
Author response for Reviewer #1’s  Comments (Received: 30 August 2019) 
  
General comment from Anonymous Referee #1 (hereafter Comment) #1: 

This manuscript investigated the diurnal cycle of precipitation over the northern coast of West 
Java with a focus on early morning precipitation and influence from SCS-CT and CENS. Well-chosen 
classification method has clarified the seasonally changing diurnal cycle pattern. Strong 
correlation between CENS and extreme EMP is also clarified, however, there is no clear link 
between SCS-CT and variation of diurnal cycle patterns. Therefore, the reviewer would suggest 
accepting the manuscript for publication after minor revisions. 
 

Response by Authors (hereafter Response) #1: 
The authors greatly appreciated the constructive comments from the Reviewer. With regard to 
the link between SCS-CT and diurnal cycle patterns over the northern coast of West Java, we have 
actually pointed out as follows: 
a) For all months from November to March, the diurnal precipation pattern is characterised by 

a main peak during evening to night time. However, in January and February prominent 
secondary peaks are also observed in the morning time (Figure 2a).   

b) SCS-CT generally prevails in January and February and morning precipitation events over the 
northern coast of West Java mainly occurred when there was more enhanced SST cooling in 
the South China Sea (Abstract: Lines 27-28).  

c) In this study, we further classifed morning precipitatin events into early morning and late 
morning phase groups. We found that the early morning precipitation events were more 
strongly correlated with CENS, whereas CENS is positively correlated with SCS-CT.  

Therefore,  we can say that SCS-CT has the role to induce morning precipitation over the coastal 
region of West Java (in agreement with Koseki et al., 2012). SCS-CT also play a role as background 
condition for the occurrence of CENS  that in turn induced early morning precipitation events.  

 
Comment #2: 

P1, L20: “characterized by seaward (as well as landward) propagation” As is shown in P6, L10, 
landward propagating oceanic convection is major determinant of EMP in the northern coastal 
area, though seaward propagation in the inland area in the nighttime may have some linkage. 
There is a gap in this description and different from the fact in Figs 10 and 11. 
 

Response #2: 
We thank the Reviewer for the comment regarding a gap between depiction of figures and the 
figures themselves. However, we would like to clarify that Figs. 10 and 11 mentioned by the 
Reviewer are actually Figs. 5 and 6. The gap as mentioned by the Reviewer seems to refer to 
direction of propagation in Figs. 5 and 6, which also applies to Figs. 2b-f. Please note that the 24-
hourly precipitations data are sorted from 1300 LT to 1200 LT in the following day.  
 
Therefore, in those figures, time increases from top to bottom. In this case, seaward as well as 
landward propagation of precipitation systems could be misinterpreted if time direction is 
reversed. To minimize such misinterpretation, we have added annotation for time directions and 
also white  lines with arrows that can guide readers to follow the direction of propagation 
(following Mori et al., 2004) in Figure 5 (a) - (b). 

 



 

Figure 5. Hovmöller diagrams of composite diurnal precipitation; similar to Figure 2 except data are classified by the 
phase or the timing of peak precipitation (as in Fig. 3): (a) AEP, (b) EMP, and (c) LMP. The black dashed line indicates 
boundary of coastal area. The white solid arrow represents direction of propagation (following Mori et al., 2004), 

with seaward propagation is symbolized as () and landward propagation is written as () 

 

 

Figure 6. Hovmöller diagrams, same as Fig. 5, except averaged data are the 99th percentile (P99) values of the gridded 
hourly precipitation. 

 
Comment #3: 

P4, L24: -4.5m-2 -> m s-1 
 

Response #3: 
We thank the Reviewer for the typo correction in P4, L24. We have already changed the unit of 
wind from: 
Previous unit:  −4.5 ms−𝟐   
Current unit:  −4.5 ms−𝟏   

 
Comment #4: 

P5, L7: “Figures 2c-f also show weak signals of land-to-sea propagation of precipitation over 
coastal region during the night-to-morning transition between 2300LT and 0300LT on the 
following day.” It is hard to recognize land-to-sea propagation in Figs 2e and 2f.  
 

