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Indonesian Maritime Continent has the second longest coastline in the world, but the characteristics of offshore rainfall and its
relation to coastline type are not clearly understood. As a region with eighty percent being an ocean, knowledge of offshore rainfall
is important to support activity over oceans. This study investigates the climatology of offshore rainfall based on TRMM 3B42
composite during 1998-2015 and its dynamical atmosphere which induces high rainfall intensity usingWRF-ARW.The result shows
that concave coastline drives the increasing rainfall over oceanwithCenderawasih Bay (widest concave coastline) having the highest
rainfall offshore intensity (16.5mm per day) over Indonesian Maritime Continent. Monthly peak offshore rainfall over concave
coastline is related to direction of concave coastline and peak of diurnal cycle influenced by the shifting of low level convergence.
Concave coastline facing the north has peak during northwesterlymonsoonal flow (March), while concave coastline facing the east
has peak during easterly monsoonal flow (July). Low level convergence zone shifts from inland during daytime to ocean during
nighttime. Due to shape of concave coastline, land breeze strengthens low level convergence and supports merging rainfall over
ocean during nighttime. Rainfall propagating from the area around inland to ocean is approximately 5.4m/s over Cenderawasih
Bay and 4.1m/s over Tolo Bay.Merger rainfall and low level convergence are playing role in increasing offshore rainfall over concave
coastline.

1. Introduction

Indonesian Maritime Continent (IMC) is an archipelago
tropical country which has the second longest coastline in
the world after Canada. The length of the coastline reaches
95,181 km and the numbers of islands are 16,056. Distribution
of global and regional rainfall is affected by IMC’s coastline.
The distribution of local rainfall amount (a rainfall point
less than 300 km from coastline) is a gradually decreasing
as function of coastal distance, while total regional rainfall
(rainfall area more than 10,000 km2) is increasing as function
of coastline density (coastal length/land area) [1].

The shape and size of the coastline over IMC are unique.
Basically, there are three shapes of coastline which affect
the rainfall amount, straight coastline, concave coastline,
and convex coastline [2, 3]. Every type of coastline over

specific location has different impact to generate rainfall
system over IMC. Sea breeze raises up convergence zone
over a convex coastline and divergence zone over concave
coastline. Otherwise, land breeze creates convergence over
convex coastline and divergence zone over a concave coast-
line. Upward movement of air induced by convergence zone
fostering the development of clouds brings out high rainfall
intensity over coastline [4, 5].

The rainfall system over IMC is known as the coastal
regime. It has characteristic of heavy rainfall over coastal
area and dominant movement phase which is divided into
two types, seaside and landside regime. The seaside coastal
regime peak occurs from evening to morning of the next day
and propagates to offshore area. The landside coastal regime
has landward phase propagation with the peak occurring
from morning to evening [6–9]. Diurnal peak of rainfall is
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influenced by the size of island. The peak of landside coastal
rainfall occurs in the early afternoon on a narrow island while
on a large island the peak of inland rainfall occurs on the latter
[10].

Offshore rainfall is formed from the clouds which grow
and develop over inland and move to the ocean. Offshore
rainfalls over west Sumatera develop over inland and migrate
to ocean until 400 km from coastlines with the average speed
of migration being approximately 10m/s [6]. The offshore
rainfall over the Bay of Bengal extends its phase propagation
up to several hundred kilometers from the coastline with
a propagation speed of 15–20m/s. Phase of rainfall creates
a line which is parallel with the coastline of Bay of Bengal
[11]. The offshore rainfall over Papua Island (New Guinea) is
observed up to 600 kmoff the coastwith phase of propagation
speed being about 15m/s [12]. The rainfall offshore mecha-
nism over northern Borneo has been documented by Houze
[13]. Offshore rainfall develops until 200 km from the coast.
Speed of rainfall offshore propagation over Borneo depends
onmonsoonal flow regime. Phase speed propagation is about
3m/s in the easterly monsoonal flow regime and 7m/s in the
westerly monsoonal flow regime [14].

Offshore rainfall over northern [13] and western of
Borneo [15] is initiated by intensive wind convergence at the
low level due to the strong offshore flow to the western coast
during the nighttime. Strong offshore flow is obtained from
convection activity that grows earlier in the afternoon and
evening over Borneo Island. Convergence zone by land breeze
also induces high offshore rainfall over Malacca strait [7] and
western coast of Sumatera [16].

Several previous studies have described the characteris-
tics andmechanism of the offshore rainfall over IMCwithout
considering the shape and the effect of the coastline [6, 7, 13–
16]. This study focuses on the elucidation of the offshore
rainfall variability over concave coastline and the dynamical
atmosphere has been caused by shape of concave coastline.
The analysis and simulation of the dynamical atmosphere
which induce high offshore rainfall are produced by WRF-
ARWmodel.

2. Materials and Methods

2.1. Rainfall Observation. In order to detect the distribution
and variability of offshore rainfall over concave coastline,
we analyze Tropical Rainfall Measuring Mission (TRMM)
3B42 (version 7) rainfall product during 17-year observation
from 1998 to 2015. The 3B42 product contains estimated
rain rates (mm per hour) derived from a combination of
infrared radiation (IR), passive microwave, and radar data
from TRMM and IR data from geostationary satellites. The
data is 3 hourly and covers the domain between 50∘S and
50∘N, with a horizontal resolution of 0.25∘ x 0.25∘.

