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ABSTRACT

Sea breeze is a coastal meteorological circulation driven by the thermal contrast between land and adjacent water.
This study identified and simulated selected sea-breeze events over the Cilacap coasta region during the dry season (May—
August 2024). A modified objective filtering procedure was applied using wind speed, wind direction, a positive land—
coastal surface air temperature difference, flow persistence, and precipitation. Two events were selected, occurring on 14
May and 24 August 2024. These events were simulated using the Weather Research and Forecasting—A dvanced Research
WRF model with three-dimensional variational assimilation of Himawari-9 infrared radiance data. The horizontal fields
showed that onshore flow began to develop at approximately 11:00 LT and became most continuous around 13:00 LT. On
14 May, the circulation weakened by approximately 17:00 LT, whereas on 24 August it remained identifiable until
approximately 19:00 LT. Statistical evaluation against automatic weather station (AWS) observations yielded wind-speed
correlation coefficients of 0.534 and 0.923, with root mean square error (RM SE) values of 1.196 and 0.851 nv/s for 14 May
and 24 August, respectively. Wind-rose comparisons showed generally consistent onshore directiona patterns, although
differences remained in directional frequency and wind-speed classes. Because no unassimilated WRF control experiment
was conducted, the verification assesses only the agreement between the WRF Data Assimilation (WRFDA) simulation
and AWS observations and does not quantify the added value of Himawari-9 data assimilation.
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INTRODUCTION 10]. However, WRF simulationsin tropical coastal regions

Meteorological dynamics in coastal areas are are frequently constrained by the low accuracy of initial
significantly driven by the thermal interaction between conditions derived from global datasets with coarse
land and ocean [1]. The difference in heat capacity causes resolutions [11]. While previous studies, such as the
the land to heat up faster than the ocean during the day, simulation of sea breeze eventsin the Gulf of Jakarta [12],
generating alocalized thermal pressure gradient that forces successfully captured the horizontal wind patterns under
cooler marine air toward the land, widely known as the sea various synoptic conditions, they relied heavily on
breeze [2, 3]. In a tropical maritime continent like unassimilated global data. Integrating observationa

Indonesia, where insolation remains high throughout the information into the model background through data
year, this differentia heating mechanism is highly assimilation can be used to reduce uncertainty in the
dominant, making sea breeze a crucia factor in local model initial conditions [13-15].

weather formation [4]. This study combines a modified objective

However, the identification and simulation of filtering procedure with the Three-Dimensional
seabreeze events are often complicated by large-scale Variational (3DVAR) assimilation of Himawari-9 infrared
synoptic winds and precipitation-related disturbances that radiance data to simulate the horizontal development of
may mask the local coastal circulation [4, 5]. Therefore, a selected sea-breeze events over Cilacap during the 2024
sea breeze mechanisms requires a stable atmospheric dry season [16, 17]. The analysis focuses on the spatial
background, typically found during the dry season when and temporal evolution of the onshore flow and evaluates
insolation is maximized and cloud cover is a a minimum the WRF Data Assimillation (WRFDA) output against
[6, 7]. To ensure the validity of the analyzed sea breeze, it automatic weather station (AWS) observations using
is necessary to apply an objective day-selection or filtering wind-rose comparisons, Pearson correlation coefficients,
method that isolates days driven purely by thermal forces and root mean square error (RMSE). Because no
from those dominated by synoptic backgrounds[8]. unassimilated WRF control experiment was conducted,

Numerical modelling using the Weather Research this study does not quantify the improvement attributable
and Forecasting (WRF) model has been widely utilized to specifically to satellite data assimilation.
simulate mesoscale phenomena, including sea breezes [9,
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METHODS
Study Area and Period

The research focuses on the coastal region of
Cilacap, Indonesia, located between 7.30°-7.75° S and
108.75°-109.50° E as shown in Figure-la The
geographical mapping of the study area was visualized and
generated using QGIS software version 3.40, while the
modeling domains were visualized using Python scripts on
the Google Colaboratory platform as shown in Figure-1b.
The study period covered May—August 2024, representing
the dry-season when rainfall occurrence is generally less
frequent and clear-sky conditions are more frequently
observed, thereby supporting the identification of local
coastal circulations. All times are reported in local time
(LT =UTC+7).