Response #4: 
The author thanks the Reviewer for the thoughtful comment. Regarding Figs. 2 (e) and 2 (f), we 
argued that there is a weak signal of propagation between land and sea based on visual inspection 
of  precipitation intensity contours larger than 0.2 mm h-1, which appear from late afternoon until 
late night over land, from midnight to early morning over the coastal region, and continue to 



connect with that over the sea on the following day. We have modified Figs. 2(b)-(f) by adding 
contour lines along with the shading in order to make it clearer about such connection between 
precipitation systems over land and sea.  

 

 
Figure 2. (a) Climatology of area-averaged (see Fig. 1) diurnal precipitation over the northern coast of West Java, 
depicted as line plots of 24-hour composite time series in different colours for the months of November (solid black), 
December (dashed black), January (solid red), February (solid blue), and March (dashed-dotted black) analysed from 
TRMM MPA-RT dataset of 2000–2016 period. Other panels show the corresponding time-latitude cross sections 
(Hovmöller diagrams) of the diurnal composites for the months of: (b) November; (c) December; (d) January; (e) 
February; and (f) March. Dashed vertical black lines in Fig. 2(b-f) denote the latitudes of northern coastal area of 
West Java. Averaged precipitation rates in mm h-1 are shown as shaded contours. 

 
Comment #5: 

P5, L11: (see Fig. 1) -> Fig. 2a  
 

 
Response #5: 

We thank the Reviewer for the typo correction in P5, L11. We have already changed the word 
from: 

Previous:  (see Fig. 1) 
Current:  (see Fig.2a) 
 
Comment #6: 

P6, L36: In Figures 8b and 8c, -> In Figures 9b and 9c  
 

Response #6: 
We thank the Reviewer for the typo correction in P6, L36. We have already changed the wording 
from: 

Previous:  In Figures 8b and 8c 



Current:  In Figures 9b and 9c  
 

Comment #7: 
P6, L37: “relatively closer towards the equator that indicates the strengthening of the SCS-CT when 
associated with morning precipitation over the northern coast of Java.” The difference between 
the three figures (9a-c) is indistinguishable. 

 
Response #7: 

The authors would like to thank the Reviewer for the constructive comment. We are aware that 
it might difficult to see significant difference between SCS-CT changes associated with diurnal 
rainfall pattern of AEP, EMP, LMP which are exhibited in Figs. 9 (a) - (c). We have made a 
modification to Fig. 9 (presented below) in terms of isotherm contour intervals and colour 
gradation to make differences between Figs. 9a-9c more distinguishable.  
 
We have also added a new Fig. 10 from results of further analysis of differences in the spatial 
patterns of SST corresponding to SCS-CT events without CENS (NCENS) and with CENS in the EMP 
samples. In this new Fig. 10, the composite SST fields of SCS-CT with CENS clearly show wider 
region of negative anomalies that extend closer to the equator.  

 

  
Figure 9. Same as Figure 8, but for SST (solid line contour) and SST anomaly relative to SCS-CT threshold of 26.4o C 
(shaded). The red solid rectangle represents the SCS-CT index area (following Koseki et al., 2012). 



 
Figure 10. Same as Fig. 9, but with smaller domain and for composite of EMP samples a) SCS-CT without CENS, b) 
SCS-CT with CENS. 

 
Comment #8: 

P13, Figure 9: The red solid rectangle -> The dark-blue solid rectangle. 
 
