 + 2.2 11.30 + 2.7 10.50 + 2.6 9.80 £ 3.0
Avg. propagation speed (m - s7%) 1.83 £ 0.9 1.56 + 0.8 1.72 + 0.8 2.01 +1.0

Abbreviations: LLH, Laboratorium Lingkungan Hidup; KKP, Kementrian Kelautan dan Perikanan.
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(a) Seasonal average hourly temperature differences between observations taken at Laboratorium Lingkungan Hidup (LLH)

and Kementrian Kelautan dan Perikanan (KKP) (ATy_xkp)- (b) Net shortwave radiation (Rg) and (c) upward and downward components
of longwave radiation (L, and L) at LLH. [Colour figure can be viewed at wileyonlinelibrary.com]

Earlier sea breeze onset during the rainy season is likely
caused by an earlier shift of AT, as clearly shown by the
temperature difference between LLH and KKP (AT y xxp)
(Figure 8a). The change from negative to positive AT
occurred at approximately 0730 LT in the rainy season but
at approximately 0930 LT in the dry season. A previous
model simulation showed that sea breeze onset is sensitive
to prior surface energy conditions (Junnaedhi et al., 2021);
thus, seasonal sea breeze variation can be explained using a
surface energy budget. According to Oke et al. (2017), the
surface energy budget over an urban area volume is defined
as follows:

Rn+Qp = Qu+Qr+AQs+AQ4, (7)

where Qy and Qp are the sensible and latent heat flux,
respectively, to or from the air, AQy is the change in above-
ground energy storage within the urban volume, which rep-
resents the heat capacity of all canopy elements, and AQ, is
the net energy added to or subtracted from the volume by
advection. On the left-hand side of Equation (7), Q is the
anthropogenic heat flux, which is the heat released within
the volume by human activities, and Ry is the net radiation
at the surface, which is the sum of net shortwave (Rg) and
net longwave (Ry) radiation, calculated as follows:
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Ry = Rs+R; = Sy—Su+La—Ly, (8)

where S and L are shortwave and longwave radiation,
respectively, and subscripts u and d are the upward and
downward radiation components, respectively.

In the morning, prior to sea breeze onset, Rg observa-
tions in Jakarta showed no significant difference between
the dry and rainy seasons (Figure 8b). Assuming little
seasonal variation in anthropogenic heat production at
this hour, discrepancies in ATy xxp may be attributed
to variation in R;. Downward longwave radiation (L)
was higher in the rainy than dry season, whereas upward
longwave radiation (L,) showed slight variation between
seasons (Figure 8c). This indicates that downward influx
was more prominent than lower surface cooling prior to
sea breeze onset. Downward radiative longwave influx,
that is downwelling, is mainly derived from clouds
(Arya, 2001), which may form in the afternoon and move
offshore via the land breeze (Mori et al., 2018), or may
develop close to shore due to land breeze and monsoon
convergence (Wu et al., 2007). Early morning cross-shore
clouds that scatter across the city can reduce temperature
differences by distributing heat between the coast and
inland areas, which induces a positive AT more rapidly
when shortwave radiation (Rs) is available, ultimately
causing earlier sea breeze onset.

By contrast, post-midnight AT values were more neg-
ative during the dry than rainy season (Figure 8a). More
negative AT values indicate inhomogeneous cooling
rates between coastal and inland areas. Between 0000
and 0600 LST, the average temperature dropped by 1.2
and 1.5 K at KKP and LLH, respectively. Dryer surfaces
cause more intense radiative cooling during the night
over inland areas, whereas coastal areas are warmer due
to the proximity to the sea. If few or no clouds are avail-
able to distribute heat, strong negative cross-shore tem-
perature differences occur before sunrise, such that
more time is required for a similar amount of Rs
(Figure 8b) to overcome negative AT, thus delaying sea
breeze onset.