Data Sour ces

Three main datasets were used in this study. First,
surface meteorological observations were obtained from
the Cilacap DIGI AWS and the Cilacap Maritime AWS.
The 10-m wind speed, wind direction, and 24-h
accumulated precipitation were obtained from the
Maritime AWS. Surface air temperature was obtained
from both stations. The DIGI AWS was used to represent
the inland surface air temperature, whereas the Maritime
AWS was used to represent the coasta surface air
temperature as a proxy for the marine-side condition in the
land—coastal temperature-difference calculation. The DIGI
AWS has a temporal resolution of 10 min, while the
Maritime AWS has a temporal resolution of 1 min. The
observations were adjusted to a common temporal interval
before the filtering procedure. Second, the initial and
boundary conditions were obtained from the NCEP
GDAS/FNL 0.25-Degree Globa Tropospheric Analyses
and Forecast Grids. Third, Himawari-9 L1AHITBR and
L2AHICLP data were used in the assimilation procedure.
All available infrared channels were included except
Channel 12 because of its sensitivity to ozone [11].

Sea Breeze Day | dentification
To identify sea-breeze events that were most
consistent with the local coastal circulation in Cilacap, the
objective filtering method was modified according to the
local characteristics and the availability of surface
observations [8]. Preliminary sorting and temporal
adjustment of the AWS data were conducted using
Microsoft Excel, while the filtering agorithm was
implemented using Python in Google Colaboratory. Five
meteorological variables were considered, with event
duration used as an additional persistence reguirement:
=  Wind Speed: The mean surface wind speed during the
event was required to be within 4-8 m/s, representing
the wind-speed range adopted for the sea-breeze
eventsin this study [4].
=  Wind Direction: The wind was required to indicate an
onshore flow. Based on the orientation of the southern
Cilacap coastline, the acceptable direction was
defined as 135°—225°. This range allows a maximum

deviation of approximately 45° from the direction
perpendicular to the coastline [18, 19].

= Temperature Gradient: The thermal contrast was
calculated using Equation (1), where Tipjang 1S the
surface air temperature from the DIGI AWS and
Teoastal 1S the surface air temperature from the
Maritime AWS. A temperature difference greater than
3°C was adopted as a criterion in the study area [8].
However, preliminary application of this threshold in
Cilacap did not produce events that simultaneously
satisfied the wind-direction, wind-speed, duration, and
precipitation criteria. The events exhibiting persistent
onshore flow had positive therma contrasts below
3°C. Therefore, a modified operational criterion of
0 < AT < 3°C was used. The temperature criterion
was not applied independently but was evaluated
together with the other filtering variables[8, 18].

(AT) = Tintand — Teoastal D

= Precipitation: The 24-h accumulated precipitation was
required to be less than 0.1 mm to reduce the
possibility that the selected wind changes were
directly associated with rainfal or convective
disturbances [20]. However, the absence of rainfall
does not necessarily indicate the complete absence of
|arger-scal e atmospheric influences.

=  Persistence: The onshore flow was required to persist
for at least six hours to ensure sufficiently continuous
development during the initial, active, and final
phases. This duration was used as an operationa
criterion and does not represent a universal minimum
duration for sea-breeze formation.

Model Configuration and Assimilation

The selected sea-breeze events were simulated
using the Weather Research and Forecasting—Advanced
Research WRF (WRF-ARW) model version 4.6.0 [21].
The mode was configured using a one-way nesting
approach with three domains at horizontal resolutions of
27 km, 9 km, and 3 km, respectively, as shown in Figure-
1b. The physical parameterization schemes used in this
study were selected based on [22], as summarized in
Table-1.