Response #8: 

We thank the Reviewer for the correction of wrong word in caption of figure 9 (P13). We have 
already changed the word from: 
Previous:  The red solid rectangle 
Current:  The dark-blue solid rectangle  

 

 

 

 

 

 

 

 

 

 

 



Author response from Reviewer #2’s Comments  (Received: 10 November 2019) 
 
General comment from Anonymous Referee #2 (hereafter Comment) #1: 

The study combines 17 years of TRMM satellite and multi-sensor rainfall data, reanalysis datasets, 
and SST observations to investigate the climatology of diurnal rainfall patterns in the region of 
northwestern Java, the largest east–west-oriented island in the western Maritime Continent. 
While the focus region is highly localized, the Maritime Continent is an exceedingly complex region, 
thus warranting study of potentially unique dynamics in different sub-regions. Further, it is 
possible that the results extend to other regions in the Maritime Continent, to some measure, 
though further work would be necessary to determine this. 
 

Response by Authors (hereafter Response) #1: 
We greatly thank the Reviewer for giving us the insightful comments. We really appreciated the 
Reviewer’s recogniton of our small contribution and its potential extention to further works that will 
hopefully lead to better understanding of the building blocks of weather dynamics in the Maritime 
Continent.  
 
Comment #2: 

Background context and propagation mechanisms: A growing body of  studies argue for the 
likely importance of gravity waves in governing diurnal offshore rainfall propagation, which 
often manifests at phase speeds faster than the nocturnal land breeze alone can explain, as first 
highlighted by Mapes et al. (2003). Two studies that argue for this mechanism in the Maritime 
Continent are Love et al. (2011) and Ruppert and Zhang (2019). It might be useful to note this 
mechanism since it is likely relevant to the findings.  
 
Love, B.S., A.J. Matthews, and G.M.S.Lister, 2011: The diurnal cycle of precipitation over the 
Maritime Continent in a high-resolution atmospheric model. Q. J. R. Meteorol. Soc., 137, 934–
947, doi:10.1002/qj.809.  
 
Mapes, B. E., T. T. Warner, and M. Xu, 2003: Diurnal Patterns of Rainfall in Northwestern South 
America. Part III: Diurnal Gravity Waves and Nocturnal Convection Offshore. Mon. Weather Rev., 
131, 830–844, doi:10.1175/15200493(2003)131<0830:DPORIN>2.0.CO;2.  
 
Ruppert, J. H., and F. Zhang, 2019: Diurnal Forcing and Phase Locking of Gravity Waves in the 
Maritime Continent. J. Atmos. Sci., 76, 2815–2835, doi:10.1175/JAS-D19-0061.1.  
 
While propagation is clearly evident in some of the panels, text like the following may not be fully 
justified by the figures and results (P.6 L11–12): “It should also be clear that extreme 
precipitation events that occurred during late-night (Fig. 6a) and late-morning (Fig. 6c) time have 
*single origin* of either land-based or oceanic convection” (I placed asterisks for emphasis on 
what I think is dubious). Perhaps the authors would agree, that evidence of propagation does not 
necessarily mean that the offshore and inland rainfall peaks would not exist without this 
propagation. Perhaps it is equally plausible that some mechanism(s) favor rainfall in both 
regions, independent of the propagation (especially when these peaks are quite separate, as in 
Fig. 6a)?. 
 
 
 



Response #2: 
We thank the Reviewer for the thoughtful comments. For the first part, we agree that it is 
necessary to also point out about the possible effects of gravity wave to the propagation of rainfall 
systems. We admit that we missed to mention that in our previously submitted manuscript. 
Accordingly, we have added the suggested references and brief discussions about the possible 
role of gravity waves in the revised manuscript with the following details: 
 
P.2 L12-15: In addition to the sea-land breezes, mechanisms involving gravity waves have also 

been proposed to explain diurnal convections over land and adjacent seas outside and 
in the MC (Mapes et al., 2003; Love et al., 2011). Interestingly, phase-locking 
characteristics between zonally propagating gravity waves and mesoscale convective 
systems in the MC have recently been confirmed by Ruppert and Zhang (2019). 