2.2. Dynamical Atmosphere Simulation. In order to examine
the dynamical atmosphere inducing the offshore rainfall,
we conduct the Weather Research and Forecast-Advanced
Research Weather (WRF-ARW) v 3.3, based on the NCEP
FNL (Final) Operational Global Analysis data used for initial
and boundary conditions. NCEP FNL is a reanalysis product
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Figure 1: WRF-ARW nesting domain setting with (i) first domain
resolution of 27 km, (ii) second domain resolution of 9 km rep-
resenting Tolo Bay, and (iii) third domain resolution of 9 km
representing Cenderawasih Bay.

from the Global Data Assimilation System (GDAS) which
continuously collects observational data from the Global
Telecommunications System (GTS) and other sources.

In this experiment, we set up WRF-ARW with three
nested configuration (see Figure 1). An outer domain has 133
× 81 grid points with a 27 km grid spacing, the second domain
consists of 91 × 85 grid points with a 9 km grid spacing, and
the third domain consists of 124 × 79 grid points with a 9 km
grid spacing. The first domain is identic with the TRMM
data resolution (≈ 0.25∘). The second domain represents
Cenderawasih Bay and the third domain represents Tolo Bay
which is considered as coastline area curvature.

The microphysics WSM 6 class single-moment scheme
by Hong and Lim [17] was selected for physical parameter-
izations including the planetary boundary layer scheme of
Yonsei University Scheme (YSU) [18] and the Kain-Fritsch
(KF) cumulus scheme [19] for this experiment. The KF
scheme has three parts for calculation, first comparing parcel
temperature with ambient temperature as the convective
trigger function, second calculating the entrainment detrain-
ment of water vapor as the mass flux formulation, and third
rearranging mass in air column using the updraft, downdraft,
and environmental mass fluxes until at least 90% of the
convective available potential energy (CAPE) is removed as
the closure assumptions. The land surface parameterization
uses Noah LSM 4-layer. The WRF model was run at 42
vertical levels with the model top at 50 hPa. Details for all
parameterization on this simulation are shown at Table 1.

Simulation of rainfall using WRF-ARW over IMC has
been studied by Fujita [7], Bhatt [20], and Hassim [21]. Rain-
fall was produced byWRF-ARWwhich has overestimated the
amplitude as over in land. But, it still captures the diurnal
rainfall variability although it has coarse simulation with
resolution of 10 km and 25 km. The utilization of the 25 km
model resolution intended can explain meso-alpha scales
phenomena, while the 10 km model explains meso-gamma
scale features. The Kain-Fritsch convective scheme has a
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Table 1: WRF-ARW configuration for this experiment.

Domain 1 Domain 2 Domain 3
Resolution 27 km 9 km 9 km
Parameterization

Microphysics WSM 6 class WSM 6 class WSM 6 class
Cumulus Kain–Fritsch Kain–Fritsch Kain–Fritsch
Planetary Boundary Layer YSU YSU YSU
Radiation Dudhia Dudhia Dudhia
Land Surface Noah LSM 4-layer Noah LSM 4-layer Noah LSM 4-layer

3N
2.5N

2N
1.5N

1N
0.5N

3S
2.5S

4S

2 4 5 6 6.5 7 7.5 8 8.5 9 10 11 12 13 14 16 18 20
(mm/day)

3.5S

2S
1.5S

1S
0.5S
EQ

ii

iii
vii

vi
iv

i

v

116E 118E 120E 122E 124E 126E 128E 130E 132E 134E 136E 138E 140E

Figure 2: Total mean of offshore rainfall over Indonesian Maritime
Continent based on composite TRMM during 1998 to 2015. The
heavy offshore rainfall occurs over (i) Manado Bay, (ii) Tomini Bay,
(iii) Tolo Bay, (iv) Bone Bay, (v), Berau Bay, (vi) Cenderawasih Bay,
and (vii) Strait of Makassar. Red line cross section for Tolo Bay and
white line cross section for Cenderawasih Bay.

slight improvement compared to Betts-Miller-Janjic (BMJ)
and Grell schemes [20].

3. Results and Discussion

3.1. Total Mean of Offshore Rainfall. The IMC has the great-
est convective activity and the largest amount of rainfall
in the world [22]. The existence interactions of seasonal
and intraseasonal phenomena and complexity terrain in
the archipelago island make the rainfall distribution more
complex, both inland or offshore rainfall. Figure 2 shows the
complexity distribution of offshore rainfall over eastern part
of IMC based on daily mean TRMM during 1998-2015. The
offshore rainfall has increasing intensity just over concave
coastline (e.g., Manado Bay, Tomini Bay, Tolo Bay, Bone
Bay, Berau Bay, and Cenderawasih Bay) and strait area (e.g.,
Makassar Strait). Manado Bay, Tomini Bay, Tolo Bay, Bone
Bay, and Berau Bay have intensity 9.1mmper day, 9.0mmper
day, 13.5mm per day, 10.5mm per day, and 11.4mm per day,
respectively, while Strait of Makassar has intensity 9.3mm
per day. Cenderawasih Bay has highest intensity (16.5mmper
day) over IMC.