Table-1. WRF-ARW physical parameterization schemes
used in this study [22]

Parameterization | Domainl | Domain2 | Domain 3
Microphysics WSM 6 WSM 6 WSM 6
scheme class class class
Cumulus scheme Kan- Kain- Kain-
Fritsch Fritsch Fritsch
Planetary
boundary layer YSU YSU YSU
scheme
_oeotWave | pudhia | Dudhia | Dudhia
NOAH NOAH NOAH
Surface scheme LSM 4- LSM 4- LSM 4-
Layer Layer Layer
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Figure-1. (a) Topographic map of the Cilacap study area, covering approximately 7.30°-7.75° S and 108.75°-109.50° E.
The colour shading represents surface elevation in metres, while the symbol indicates the location of the Cilacap Maritime
AWS. (b) Configuration of the three one-way nested WRF domains with horizontal grid spacings of 27 km for Domain 1,
9 km for Domain 2, and 3 km for Domain 3. The red, yellow, and green boxes indicate Domains 1, 2, and 3, respectively.

The selected schemes consist of the WRF Single-
Moment 6-class scheme (WSM6) for microphysics, the
Kain—Fritsch scheme for cumulus parameterization, the
Yonsei University scheme (YSU) for the planetary
boundary layer, the Dudhia scheme for shortwave
radiation, and the four-layer Noah Land Surface Model.
These schemes were applied to represent atmospheric
processes over a tropical maritime coastal environment
affected by land—sea breeze circulation, complex
coastlines, and topography [22]. In the Kain—Fritsch
scheme, convective initiation is determined by comparing
parcel and environmental temperatures, followed by
entrainment and detrainment calculations through a mass-
flux formulation and atmospheric-column adjustment
involving updraft and downdraft processes. Therefore,
these schemes were adopted as a methodological reference
for the present coastal simulation. However, no physics-
sensitivity experiment was conducted in this study.
Consequently, the selected schemes are not claimed to
represent the optimal parameterization combination. The
model was run with a 12-hour spin-up time prior to the
time of interest to allow dynamical stabilization [23]. The
WRFDA version 4.1 3DVAR system was applied to
generate the atmospheric anaysis used as the initial
condition for the simulation. The background error
covariance was generated using the CV 3 option [24].

Visualization and Verification

Post-processing of the WRF outputs in NetCDF
format was conducted horizontally using Python scripts on
the Google Colaboratory environment. The simulated
horizontal wind speed and direction were mapped to
analyze the 2D spatial intrusion of the sea breeze.

Additionally, the distribution of the observed
dominant surface wind directions was plotted into wind
rose diagrams using WRPLOT View software version 7.0.
Statistical verification was performed by comparing the
simulated surface wind speed and surface temperature
against the AWS observational data. The agreement
between the WRFDA output and AWS observations was
evaluated using the Pearson correlation coefficient
(Equation (2)) to assess similarity in temporal variation
[25, 26] and the Root Mean Square Error (RMSE)

121

(Equation (3)) to quantify the magnitude of model—
observation differences[27, 28].

r = Zm & Dih)
a2 S 02

1
RMSE = /; n (X —Y)?,

where x; and y; represent the simulated and observed
values, respectively, and n is the number of paired
observations.

2

©)

RESULTS
Objective Day-Filtering Results

The modified objective filtering procedure
identified two selected sea-breeze events on 14 May and
24 August 2024 (Table-2). Both events met the combined
criteria of onshore wind direction, wind speed, positive
land—coastal surface air-temperature difference, flow
persistence, and the absence of measurable rainfall during
the selected period. On 14 May, the event occurred from
10:50 to 16:50 LT, with a duration of 6.0 h, a mean wind
speed of 5.04 m/s, a mean wind direction of 145.63°, and a
land—coastal temperature difference of 1.9°C. On 24
August, the event occurred from 11:30to 18:50 LT, with a
duration of 7.3 h, a mean wind speed of 5.32 m/s, a mean
wind direction of 149.84°, and a temperature difference of
1.8°C. The temperature differences were within the
modified positive-contrast criterion of 0 < AT < 3°C. The
longer duration on 24 August indicates that the onshore
flow was more persistent than that on 14 May. These
events are interpreted as the events most consistent with
the modified filtering criteria rather than as circulation
entirely free from synoptic influences.