 
P.8 L18-24: We have not yet investigated the mechanisms responsible for the propagation of the 

coastal precipitation, but direct sea/land-breeze effects do not seem to give 
satisfactory explanation. Moreover, it can be roughly estimated from Figs. 5a and 6a 
that the speed of the offshore-propagating precipitation systems is around 7 m s-1. 
Ruppert and Zhang (2019) pointed out that coupling between slow gravity wave mode, 
with a phase speed of about 7 m s-1, and offshore-propagating convections in the MC 
has not been well understood.  Alternatively, the role of cold pool (e.g., Teo et al., 2011; 
Trismidianto et al., 2016) may serve as a concrete and testable hypothesis to be the 
manifestation of the so-called self-replicating mechanism proposed by Mori et al. 
(2004). 

 
Secondly, we agree with the Reviewer that *single origin* is not a good wording for the features 
that we are trying to emphasize from Figure 6 (a-c). The Reviewer’s note about possible 
simultaneous occurrence of precipitation events (over land and ocean) that do not involve 
propagation is correct and we did not mean to contradict that in our previous statements. We 
have rephrased the statements with: 
 
P.6 L14-19:The results, which are depicted in Fig. 6, strongly suggest that extreme rainfall events 

over the coastal region mainly occur between 0100 and 0400 LT and characterised by 
the existence of propagating systems from both land and ocean (Fig. 6b).  On the other 
hand, extreme coastal precipitation events that occurred during late-night (Fig. 6a) and 
late-morning (Fig. 6c)  seem to be originated only from either land-based or oceanic 
convection. Hence, there are distinct characteristics of propagating systems associated 
with extreme AEP, EMP, and LMP events over the coastal region. Furthermore, while 
oceanic convection seems to be major determinant for the occurrences of morning 
costal precipitation, linkage to land-based precipitation may also be important for the 
case of EMP. 

   
Comment #3: 

P. 6 L28: “land-ward shifting of precipitation” Again, Figs. 5 and 7a seem to suggest that the SCS-
CT favors *offshore* rainfall. I do not understand why the emphasis is placed specifically on land-
ward propagation, based on these figures alone. Colors in Figs. 5 and 6 are saturated, making it 
difficult to interpret relative rainfall magnitudes. 

 
 



 
Response #3: 

We thank the Reviewer for the comments. We agree that it is not sufficient to interpret “land-
ward shifting of precipitation” only from Figure 5. However, we should clarify that what we 
actually  wanted to mention is that Fig. 5c may confirm that “land-ward shifting of (oceanic) 
precipitation” as suggested by Koseki et al. (2012) is one possible mechanism for the occurrence 
of morning precipitation over the coastal region of the West Java.  

 
As to color saturation in Figs. 5 and 6 (presented below), we have tried to add contour lines and 
also to change the levels of shading to render clearer images. We have also added arrows to more 
clearly show the (interpreted) direction of propagation of precipitating systems.   

 

 
Figure 5. Hovmöller diagrams of composite diurnal precipitation; similar to Fig. 2 except data are classified by the 
phases or the timing of peak precipitation (as in Fig. 3) (a) AEP, (b) EMP, and (c) LMP. The black dashed line indicates 
boundary of coastal area. The black solid arrows represent direction of propagation (following Mori et al., 2004), 

with seaward propagation is symbolized by () and landward propagation is indicated by () 

 

 
Figure 6. Hovmöller diagrams, same as Fig. 5, except for the 99th percentile (P99) values of the gridded hourly 

precipitation. 

 
Comment #4: 

P.4 L24: “−4.5 m−2” I think you mean m s-1? 
 

Response #4: 
We thank the Reviewer for the typo correction in P4, L24. The text should read  −4.5 ms−𝟏 in our 

revised manuscript.     
 



Comment #5: 
P.5 L12–13: Just to clarify, does Fig. 13a,b show (N-days*17-years) samples, or have they been 
averaged by month? Please indicate in the text.   