This pattern of offshore rainfall shows the greatness of
the local effect. The peak of rainfall over concave coastline is
located near the focus point of curvature line. Focus point is
the point where sea breeze meets inducing the convergence
zone with assumption that curvature has smooth line and
the land breeze direction has perpendicular direction to the
coastline. Because real coastline is irregular and unsmooth
lines, the peak of offshore rainfall is shifted and irregularly

shaped. Peak of offshore rainfall over Manado Bay and
Tomini Bay is approximately 100–200 km from coastline
while that over Tolo Bay, Bone Bay, and Cenderawasih Bay
is very close to coastline. Previous research by Love [8] also
explains the fact that amplitude of diurnal rainfall cycle over
IMC is largest over the islands and surrounding coastal seas.
In open ocean regions, where the distance is more than a few
hundred kilometers from the large islands, the amplitude of
the diurnal rainfall cycle is much smaller.

The strong or weak offshore rainfall intensity will be
determined by the width of sea [7] and the surrounding
mountains near the oceans [23, 24]. Fujita [7] explained that
offshore rainfall over the Strait of Malacca (Sumatera Island)
is higher than just over small area located in the northern
part of the strait due to combined effect of width of sea
and mountains. In farther north, the annual rainfall becomes
smaller because the strait becomeswider. In farther south, the
strait is more narrow; the offshore rainfall becomes smaller as
well. It happens because there is no high mountain on each
side of the strait in the southern part. There are ideal width of
strait and ideal high terrain around strait which can induce
morning offshore rainfall around the center of strait.

The effect of terrain height on land breeze was simulated
by Qian [24]. His experiment revealed that terrain area cre-
ates stronger land breeze circulation as compared to the lower
terrain case. The highest mountains around Cenderawasih
Bay and Tolo Bay are approximately 3750m (Mountain of
Weyland) and 2590m (Mountain of Pompangeo), respec-
tively. Terrain high around Cenderawasih Bay is higher than
Tolo Bay. The highest mountain around concave coastline
combines the ideal width of concave coastline causing the
offshore rainfall overCenderawasih to be higher than another
area.

Cenderawasih Bay and Tolo Bay are two of highest
offshore rainfalls in EasternMaritime Continent. For the next
analysis, we use Cenderawasih Bay and Tolo Bay to reveal
the characteristic of offshore rainfall over Eastern Indonesia
Maritime Continent. Figure 3 shows the peak of monthly
offshore rainfall over Cenderawasih Bay and Tolo Bay.

Cenderawasih Bay has peak of offshore rainfall in March
while Tolo Bay has peak of rainfall in June (see Figure 3).Nev-
ertheless, Cenderawasih Bay tends to get wet every month
because the offshore rainfall continues to occur throughout
the year. Mean offshore rainfall over Cenderawasih Bay
has 436.5mm per month with minimum offshore rainfall
being 371.5mm per month and maximum offshore rainfall
being 744.6mmpermonth. Meanwhile, the range of offshore
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Figure 3: Box and whisker plot for monthly offshore rainfall
variability over Cenderawasih Bay (blue) andTolo Bay (red).The top
and bottom of the large box denote the 25th and 75th percentiles.
The circle in the box denotes the 50th percentile or median of the
distribution. The bars extend to the largest or smallest value within
1.5 times the interquartile range of the 75th or 25th percentiles,
respectively. The interquartile range is defined as the distance
between the 25th and 75th percentile values. The whiskers are
outliers.

rainfall variability over Tolo Bay is higher than Cenderawasih
Bay. During the dry season, offshore rainfall over Tolo Bay is
lower than 22.2mmpermonth, while during rainy season the
offshore rainfall reaches 927.8mm per month. Aldrian [25]
groups Cenderawasih Bay as region A, while Tolo Bay is in
the category of region C. Both region A and region C have a
seasonal period rainfall peak but the time period is opposite.
The peak of rainfall in region A occurs in the boreal winter,
while region C is in the boreal summer.

The main factor of the different season of peak of
offshore rainfall over Cenderawasih Bay and Tolo Bay is the
direction of concave coastline faces. Because Cenderawasih
Bay faces north, the northwesterly monsoonal flows on
boreal winter will be blocked by the mountains and produce
offshore rainfall on the north side of the mountains and over
oceans. Conversely, because Tolo Bay faces east, the easterly
monsoonal flows on boreal summer will be blocked by the
mountains around Tolo Bay and produce offshore rainfall on
Tolo water. The role of the mountain as a monsoonal wind
block resulting in strong local rainfall around Cenderawasih
Bay (Papua Island) is explained by Ichikawa [26] andWu and
Hsu [27] and around Tolo Bay (Sulawesi Island) is revealed
by Assyakur [28].

3.2. Diurnal Offshore Rainfall. The rainfall cycle over IMC
is predominant by diurnal variability. Nikita and Sekine
[29] describe the fact that the diurnal rainfall cycle over
IMC has maximum convective activity during the afternoon
to evening hour over land, while maximum convectivity
over ocean is from midnight to morning. Figure 4 shows
different offshore rainfall of daytimes and nighttime over
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Figure 4: Different rainfall day times–nighttime around IMC.
Minus value describes the rainfall mostly at nighttime over concave
coastline, i.e., (i) Manado Bay, (ii) Tomini Bay, (iii) Tolo Bay, (iv)
Bone Bay, (v) Berau Bay, and (vi) Cenderawasih Bay.