Horizontal Simulation of Sea Breeze Intrusion

To comprehensively understand the spatial and
tempora evolution of the sea breeze, the simulated 2-
meter temperature and 10-meter wind vectors were
mapped into hourly sequential grids, which are separated
into two distinct events for detailed analysis.
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Table-2. Results of the modified objective filtering procedure for the selected sea-breeze events

. . . Temperature .
Duration Wind speed Wind . Rainfall
Date Start (LT) End (LT) (hours) (m/s) direction () dlff(srce)nce (mm)
14 May 2024 10.50 16.50 6.0 5.04 145.63 1.9 0
24 August
2024 11.30 18.50 7.3 5.32 149.84 18 0
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event on 14 May 2024 at (a) 11:00 LT, (b) 13:00 LT, and (c) 17:00 LT. The colour shading represents 2-m surface air
temperature in °C, while the arrows indicate the direction and relative magnitude of the 10-m horizontal wind. The panels

represent the initial phase, the active phase when the onshore flow was most continuous, and the final phase when the

continuity and inland extent began to decrease, respectively. The fields were obtained from the 3-km WRFDA domain.

and 10m Wind Vectors at 13:00 WIE

and 10m Wind Vectors at 11:00 WIE Simulated 2m
T =

event on 24 August 2024 at (a) 11:00 LT, (b) 13:00 LT, and (c) 19:00 LT. The colour shading represents 2-m surface air
temperature in °C, while the arrows indicate the direction and relative magnitude of the 10-m horizontal wind. The panels
represent the initial phase, the active phase with the greatest estimated inland extent, and the condition near the observed
offset of the event, respectively. The fields were obtained from the 3-km WRFDA domain.

Sea Breeze Evolution on May 14, 2024 as shown
in Figure-2 illustrates the horizontal progression of the sea
breeze on May 14, 2024. On 14 May 2024, the onshore
flow began to develop at approximately 11:00 LT. At
13:00 LT, the flow became more continuous and extended
farther inland, representing the active phase of the event.
The estimated inland extent increased from approximately
3045 km during the initial phase to 50-65 km during the
active phase. By 17:00 LT, the onshore flow remained
identifiable, although its continuity and estimated inland
extent had decreased to approximately 3045 km.

Sea Breeze Evolution on August 24, 2024 A
similar, yet dightly more robust, pattern was observed on
August 24, 2024, as depicted in Figure-3. On 24 August
2024, the onshore flow was adready evident at
approximately 11:00 LT, with an estimated inland extent
of 6080 km. At 13:00 LT, the flow became most
continuous and reached an estimated inland extent of 70—
90 km in several areas. Near 19:00 LT, which was the
model output closest to the observed event offset at 18:50
LT, the onshore flow remained identifiable, although its
direction and continuity became more variable. Severa
wind vectors near Nusakambangan Island changed
direction and became more paralel to the island
orientation before continuing inland. Farther north, the

wind direction became more variable near the higher
terrain.

Model Evaluation and Verification

The wind-rose diagrams from WRFDA were
compared descriptively with those obtained from the
Maritime AWS (Figure-4). On 14 May, both datasets
showed dominant winds from the southeast to south-
southeast sector, although WRFDA produced a larger
proportion of winds in the 5.0-6.0 m/s class. On 24
August, the WRFDA dominant direction was dlightly
more easterly than the AWS observation, and the highest
observed wind-speed class was not fully represented in the
model output.