Response #5: 
The author thanks the Reviewer for the comment. We have added more sentences in the revised 
manuscript with the following details (please note that we also add one reference, El Kenawi et 
al., 2015): 
 
P.5 L12-16: The left panels of Fig. 3 show the first harmonic (diurnal) constituent of each sample 

of 24-hour rainfall time series, which were constructed from hourly data (N-days*16-
years) averaged over the coastal region defined in Fig. 1. In this case, the total number 
of samples that have been analysed is 373, which is not equivalent to the total number 
of days in all Januari-February months during the 16-year (2001 to 2016) period 
because time series with diurnal cycle amplitude less than 0.2 mm h-1 are excluded to 
ensure selection of significant rainfall events (see e.g., El Kenawy et al., 2015, for 
thresholds of moderate rainfall in TMPA data). 

 
Comment #6: 

P.5 L22–23: Could this be due to sampling? I.e., EMP is greatest since it has been averaged over 
fewer samples than the other categories? 

 
Response #6: 

We appreciated the Reviewer for the critical comments. In order to respond to that comments, 
we have put error bars with the mean amplitude plots in Fig. 4, so that the variance of the data 

can be compared for each bin corresponding to the bar charts. The sampling errors (± 𝜎 √𝑛⁄ )   
are plotted as vertical bars shown in the new Figure 4 (below; text added to revised manuscript 
P.5 L38-39). While it is true that the number of EMP samples is relatively small,  overall spread of 
the amplitudes are (in our opinion) comparable to other groups of data.  

 



 
Figure 4. Diurnal distribution of the mean amplitude of the first harmonic components (solid black line) and 
frequency of occurrence of the peak precipitation time (coloured bar chart) differentiated into three groups (same 

as in Fig. 3): AEP (red), EMP (green), and LMP (blue). The sampling errors (±𝜎/√𝑛) are plotted as vertical bars. 

 
Comment #7: 

P.6 L36: Should be “In Figures 9b and 9c,...” 
 

Response #7: 
We thank the Reviewer for the typo correction in P6, L36. We have already corrected the text to 
“In Figures 9b and 9c,…” in our revised manuscript.    
 

Comment #8: 
Fig. 1: Consider expanding the domain shown to provide a broader context for those less unfamiliar 
with this region. 

 
Response #8: 

The authors would like to thank the Reviewer for the comment. We have modified Figure 1 by 
plotting a larger base map (which is also used in other figures showing maps of wind and SST 
fields) and put the original Figure 1 as inset. We hope that this can make it easier for readers to 
understand the geographical context of the studied area.  



 
Figure 1. A map showing the Maritime Continent with insert the main area of interest in this study; with coastlines 
and topographic contours. Red-line bordered polygon (with land masks over the northern coastal plain of West Java) 
defines the area for spatial averaging of gridded precipitation data. Blue-dashed rectangle defines the area for 
longitudinally (105.5– 108.5oE)  averaged precipitation in Hovmöller analysis of Fig. 2. 

 
 

 

 

 

 

 

 

 

 

 

 



Author response for Editor Comments  (Received: 26 November 2019) 
 
Comment by Topical Editor: 

Both reviewers suggest minor revisions, and I would very much appreciate to receive a revised 
manuscript taking into account the reviewers' suggestions. In case the authors can easily obtain 
temporally resolved observations of near-surface air temperature at a nearby "inland" station, I 
would be interested to see how symmetric the average daily cycle of near-surface air temperature 
is in this region. I wonder whether a higher warming rate during daytime may contribute to the 
sharper precipitation maximum during daytime. Perhaps this could be a topic for an idealized 
model sensitivity study in the future. 
 

Response by Authors: 
We are thankful to the Editor for thoughtfully giving us the suggestions. We have seriously considered all 
reviewer’s comments to improve our manuscript. Herewith, we would also like to respond to additional 
comments from the Editor:  
 

a) We have already obtained the hourly surface temperature data from Indonesian Meteorological, 
Climatological, and Geophysical Angency (BMKG) station at Soekarno-Hatta International Airport 
for the months of NDJFM during 2013 to 2016.  

b) We have anlysed the composite diurnal cycle of the surface temperature for each month as shown 
in the Figure below.  