IMC. The different offshore rainfall over concave coastline
(e.g.,ManadoBay, Tomini Bay, ToloBay, BoneBay, BerauBay,
and Cenderawasih Bay) has minus value, while over island it
has positive value.Theminus value indicates that the offshore
rainfall over concave coastline is dominated by nighttime
convectivity.

The regional variation of annual mean difference between
morning rainfall and evening rainfall over IMC observed by
TRMM 3G68 has been examined by Mori [6]. The offshore
rainfall over small concave coastline is not clearly visible on
the map because it uses a sparse resolution. TRMM 3G68
has a resolution of 0.5∘ x 0.5∘, while TRMM 3B42 has a
higher resolution which is 0.25∘ x 0.25∘. In contrast to inland
region, offshore rainfall over western coast of Sumatera is
approximately 60% of the rainfall amount that comes from
morning rain for any rain types, and the convective rainfall
fraction is 57% of the daily mean. Nearly similar to the
offshore rainfall over western coast of Sumatera, offshore
rainfall over Cenderawasih Bay is about 56% of the rain rate
that comes from midnight to morning with the stratiform
as the predominant cloud type. The midnight to morning
rainfall has the northward propagation appearing atmidnight
in the northern coastal sea region of Papua Island and near
Biak Island in the morning [30].

In order to examine the dynamical atmosphere which
induces intensive offshore rainfall over the concave coastline,
we useWRF-ARWto simulate the offshore rainfall and deter-
mine the wind variability. The study of comparing the rainfall
over IMC was simulated by a 20 km grid Meteorological
Research Institute General Circulation Model (MRI-GCM)
and the near-surface rain data of TRMM 2A25 examined by
Hara [31]. The feature of the rainfall generally agrees with the
observation of the island and strait of having horizontal scales
smaller than 200 km. For larger island and oceans, GCM
fails to simulate the diurnal cycle. The rainfall simulation
over IMC using WRF-ARW has been revealed by Bhatt [20].
All WRF-ARW simulations have overestimated the rainfall
intensity over the land. The result suggests using higher
resolution to simulate and reproduce heterogeneous local
scale processes.

Figures 5(a), 5(b), 5(c), 5(d), 5(e), 5(f), and 5(g) are
representing diurnal rainfall cycle over IMC based on TRMM
3B42 while Figures 5(h), 5(i), 5(j), 5(k), 5(l), 5(m), and 5(n)
are representing diurnal rainfall cycle over IMC based on
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WRF-ARW simulation. WRF-ARW can simulate the rainfall
cycle with root mean square error 0.36 over Cenderawasih
Bay and 0.17 over Tolo Bay. Although some events of
rainfalls have overestimate, the composite diurnal rainfall
cycle was simulated well and has similar phase with TRMM
observation (see Figure 5(o)). The performance of all cumu-
lus parameterization using Kain-Fritsch (KF), Betts-Miller-
Janjic (BMJ), and Grell–Devenyi ensemble (GDE) schemes
on WRF-ARW has been evaluated by Ratna [32]. All of the
three cumulus schemes have overestimate producing rainfall
bias with the KF scheme producing the largest biases.

Firstly, rainfall begins to form and grow near the moun-
tains of the island (see Figures 5(a) and 5(b)) when the

sea breeze has intense activity at daytime (see Figures 7(a)
and 7(c)). Different rates of heating over inland and adja-
cent water cause sea breeze to flow more intensely. Since
the distance and the mountain area are very close to the
coastline, the sea breeze is forced to lift near mountainous
area. It quickly cools down and generates condensation to
develop cloud and rainfall around mountaintop. At Sulawesi
Island (Tolo Bay), the rainfall concentrates around center
of Sulawesi Island (mountainous area), the southeastern
part of Sulawesi Island, and near Gorontalo (Mountain of
Tentolomatinan, 2207m). Over Papua Island, the rainfall
is located around the middle of island (mountainous area)
and western of Papua (Mountain of Bon Irau, 2501m). This
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condition develops and continues until early evening (see
Figure 5(c)). The effect of high orography to force local cir-
culation inducing convective development and propagation
rainfall over Papua Island was demonstrated by Zhou and
Wang [33]. The orographic forcing affects diurnal rainfall
through three major processes. Firstly, the terrain height
increases the moisture convergence at low levels by blocking
and deflecting of sea breeze. Secondly, the anabatic winds
assist the initiate convection over mountaintop in the after-
noon. Finally, the deep convection over mountaintop acts as
a source of propagating gravity waves, which help initiate
rainfalls in the coastal offshore area in the late evening to early
morning.

Figures 5(h), 5(i), and 5(j) show thatWRF-ARWoverpro-
duces the rainfall in both Sulawesi Island and Papua islands
at daytime. The terrain effect on WRF-ARW produces a very
high rainfall around mountain, although the spatial pattern
of rainfall has a good pattern with the observation by TRMM
3B42. Rainfall that was produced by WRF-ARW has better
agreement with TRMM 3B42 rainfall observations over flat
area or lower topography [21].