5.2 | Seabreeze propagation speed

Seasonal variation in Vgpr peaked during the rainy sea-
son (February) and reached a minimum in the dry season
(June) (Figure 7b). To assess seasonal variation in Vggp,
we used Equation (3) to estimate Vspp from ATy xxp
using V measured at LLH as V,, and estimated d using
the Hy; from the ERAS dataset. Then, Vggr was estimated
30 min after sea breeze intrusion at KKP, under the
assumption that temperature at KKP during this time
can be used to represent sea breeze gravity current

of Climatology

temperature and the front was still located between KKP
and LLH. These estimated Vgpp values were termed Vggp
(esty and those obtained from detected meridional wind
and humidity changes were termed Vsgrobs)-

Direct comparison of Vsggesty and Vsgreobs) 0N a daily
basis does not yield a clear relationship due to various
factors not reflected in the Vggp estimation, which
assumes homogeneous density of both the sea breeze cur-
rent and ambient air; however, density actually varies
across the respective air masses. Another influential fac-
tor is the use of surface-level variables, which are prone
to the effects of super adiabatic-layer and surface-layer
turbulence (Reible et al., 1993). The magnitude of Vgpg
(esp) 1S also sensitive to sea breeze depth (d). To match the
magnitude of Vgsprobsy, We determined an optimum
d value of 0.75 Hp,. Despite these, however, monthly com-
posite of Vsgreesty and Vsgr(obs) Showed remarkably simi-
lar patterns (Figure 9), with higher propagation speed
during the rainy season and lower speed during the dry
season and transition periods. This demonstrates that
Equation (3) is still applicable for estimating the Vg at
monthly and seasonal time scales.

The separation of components in Equation (3) clearly
confirms the dependence of Vsgr on the temperature dif-
ference (Figure 10a), as AT/T is clearly higher in the
rainy season than during other periods, such that the V,
(first term) is also higher. This result corresponds well
with the observed Vggr values (Figures 7b and 9). In the
dry season, AT/T was significantly lower; therefore, Vspr
was also lower. However, observed and estimated Vggp
also increased slightly in August and September, respec-
tively, which was attributed to higher d (Figure 10b). Sea-
sonal variation in d showed the opposite trend to AT/T.
As temperature is higher during the dry season
(Figure 3d), Hp, was also higher; therefore, sea breeze
depth was greater. Although seasonal wvariation in
d varied significantly, it did not significantly affect the
seasonal variation of Vsppesr). The seasonal pattern of
Vspresty Was still greatly affected by the temperature
difference.

The opposing flow (Vy), that is the land breeze, was
also driven by negative AT during the previous night. As
shown in Figure 10c, the opposing flow was weaker in
the rainy than dry season; thus, the SBF moved faster in
the rainy season. In January and February, the opposing
flow was negligible; thus, the Vspr was equal to the V.
Post-midnight heat distribution via cloud downwelling in
the rainy season caused less negative AT and weakened
the land breeze, whereas more negative AT in the dry
season produced stronger opposing flow, which reduced
the Vggr. These findings confirm that overland tempera-
ture difference is the main factor governing sea breeze
seasonality in Jakarta.
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5.3 | Sea breeze duration larger vegetated areas and proximity to the sea significantly

Longer sea breeze duration in the dry season was caused
by prolonged positive AT during the night (Figure 8a).
After dawn, positive AT was maintained by higher sensi-
ble heat release in the urban core area compared to the
coast (Figure 11a,b). At KKP, Qy dropped rapidly below
20 W - m™" after 1800 LT, whereas at LLH, Qp remained
higher than at KKP until 2200 LT. This discrepancy
maintained the temperature differences between the
urban core and coast, which ultimately prolonged sea
breeze flow. In the rainy season, Qg at both sites dropped
to a similar value around sunset, such that positive AT
was no longer sustained and the sea breeze flow ceased.
In the absence of incoming Rs, night-time heat release is
mainly derived from the energy storage (AQs) term in
Equation (7). In the dry season, longer sensible heat release
in LLH was caused by the higher thermal inertia of urban
surfaces, due to the urban volume could store more energy
during the daytime and release it over a longer period during
the night (Grimmond & Oke, 1999; Oke et al., 2017). Con-
versely, coastal Jakarta has less thermal inertia, as it mainly
comprises residential and recreational areas, whereas the