c) In general, average surface temperatures in January and February are lower than those in 
November, December, and March. While average temperature of March is lower than those of 
November and December, coastal rainfall has conversely the sharpest diurnal peak during March  
(see Fig. 1 in our manuscript).   

d) Diurnal variations of temperature and its correlation with sea/land-breeze, and also convections, 
over Jakarta area have been documented by previous works of, among others, Hadi et al. (2002) 
and Araki et al. (2006).  It might be important to note that, as pointed in these previous works, 
“sea-breeze” during rainy season has very different timing (inland penetration occurs much 
earlier) with no return flow in the boundary layer (lower troposphere).  On the contrary,  well 
defined sea-breeze circulations associated with differential heating between land and adjacent 
ocean have been clearly observed.  

e) We have decided not to include this discussions in our present work because we think it will be a 
subject of different research.  
 



 
Figure Caption: Diurnal cycle of surface temperature average in Soekarno-Hatta station (Jakarta area) based on 

hourly data of BMKG during NDJFM of 2013-2016. 

 
References: 
Araki, R., Yamanaka, M. D., Murata, F., Hashiguchi, H., Oku, Y., Sribimawati, T., Kudsy, M., and Renggono, 

F.: Seasonal and interannual variations of diurnal cycles of wind and cloud activity observed at Serpong, 

West Java, Indonesia, J. Meteor. Soc. Japan, 84A, 171–194, 2006.   

Hadi, T. W., Horinouchi, T., Tsuda, T., Hashiguchi, H., and Fukao, S.: Sea-breeze circulation over Jakarta, 

Indonesia: A climatology based on boundary layer radar observation, Mon. Wea. Rev., 130, 2153–2166, 

2002. 
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Abstract. The diurnal cycles of precipitation over the northern coast of West Java have been studied using the Tropical Rainfall 10 

Measuring Mission (TRMM) Real Time Multi-satellite Precipitation Analyses (MPA-RT) products with records spanning 

from 2000 to 2016, with emphasis on the occurrences of early morning precipitation peaks. Diurnal precipitation over the 

study area during November to March is basically characterised by precipitation peaks that occur in the afternoon to evening 

time (15:00–21:00 LT) but secondary peaks in night to morning time (01:00–07:00 LT) are also pronounced in January and 

February. Harmonic analysis method was then applied on data of January and February to objectively determine the diurnal 15 

phase and classify the timing of precipitation for each day into three categories, i.e. afternoon-to-evening precipitation (AEP), 

early morning precipitation (EMP), and late morning precipitation (LMP) with peaks that occur in the time windows of 13:00–

24:00 LT, 01:00–04:00 LT, and 05:00–12:00 LT, respectively. In terms of frequency of occurrence, AEP, EMP, and LMP 

constitute 55 %, 26.1 %, and 18.9 % of total samples of precipitation events. In spite of the smallest percentage, EMP events 

are characterised by seaward (as well as landward) propagation, flat phase distribution, and large mean amplitudes. The 20 

propagating characteristics of EMP are more prominent, with indications of stronger connectivity between precipitation 

systems over land and ocean, when data are composited by taking the 99th percentile values in each grid to represent extreme 

precipitation events. The flat phase distribution of EMP events suggests that the timing of coastal precipitation is not 

necessarily locked to the phase of land/sea-breezes, thus, allowing precipitation to occur more randomly. Furthermore, the role 

of South China Sea Cold Tongue (SCS-CT) and Cross Equatorial Northerly Surge (CENS) as influencing factors for the 25 

occurrences of EMP event have also been investigated. In agreement with previous studies, we confirmed that the SCS-CT 

generally prevails in January and February and morning precipitation events over the northern coast of West Java mainly 

occurred when there was more enhanced sea surface temperature (SST) cooling in the South China Sea. Additionally, we 

found that CENS is the most differential factor with regard to the phase of coastal precipitation. In this case, CENS is positively 

correlated with SCS-CT and when associated with EMP events, concurrent enhancement of CENS and SCS-CT is connected 30 

to a narrow channelling of strong surface northerly wind anomalies just offshore the Indochina and Malay Peninsula.  