At early evening (see Figure 5(d)), the rainfall over
mountaintop significantly begins to move to oceans, over
both Cenderawasih Bay and Tolo Bay. Cenderawasih Bay
has a peak offshore intensity at early time compared to Tolo
Bay (see Figures 5(d) and 5(e)). This condition indicates that
the land breeze flow onset over Cenderawasih Bay is more
quickly intense and stronger than land breeze flow over Tolo
Bay. Surface land breeze flow generated by WRF-ARW over
Cenderawasih Bay is about 0.4m/s while over Tolo Bay it
is about 0.2m/s (see Figures 7(b) and 7(d)). The onset of
land breeze flow depends on the height of the terrain and
monsoonal flow. Strengthening of land breeze flow due to
terrain height is tying the blocking of the sea breeze density
current during the warm phase of the cycle. Blocking of sea
breeze creates a pool of relatively cold, stagnant air at the
base of the terrain, which in turn produces a stronger land
breeze density current the following morning [24]. Ichikawa
[26] also describes land breeze which produced propagation
of rainfall over Papua Island depending on monsoonal flow.
During boreal winter, rainfall has widespread area over land
during late evening and shift to over ocean during early
morning, while during boreal summer rainfall stays over the
island and is persistent until midnight.

During nighttime where the land breeze has intense
activity, ocean region over Cenderawasih Bay and Tolo Bay
has highest offshore rainfall intensity (see Figures 5(d), 5(e),
and 5(f)). Land breeze convergence is indicated as the trigger
for strong convective activity over oceans (see Figures 7(b)
and 7(d)). The increasing nighttime thunderstorms over
Mediterranean eastern coast is associated with surface wind
direction [2]. Because of the coast being concave toward sea,
the land breeze constitutes a convergent wind field.This land
breeze convergence makes it important to produce nocturnal
thunderstorms. Figures 7(b) and 7(d) clearly show that the
land breeze convergence has strong intensity over ocean
during nighttime. Baker et al. [34] have simulated the effect of
soil moisture and coastline curvature to rainfall; they suggest
that soil moisture acts as moisture source for increasing

the convectively available potential energy (CAPE) while
coastline curvature shape has a significant impact on the
timing and location of rainfall. Low level convergence occurs
in inland near convex coastlines, and subsequent heavy
rainfall occurs earlier in simulations with curved coastlines.
Early-morning land breezes influence the timing of rainfall by
affecting the low level convergence. WRF-ARW can simulate
the offshore rainfall during nighttime very clearly. Boundary
of offshore rainfall is produced by WRF-ARW quite similar
to the boundary of coastline (see Figures 5(k), 5(l), and
5(m)). This condition indicates that rainfall over ocean
significantly depends on shape of coastline and land breeze
activity.

During early morning (see Figures 5(g) and 5(n)), dis-
sipation of offshore rainfall begins to occur over both Cen-
derawasih Bays and Tolo Bay. The rainfall system becomes
smaller convective cells and new offshore rainfall moves to
open the ocean indicated as the squall line [30, 35].This squall
line is formed by convergence system between air cold pool
wind and prevailing wind.

The migration of offshore rainfall over Cenderawasih
Bay and Tolo Bay is revealed by Figures 6(a) and 6(c). The
rainfall moves from the inland sides, merging in the middle
of the ocean with various speeds. Rainfall over Cenderawasih
Bay propagates with an average rainfall speed of around
5.4m/s, havingwesterlymovement about 4.6 m/s and easterly
propagation approximately 6.1m/s. The rainfall movement
over Tolo Bay to ocean has an average speed around 4.1m/s
with speed of southerly movement approximately being
6.1m/s and northerly movement about 2.7m/s. During the
movement, the peak of rainfall has a decreasing intensity
although it has increased over the mountaintop during
the daytime with high intensity over the ocean during the
nighttime (see Figures 6(b) and 6(d)).

The speed movement rainfall over concave coastline
has a slower speed than the rainfall movement from the
mountaintop to open ocean. Ichikawa and Yasunari [26]
explained the fact that the rainfall at New Guinea propagates
faster over water than over land, with an inferred phase
speed of about 7-8m/s. Rainfall over Sumatera has a peak at
the daytime and one at the nighttime migrates to coastline
with average speed approximately being 10m/s reaching the
distance from the coastline up to 400 km [6]. The rainfall
propagation over the Bay of Bengal has of 15–20m/s by
extending its propagation phase up to 1000km from the
coastline [11].

Figure 7 reveals a shift of the convergence system from
the inland (see Figures 7(a) and 7(c)) to the ocean area (see
Figures 7(b) and 7(d)) both over Cenderawasih Bay and Tolo
Bay. Cenderawasih Bay and Tolo Bay have the same pattern
of shift convergence. Convergence occurs at inland during
the daytime and shifts to the offshore area at nighttime. At
the morning, the wind system does not significantly produce
convergence on neither inland nor offshore. The beginning
of convergence starts to form at 1200LT and is located on
inland as sea breeze front [36]. Some sea breeze front located
on coastal plain area can penetrate to the inner area until
reaching the mountain [37]. Sea breeze front can penetrate
over the inland until 400 km in the northern Australia [38],
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Figure 6: Hovmoller diagram shows propagation of rainfall over (a) Cenderawasih Bay and (c) Tolo Bay. (b) is the terrain height around
Cenderawasih Bay based on cross section in Figure 2 (white line). (d) Terrain height around Tolo Bay based on cross section in Figure 2 (red
line).