suppress the night-time Qp release in preference for Qg
release. Thus, night-time sensible heat (Qp) release over
coastal Jakarta did not differ significantly among seasons
(Figure 11a), demonstrating that urban areas can alter sea
breeze duration, particularly during the dry season. During
the rainy season, rainfall, which usually occurs from after-
noon until midnight (Renggono et al., 2001), wets urban sur-
faces such that Qy, release is preferable to Qg release. Thus,
night-time Qy release over the urban area is reduced and
positive AT values are dispersed, such that the sea breeze
effectively ceases at earlier time. This seasonal discrepancy in
duration may indicate significant effect of urban area of
Jakarta to the seasonality of sea breeze.

5.4 | Influence of urban area to seasonal
sea breeze variation

While Vggr estimation using Equation (3) confirm that
temperature difference overland and strength of opposing
flow are the main factor in sea breeze seasonality, it did
not consider many realistic physical settings and urban
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properties that influence sea breeze, such as topography,
coastal orientation, surface friction, surface heating and
UHI circulation. Exclusion of such factors is causing the
Vsgreest) to tend to be overestimate the Vggpobs). Among
the aforementioned factors, topography and coastal ori-
entation might not have a significant effect to sea breeze
propagation over Jakarta. Averaged topographical slope
of Jakarta is less than 1.9 m - km™" in the inland direc-
tion (Badan Informasi Geospasial, 2018), thus can be
considered almost flat. Along Jakarta Bay's coast, sea-
breeze-associated-cloud-line was observed moving in simi-
lar speed, at least before reaching city centre (Ferdiansyah
et al., 2020). On the other hand, surface friction induced by
urban roughness elements, such as buildings, structures,
and trees, may have more effect on Vsgg. Using building-
resolving computational fluid dynamics (CFD) simulation
with plan area density (4,) 0.25, Jiang et al. (2017) showed
that increasing average buildings height by 40m could
reduce Vgsgr by 16%. The average building height in
Jakarta is between 5 and 20m, and the averaged 4, is 0.2
(Darmanto et al., 2017), thus, we expect the reduction of
Vspr due to urban roughness will be less than 16%. This
reduction, however, may not contribute to seasonal

variation of Vgpp as the urban roughness element can be
assumed constant throughout the year.

Instead of roughness, surface heating variation may
have more effect on seasonal variation of sea breeze prop-
agation in Jakarta. Vspp estimation in Equation (3)
assumes sea breeze gravity current move with nearly con-
stant internal temperature. In reality, as the sea breeze
gravity current propagate inland, it was continuously
heated at an increasing rate by the surface, creating an
internal temperature gradient within the interior of the
cold current. This gradient will induce internal vorticity,
which strengthening surface wind speed. As the front side
of the gravity current is heated at longer time, the tempera-
ture difference across the front is reduced, thus, effectively
slowing the front propagation speed (Robinson et al., 2013).
Daytime surface heating rate (represented by Qy in
Figure 11a,b) in dry season is higher than rainy season,
with peak-to-peak difference up to 40 W - m™. In the rainy
season, Qp release over the urban area is reduced signifi-
cantly by rigorous Qp release due to wet surface (Oke
et al., 2017). Taking into account this surface heating differ-
ence, it is expected that in dry season Vsgr Will be slower
than in the rainy season. Observed surface sea breeze wind
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speed (Figure 4a,b), which shows higher speed in the dry
season than rainy season, also indicates the effect of contin-
uous surface heating onto the sea breeze propagation speed.