 

1 Introduction 

Modelling the diurnal cycle of precipitation over the Maritime Continent (MC) is still one of the biggest challenges in Tropical 

Meteorology today because of significant biases in simulated rainfall (Love et al., 2011; Teo et al., 2011; Li et al., 2017). While 35 

models can capture the gross feature, they may overestimate or underestimate the diurnal cycle amplitudes in the simulation 

results, especially near coastal regions (Love et al., 2011; Trilaksono et al., 2011; Love et al., 2011; Li et al., 2017). Simulation 

results are also found to have problematic phase errors compared to satellite rainfall data (Love et al., 2011), with a bias as 

large as 2–4 hours over both land and ocean in the MC (Li et al., 2017). The bias in rainfall simulation is even higher, up to 

12 hours over the northern coast of West Java and varied from 3 to 15 hours over the west coast of Sumatra Island, compared 40 

to the Tropical Rainfall Measuring Mission (TRMM) satellite dataset (as interpreted from Fig. 5 in Im and Eltahir, 2017). Such 



2 

 

deficiencies in the models cannot be remedied by simply increasing spatial resolution (e.g., Im and Eltahir, 2017; Li et al., 

2017), which indicate that models still lack key capabilities to capture fundamental mechanisms involved in the diurnal 

convective activities over land and ocean.  

It is well known that there are contrasting temporal patterns of diurnal convective activities in the MC (e.g., Nitta and Sekine, 

1994; Yang and Slingo, 2001), which result in predominantly afternoon and morning precipitation peaks respective to land and 5 

ocean (Mori et al., 2004; Qian, 2008; Qian et al., 2010; Biasutti et al., 2012; Yamanaka, 2016; Yamanaka et al., 2018). 

Following Houze et al. (1981), many investigators believe that this canonical pattern of diurnal convection in the MC is driven 

by sea-land breezes interaction with the prevailing background monsoon flows. Observations of land-sea breezes over the MC 

have been reported in previous studies (Hadi et al., 2000; Hadi et al., 2002; Araki et al., 2006) and the land-sea breeze 

explanation for the diurnal convection seems to be consistent with the climatological study by, among others, Yang and Smith 10 

(2006) that shows relatively constant phases of the diurnal convection throughout the year, although amplitudes may vary 

seasonally. In addition to the sea-land breezes, mechanisms involving gravity waves have also been proposed to explain diurnal 

convections over land and adjacent seas outside and in the MC (Mapes et al., 2003; Love et al., 2011). Interestingly, phase-

locking characteristics between zonally propagating gravity waves and mesoscale convective systems in the MC have recently 

been confirmed by Ruppert and Zhang (2019).  15 

On the other hand, Kikuchi and Wang (2008) pointed out that phase propagation of diurnal precipitation is prominent along 

the land-sea boundaries, which characterises the coastal regime of the MC and other regions of the world. In an earlier study, 

Mori et al. (2004) reported that precipitating systems may propagate seaward or landward from coastal region in Sumatra 

Island. A more recent study by Trismidianto et al. (2016) indicates that convection over coastal region in Sumatra Island can 

also be induced by a decaying oceanic convective system. From results of a numerical study, Li et al. (2017) show that offshore 20 

or onshore rainfall propagation may occur over coastal region of the MC all around year. These studies imply that rainfall over 

coastal regions may have peaks at different times in the day depending on the initial location, and the direction, and the phase 

speed of the propagating convective systems.  