75 km along west coast of India [39], and just few km over
northern coastal plain over West Java [40].

Intense convergence over ocean occurs during the night-
time. Because of the strong land breeze flow, the convergence
moves its position from the land to ocean. This convergence
over ocean is formed between the land breeze and prevailing
winds, facing inland direction. This mechanism also occurs
in other regions such as Borneo [35] and Sumatera [16].

3.3. Schematic Offshore Rainfall over Concave Coastline. Pre-
vious research has suggested schematic rainfall over the IMC
without considering the shape of coastline [6, 14, 16, 26].
A schematic on developing oceanic convective system in
the western ocean of Sumatera that induces heavy rainfall
over ocean was proposed by Trismidianto [16]. The oceanic
convective system developed from midnight until the early
morning, and it was intensified by the land breeze from
Sumatra. New convective activities are generated with the
decaying of oceanic convective system and they propagated
to the western coast of Sumatra due to a divergent outflow
from a cold pool. The combination of the land breeze from
Sumatra and cold pool outflows from the decaying oceanic
convective system was a significant factor that induced
strong rainfall. Schematic offshore rainfall also suggested
propagation rainfall over western coast of Sumatera [6],
western coast of Borneo [6, 13, 14, 33], and New Guinea
[26]. The convective activity over oceans over northwest of

Borneo Island increases duringmonsoon surge and decreases
during monsoon lulls.The offshore convective activity begins
to develop around midnight when the land breeze begins
and meets the monsoonal northeasterly flow [13]. All the
schematic offshore rainfall suggests that the structure of
rainfall propagation is squall lines.

The dynamical atmosphere which induces the offshore
rainfall over concave coastline is not quite far different from
the mechanism developing offshore rainfall over west coast
of Sumatera or west of Borneo Island. The main difference
is the direction of land breeze due to the shape of concave
coastline which creates convergence zone just only located in
the middle of ocean. The merger of rainfall and propagation
of rainfall from inner to outer side of ocean also causes
more complex system.Themechanism of developing offshore
rainfall over concave coastline can be seen in Figure 8.

Sea breeze plays a significant role in the formation of
inland rainfall at daytime while land breeze plays a major
role in developing offshore rainfall at night until morning
time. The development of rainfall begins at inland when the
sea breeze has intense wind speed (see Figure 8(a)). Because
solar radiationheats the islandsmore effectively than the seas,
sea breezes are initiated. Rainfall formed over inland area
induced by topography effect.Mountain around coastline lifts
the oceanic air mass to develop cloud over mountainous area.

At the early nighttime (see Figure 8(b)), mountain wind
due to cold pool flow from dissipation rainfall begins to be
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Figure 7: Low level convergence zone over Cenderawasih Bay during (a) daytime (12 am) and (b) nighttime and low level convergence zone
over Tolo Bay during (c) daytime (12 am) and (d) nighttime.

accompanied intensely by the weakening of the sea breeze.
Rainfall system propagates to costal area due to the migration
of convergence zone (Figure 7(c)). The rainfall appears as
squall linemoving to the ocean. Squall line systempropagates
to the north area of the Small Island (Biak) which can
induce high rainfall in Biak.The precipitation frequency from
midnight tomorning is large and the predominant cloud type
is stratiform [30].

The highest offshore rainfall occurs during intense land
breeze existence (see Figure 8(c)). Since the coastline is

concave, land breeze from one and another coast side
meets in the middle of ocean as low level convergence.
Consequently, the rainfall propagates to the middle of ocean
and induces high rainfall. The rainfall merges and develops
new convective system due to this convergence generating
high offshore rainfall intensity. Land breeze convergence
induces offshore rainfall occurring over strait [7] and western
coast of Sumatera [16]. The morning rainfall peak at the
Malacca strait is induced by the convergence of two cold
outflows which have been produced by the precipitation
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Figure 8: Schematic of rainfall and migration during (a) daytime, (b) early nighttime, (c) nighttime, and (d) early morning.

system in the previous evening over Sumatra and Malay
peninsula.

In the early morning (see Figure 8(d)), the dissipation
of rainfall is generated by the development of the cold pool
(Figure 9). Convergence from cold pool flow and prevailing
wind generate new convective system in outer side of concave
coastline. The rainfall propagates from inner concave coast-
line to outer ocean with squall line system.

4. Conclusion

In this study, we found that the concave coastline is a
significant factor increasing the nighttime convective activity
over ocean. Concave coastline generates more intense land
breeze convergence than adjacent ocean with a straight
coastline. The highest mountaintop around Cenderawasih
Bay and concave coastline shape compose the highest off-
shore rainfall over Indonesian Maritime Continent. Monthly
peak offshore rainfall over concave coastline is related to
direction of concave coastline and peak of diurnal cycle

influenced by the shifting low level convergence. Concave
coastline facing the north has peak during northwesterly
monsoonal flow (March), while concave coastline facing the
east has peak during easterlymonsoonal flow (July). Low level
convergence zone shifts from inland during daytime to ocean
during nighttime. Strong land breeze induced more low level
convergence intensity to produce more offshore rainfall.