Sea breeze onset and propagation speed variation may
also be affected by daytime UHI circulation, which
becomes significant since the width of Jakarta's urban area
exceeds 10km (Yoshikado, 1994). Existence of
UHI circulation in the morning can accelerate sea
breeze intrusion on land (Cenedese & Monti, 2003;
Yoshikado, 1992). In the afternoon, when sea breeze front
merges with the thermal upward flow of UHI circulation,
which usually occurs at the urban core area, a larger and
stronger front will develop. At the surface level, the merged
upward flow will increase the wind speed, but at the same
time it will create a thermal blockage to the advancing
gravity current, hence reduce its propagation speed over
urban core area (Varquez et al., 2015; Yoshikado, 1992).

To produce UHI circulation in relatively weak back-
ground winds, only a minimum of 20 W - m~ excess of
heat flux over urban core area is needed (Wang
et al., 2019). Prior to sea breeze intrusion at the coastal
area (KKP), which typically occurs around 0900 LT
(Table 3), the sensible heat flux difference (AQj;) between
urban area and coastal area (LLH and KKP) could reach
up to 40 W - m 2 in the rainy season, but only 20 W - m™>
in the dry season (Figure 11c). This observation suggests
that a stronger morning UHI circulation may be devel-
oped in the rainy season that contribute to earlier sea
breeze intrusion in Jakarta. Merge between sea breeze
front and UHI upward flow might slow sea breeze propa-
gation over Jakarta's urban core area. Previous studies
showed that sea-breeze-associated-cloud-lines move faster
in the west and east sides of Jakarta when reaching urban
core area and stagnant clouds were observed over the city
center (Ferdiansyah et al., 2020). In the estimation of
Vsgr using Equation (3), we assumed that the UHI contri-
bution is included in AT;;p_gxp. However, our current
observation is not adequate to quantitatively assess the
effect of UHI on Vggp. To assess the effect of UHI, addi-
tional observations outside the urban area of Jakarta will
be required to make the comparison with the existing
urban observations. Such comparison could also be used
to confirm the significant impact of urban area develop-
ment and urbanization to sea breeze onset and duration.
Furthermore, to account for previously discussed surface
heating effect, the use of high-resolution numerical simu-
lations with real physical setting will also be necessary.

6 | SUMMARY AND CONCLUSION

In this study, we analysed seasonal variation in the char-
acteristics of the sea breeze in Jakarta using multi-year
near-surface observation data for wind, temperature,

humidity, and radiation. Observations were conducted
from March 2017 to October 2021 at two urban sites in
Jakarta, namely KKP and LLH, which are located on the
coast of Jakarta Bay and in the urban core, respectively,
separated by a distance of approximately 11 km in the
cross-shore direction, such that sea breeze propagation
between them could be measured.

Decomposed wind observations showed a strong
relationship between diurnal zonal wind and annual
circulation, which we used to differentiate the dry (May-
September) and rainy (December-March) seasons in
Jakarta, separated by transition periods in April (trl) and
October-November (tr2).

Sea breeze onset, propagation speed, and duration
showed strong seasonal variation. In Jakarta, the sea
breeze started earlier, propagated faster, and was of
shorter duration during the rainy than dry season. Sea-
sonal variation in sea breeze onset and propagation speed
was mainly driven by variation in temperature differ-
ences in the daytime or night-time prior to sea breeze
occurrence. The presence of clouds during the night
played an important role in terrestrial heat distribution,
which governed sea breeze onset and propagation speed.
Seasonal variation in urban surface heating and UHI cir-
culation may also affect sea breeze onset and propagation
speed over urban area of Jakarta. The Jakarta urban area
also prolonged the sea breeze duration, especially during
the dry season. Due to its larger thermal inertia, the
urban core stored more energy during the day and
released it more slowly overnight, thus prolonging posi-
tive temperature differences between urban and coastal
areas and promoting longer sea breeze flow.
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