Table-3. Statistical evaluation of WRFDA output against
AWS observations

Day Parameters n Pear son RM SE
May, 14 V;/l::‘ic sg(;g:j 12 0.534 1.196 m/s
2024 12 0.763 0.771°C
temperature
August, Vg/lljrr}céc ssze_)? 12 0.923 0.851 m/s
24 2024 12 0.667 1.132°C
temperature
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Figure-4. Distribution of wind direction and wind speed during the selected sea-breeze events based on the Cilacap
Maritime AWS and the nearest WRFDA grid point: (A) AWS observations on 14 May 2024, (B) WRFDA output on 14
May 2024, (C) AWS observations on 24 August 2024, and (D) WRFDA output on 24 August 2024. The 14 May data
cover 10:50-16:50 LT, while the 24 August data cover 11:30-18:50 LT. Wind directions follow the meteorol ogical
convention and indicate the direction from which the wind originated. The radia length of each sector represents the
percentage frequency, while the col ours represent wind-speed classesin m/s.

The performance of the WRFDA model in
simulating the sea breeze events was quantitatively
evaluated against the AWS observational data, with the
statistical skill scores presented in Table-3. For wind
speed, the Pearson correlation coefficients were 0.534 and
0.923 on 14 May and 24 August, with corresponding
RMSE values of 1.196 and 0.851 m/s. For surface air
temperature, the correlation coefficients were 0.763 and
0.667, with RMSE values of 0.771 and 1.132°C,
respectively. Each event was evaluated using 12 hourly
model—observation pairs

DISCUSSION

The event-selection procedure used in this study
was adapted from an objective filtering method, with
adjustments based on the available observations and the
local characteristics of Cilacap [8]. A land-sea
temperature difference greater than 3°C was used as one of
the criteria for identifying sea-breeze days. However,
applying this threshold to the Cilacap observations did not
produce events that simultaneously satisfied the wind-
direction, wind-speed, persistence, and precipitation
criteria. Therefore, a modified positive land—coasta
surface air-temperature difference of 0 < AT < 3°Cwas
used and evauated together with the other variables. The
minimum duration of six hours was also adopted as an
operationa criterion to obtain events with sufficiently
continuous initial, active, and fina phases. These
adjustments are specific to the present dataset and should
not be interpreted as universa thresholds for sea-breeze
occurrence.
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The absence of measurable rainfall during both
selected events reduced the possibility that the observed
wind changes were directly associated with rainfall or
local convective outflows. Nevertheless, the absence of
rainfall does not demonstrate that al synoptic or larger-
scale atmospheric influences were completely absent.
Therefore, the selected cases are interpreted as the events
most consistent with the modified filtering criteria rather
than as purely thermally driven events entirely free from
synoptic influence.

Both events showed a similar initia temporal
development. The onshore flow began to become
identifiable at approximately 11:00 LT and became most
continuous at approximately 13:00 LT. However, the
duration and persistence differed between the two events.
On 14 May, the circulation began to lose continuity near
17:00 LT, whereas the onshore flow on 24 August
remained identifiable until approximately 19:00 LT. This
difference is consistent with the filtering durations of 6.0
and 7.3 h, respectively. The longer duration on 24 August
was therefore accompanied by a more persistent simulated
inland flow. This temporal development is consistent with
the general sea-breeze mechanism described in previous
studies, in which differential daytime heating between
land and adjacent water generates an onshore pressure-
gradient circulation [5, 6, 9].

The estimated inland extent also differed between
the two events. On 14 May, the intrusion increased from
approximately 3045 km during the initial phase to 50-65
km during the active phase. On 24 August, the estimated
intrusion reached approximately 60-80 km during the
initial phase and 70-90 km during the active phase. These
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distances remain within the horizontal scale of mesoscale
circulation described by Markowski and Richardson [2, 3].
The wider intrusion on 24 August suggests that the longer
event duration was associated with greater spatial
persistence. However, this difference cannot be attributed
solely to the land—coastal temperature contrast because the
two events had reatively similar values of 1.9°C and
1.8°C.