The schematic offshore rainfall over IMC is a guidance
weather forecaster operational in making weather forecasts
especially maritime weather information. By considering the
circulation of land breeze and convergence position, the
weather forecaster can determine potential high offshore
rainfall area.

Data Availability

Thedata supporting this article is provided within the article.
The datasets generated and analyzed during the current study
are available from the corresponding author upon reasonable
request.
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[12] G. L. Liberti, F. Chéruy, and M. Desbois, “Land effect on
the diurnal cycle of clouds over the TOGA COARE area, as
observed fromGMS IRData,”MonthlyWeather Review, vol. 129,
no. 6, pp. 1500–1517, 2001.

[13] R. A. Houze Jr., S. G. Geotis, F. D. Marks Jr., and A. K.
West, “Winter monsoon convection in the vicinity of North
Borneo. Part I: structure and time variation of the clouds and
precipitation.,” Monthly Weather Review, vol. 109, no. 8, pp.
1595–1614, 1981.

[14] H. Ichikawa and T. Yasunari, “Time-space characteristics
of diurnal rainfall over Borneo and surrounding oceans as
observed by TRMM-PR,” Journal of Climate, vol. 19, no. 7, pp.
1238–1260, 2006.

[15] P. Wu, M. D. Yamanaka, and J. Matsumoto, “The formation
of nocturnal rainfall offshore from convection over Western
kalimantan (Borneo) Island,” Journal of the Meteorological
Society of Japan, vol. 86, pp. 187–203, 2008.



The Scientific World Journal 11

[16] Trismidianto, T.W. Hadi, S. Ishida, Q.Moteki, A.Manda, and S.
Iizuka, “Development processes of oceanic convective systems
inducing the heavy rainfall over the western coast of Sumatra
on 28October 2007,” Scientific Online Letters on the Atmosphere,
vol. 12, no. 1, pp. 6–11, 2016.

[17] S.-Y. Hong and J.-O. J. Lim, “The WRF single-moment 6-
class microphysics scheme (WSM6),” Journal of the Korean
Meteorological Society, vol. 42, pp. 129–151, 2006.

[18] S. Hong, Y. Noh, and J. Dudhia, “A new vertical diffusion
package with an explicit treatment of entrainment processes,”
Monthly Weather Review, vol. 134, no. 9, pp. 2318–2341, 2006.

[19] J. S. Kain, “The Kain-Fritsch convective parameterization: an
update,” Journal of AppliedMeteorology andClimatology, vol. 43,
no. 1, pp. 170–181, 2004.

[20] B. C. Bhatt, S. Sobolowski, and A. Higuchi, “Simulation of
Diurnal Rainfall Variability over the Maritime Continent with
a High-Resolution Regional Climate Model,” Journal of the
Meteorological Society of Japan. Ser. II, vol. 94A, no. 0, pp. 89–
103, 2016.

[21] M. E. Hassim, W. W. Grabowski, and T. P. Lane, “Impact
of aerosols on precipitation over the Maritime Continent
simulated by a convection-permitting model,” Atmospheric
Chemistry and Physics Discussions, pp. 1–25, 2016.

[22] C. S. Ramage, “Role of a tropical “maritime continent” in the
atmospheric circulation,”Monthly Weather Review, vol. 96, no.
6, pp. 365–370, 1968.

[23] J.-H. Qian, A. W. Robertson, and V. Moron, “Interactions
among ENSO, the Monsoon, and Diurnal Cycle in Rainfall
Variability over Java, Indonesia,” Journal of the Atmospheric
Sciences, vol. 67, no. 11, pp. 3509–3524, 2010.

[24] T. Qian, C. C. Epifanio, and F. Zhang, “Topographic effects on
the tropical land and sea breeze,” Journal of the Atmospheric
Sciences, vol. 69, no. 1, pp. 130–149, 2012.

[25] E. Aldrian and R. Dwi Susanto, “Identification of three domi-
nant rainfall regions within Indonesia and their relationship to
sea surface temperature,” International Journal of Climatology,
vol. 23, no. 12, pp. 1435–1452, 2003.

[26] H. Ichikawa and T. Yasunari, “Intraseasonal variability in
diurnal rainfall over New Guinea and the surrounding oceans
during austral summer,” Journal of Climate, vol. 21, no. 12, pp.
2852–2868, 2008.

[27] C.-H. Wu and H.-H. Hsu, “Topographic influence on the MJO
in the maritime continent,” Journal of Climate, vol. 22, no. 20,
pp. 5433–5448, 2009.

[28] A. R. As-syakur, T. Tanaka, T. Osawa, and M. S. Mahen-
dra, “Indonesian rainfall variability observation using TRMM
multi-satellite data,” International Journal of Remote Sensing,
vol. 34, no. 21, pp. 7723–7738, 2013.

[29] T.Nitta and S. Sekine, “Diurnal Variation ofConvectiveActivity
over the Tropical Western Pacific,” Journal of the Meteorological
Society of Japan. Ser. II, vol. 72, no. 5, pp. 627–641, 1994.