The horizontal wind distribution was not uniform
along the Cilacap coastline. Near Nusakambangan Island,
several wind vectors changed direction and became more
parallel to the island orientation before continuing inland.
This pattern suggests that Nusakambangan Island did not
completely block the sea-breeze circulation but locally
modified its direction and continuity. Farther inland, the
southerly flow also became more variable near the higher
terrain of northern Cilacap. This general interpretation is
consistent with findings that coastline geometry and
coastal topography can influence the direction,
convergence, and spatial distribution of local coastal
circulations over the Indonesian Maritime Continent [22].

The wind-rose comparison supported the
horizontal-flow analysis but also revealed differences
between the model and observations. On 14 May, both
AWS and WRFDA showed dominant winds from the
southeast to south-southeast sector, although the model
distribution was more concentrated and contained a greater
proportion of winds in the 5.0-6.0 m/s class. On 24
August, WRFDA continued to show an onshore flow from
the southern waters, but the dominant model direction was
dightly more easterly than the AWS observation. The
highest observed wind-speed class was aso not fully
reproduced. Therefore, similarity in the general directional
group does not indicate that the complete frequency and
wind-speed distributions were reproduced identically.

The statistical evaluation was consistent with the
wind-rose comparison. The wind-speed correlation of
0.534 on 14 May indicates moderate tempora agreement,
while the RMSE of 1.196 m/s shows that differences in
magnitude remained. On 24 August, the correlation
increased to 0.923 and the RM SE decreased to 0.851 my/s,
indicating stronger temporal agreement and a smaller
model—observation difference. For surface air temperature,
the correlations were 0.763 and 0.667, with RM SE values
of 0.771°C and 1.132°C, respectively. Pearson correlation
describes similarity in temporal variation, whereas RMSE
guantifies the magnitude of model—observation differences
[25-28]. Consequently, a high correlation does not
necessarily indicate exact agreement in magnitude.

The verification was conducted using 12 hourly
model—observation pairs for each event. Although an
equal number of observations allowed consistent
comparison between the two cases, the sample remained
limited. Therefore, the statistical results describe only the
selected events and should not be considered
representative  of WRFDA performance under al
meteorological conditions in Cilacap. Furthermore, an
unassimilated WRF control experiment was not
conducted. Consequently, the present evaluation cannot
determine whether the agreement between WRFDA and
AWS observations was produced specifically by
Himawari-9 radiance assimilation. Future studies should
compare assimilated and unassimilated simulations using
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identical physical configurations, periods, and verification
metrics.

CONCLUSIONS

The modified objective filtering procedure
identified two selected sea-breeze events over the Cilacap
coastline on 14 May and 24 August 2024. The onshore
flow began to develop at approximately 11:00 LT and
became most continuous at approximately 13:00 LT. On
14 May, the estimated inland intrusion increased from
approximately 3045 km during the initial phase to 50-65
km during the active phase and decreased again near 17:00
LT. On 24 August, the intrusion was more persistent,
reaching approximately 60-80 km during the initial phase
and 70-90 km during the active phase, while onshore flow
remained identifiable near 19:00 L T.

The wind-rose comparison showed that WRFDA
and AWS observations generally produced onshore winds
within similar south-southeast to southeast directional
groups. However, differences remained in the dominant
direction, directiona concentration, and wind-speed
classes. Statistical evaluation also showed varying levels
of agreement. Wind speed on 24 August produced a
Pearson correlation coefficient of 0.923 and an RMSE of
0.851 m/s, while the corresponding values on 14 May
were 0.534 and 1.196 m/s. The results support the use of
the WRFDA output for interpreting the horizontal
development of the two selected events, but the degree of
agreement differed between dates and parameters.

This study did not include an unassimilated WRF
control simulation. Therefore, the results do not
demonstrate the quantitative improvement attributable to
Himawari-9 radiance assimilation. Future studies should
compare assimilated and unassimilated simulations using
identical model configurations, periods, and verification
metrics to directly evaluate the added vaue of the
assimilation procedure.
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