[30] Y.Tabata,H.Hashiguchi,M.K.Yamamoto et al., “Observational
study on diurnal precipitation cycle in equatorial Indonesia
using 1.3-GHz wind profiling radar network and TRMM pre-
cipitation radar,” Journal of Atmospheric and Solar-Terrestrial
Physics, vol. 73, no. 9, pp. 1031–1042, 2011.

[31] M. Hara, T. Yoshikane, H. G. Takahashi, F. Kimura, A. Noda,
and T. Tokioka, “Assessment of the diurnal cycle of precipitation
over the maritime continent simulated by a 20 km mesh GCM
using TRMM PR data,” Journal of the Meteorological Society of
Japan, vol. 87, pp. 413–424, 2009.

[32] S. B. Ratna, J. V. Ratnam, S. K. Behera et al., “Performance
assessment of three convective parameterization schemes in
WRF for downscaling summer rainfall over South Africa,”
Climate Dynamics, vol. 42, no. 11-12, pp. 2931–2953, 2014.

[33] L. Zhou and Y. Wang, “Tropical rainfall measuring mission
observation and regional model study of precipitation diurnal
cycle in the New Guinean region,” Journal of Geophysical
Research: Atmospheres, vol. 111, no. 17, Article ID D17104, 2006.

[34] R. D. Baker, B. H. Lynn, A. Boone, W.-K. Tao, and J. Simpson,
“The influence of soil moisture, coastline curvature, and land-
breeze circulations on sea-breeze-initiated precipitation,” Jour-
nal of Hydrometeorology, vol. 2, no. 2, pp. 193–211, 2001.

[35] P. Wu, M. Hara, J.-I. Hamada, M. D. Yamanaka, and F. Kimura,
“Why a large amount of rain falls over the sea in the vicinity
of western Sumatra Island during nighttime,” Journal of Applied
Meteorology and Climatology, vol. 48, no. 7, pp. 1345–1361, 2009.

[36] Y. Feliks, “The sea-breeze front analytical model,” Journal of the
Atmospheric Sciences, vol. 45, no. 6, pp. 1030–1038, 1988.

[37] S. K. Muppa, V. K. Anandan, K. A. Kesarkar, S. V. B. Rao, and
P. N. Reddy, “Study on deep inland penetration of sea breeze
over complex terrain in the tropics,” Atmospheric Research, vol.
104-105, pp. 209–216, 2012.

[38] J. R. Garratt, “The inland boundary layer at low latitudes - I.
The nocturnal jet,” Boundary Layer Meteorology, vol. 32, no. 4,
pp. 307–327, 1985.

[39] S. I. Rani, R. Ramachandran, D. B. Subrahamanyam, D. P. Alap-
pattu, and P. K. Kunhikrishnan, “Characterization of sea/land
breeze circulation along the west coast of Indian sub-continent
during pre-monsoon season,”Atmospheric Research, vol. 95, no.
4, pp. 367–378, 2010.

[40] T. W. Hadi, T. Horinouchi, T. Tsuda, H. Hashiguchi, and S.
Fukao, “Sea-breeze circulation over Jakarta, Indonesia: a clima-
tology based on boundary layer radar observations,” Monthly
Weather Review, vol. 130, no. 9, pp. 2153–2166, 2002.



Hindawi
www.hindawi.com Volume 2018

Journal of

ChemistryArchaea
Hindawi
www.hindawi.com Volume 2018

Marine Biology
Journal of

Hindawi
www.hindawi.com Volume 2018

Biodiversity
International Journal of

Hindawi
www.hindawi.com Volume 2018

Ecology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

Applied &
Environmental
Soil Science

Volume 2018

Forestry Research
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 International Journal of

Geophysics

Environmental and 
Public Health

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

International Journal of

Microbiology

Hindawi
www.hindawi.com Volume 2018

Public Health  
Advances in

Agriculture
Advances in

Hindawi
www.hindawi.com Volume 2018

Agronomy

Hindawi
www.hindawi.com Volume 2018

International Journal of

Hindawi
www.hindawi.com Volume 2018

Meteorology
Advances in

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018
Hindawi
www.hindawi.com Volume 2018

Chemistry
Advances in

Scienti�ca
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Geological Research
Journal of

Analytical Chemistry
International Journal of

Hindawi
www.hindawi.com Volume 2018

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/jchem/
https://www.hindawi.com/journals/archaea/
https://www.hindawi.com/journals/jmb/
https://www.hindawi.com/journals/ijbd/
https://www.hindawi.com/journals/ijecol/
https://www.hindawi.com/journals/aess/
https://www.hindawi.com/journals/ijfr/
https://www.hindawi.com/journals/ijge/
https://www.hindawi.com/journals/jeph/
https://www.hindawi.com/journals/ijmicro/
https://www.hindawi.com/journals/aph/
https://www.hindawi.com/journals/aag/
https://www.hindawi.com/journals/ija/
https://www.hindawi.com/journals/amete/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/ac/
https://www.hindawi.com/journals/scientifica/
https://www.hindawi.com/journals/jgr/
https://www.hindawi.com/journals/ijac/
https://www.hindawi.com/
https://www.hindawi.com/