 

Apart from the land-sea contrast of afternoon-morning precipitation peaks, diurnal precipitation analysed from TRMM data 25 

by Im and Eltahir (2017) seems to indicate that maximum precipitation over the coastal region of West Java occurs frequently 

in the early morning around 01:00 LT during the wet season in December–January–February (DJF) period. Additionally, 

diurnal variations of precipitating clouds analysed from Boundary Layer Radar (BLR) data observed during DJF also indicate 

that there is a slight increase (decrease) in the frequency of occurrences of deep convective (stratiform) clouds between 03:00 

LT and 06:00 LT (as in Fig. 9 of Renggono et al., 2001) at Serpong, which is situated in the coastal plain of West Java. These 30 

previous studies did not seem to pay much attention to the peculiar timing of precipitation over coastal region but, based on 

results of numerical simulation, Koseki et al. (2012) mentioned that the South China Sea Cold Tongue (SCS-CT) phenomenon 

might affect the morning precipitation over northern coast of Java Island by shifting the offshore convection system to move 

closer to the coastal area. In a case study, maximum rainfall at 04:00 LT observed during 16-25 January 2018 over northern 

West Java was due to a Cross Equatorial Northerly Surge (CENS) activity that coincided with SCS-CT event (Mori at al., 35 

2018).  Thus, early morning precipitation peaks seem to have strong relationship with propagating convective systems over 

coastal region under the influence of certain background synoptic condition. Li et al. (2017) suggested that background winds 

were the most important factor for the offshore and onshore propagation of precipitation from coastal region but there are other 

possible mechanisms as proposed by Mori et al. (2004). Hence, phenomena related to early morning precipitation peaks and 

possible influencing factors like the occurrences of CENS and SCS-CT need to be more thoroughly studied to improve our 40 

understanding of the diurnal convection in the MC. 
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In the present study, we are particularly interested in analysing the climatology of early morning precipitation peaks over the 

northern coast of West Java. Not only because documentation regarding this phenomenon is still limited but also because 

extreme precipitations occurring in the early morning time are potentially linked to severe flooding in the Jakarta area (Wu et 

al., 2007, 2013; Trilaksono et al., 2011, 2012; Sulistyowati et al., 2014; Nuryanto et al., 2019). Our basic approach is to analyse 

the prevalence of early morning precipitation peaks over the area of interest by classifying diurnal precipitation into several 5 

dominant patterns with regard to the phase or time of occurrences. We also analyse statistical correlations between the early 

morning precipitation and predominant background conditions, especially those related to CENS and SCS-CT, and attempt to 

interpret the results in conjunction with propagating characteristics of convective systems over coastal region. 

 

In the next section of this paper, we describe detailed methods to identify the occurrences of early morning precipitation peak 10 

and their possible relationship with CENS and SCS-CT events, while the results are discussed in Section 3. The last section 

presents the summary of our important results and findings. 

2 Data and Method  

In order to investigate diurnal cycles of precipitation over the northern coast of West Java, we used TRMM Real-Time Multi-

satellite Precipitation Analyses (MPA-RT) product of 3B41RT dataset, so-called TRMM MPA-RT dataset with a spatial 15 

resolution of 0.25° × 0.25° at hourly time interval. The TRMM MPA-RT dataset of version 6 (2000-2010) and version 7 (2011-

2016) (Huffman et al., 2007, 2016; Yong et al., 2015) contain precipitation estimates calibrated by the TRMM Combined 

Instrument and TRMM Microwave products (Harris et al., 2007; Liu et al., 2008; Yong et al., 2015). These data are archived, 

being updated in near (pseudo) real-time with a latency of 6 to 10 hours, and free to download from NASA’s website at 

https//pmm.nasa.gov/data-access/downloads. In this case, we have obtained 16-year data record for the November through 20 

March (NDJFM) periods of November 2000 to March 2016. Other data involved in our analyses are 6-hourlydaily wind data 

with spatial resolution of 2.5° × 2.5° derived from National Center for Environmental Prediction/National Center for 

Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al., 1996) and Optimal Interpolated Sea Surface Temperature 

(OISST) from Simple Ocean Data Assimilation (SODA) dataset (Carton and Giese, 2008) that has spatial resolution of 0.25° 

× 0.25° at daily time interval.  25 

It should be noted that the TRMM MPA-RT dataset was intended to improve applications in flood prediction, with a downside 

of producing more false alarms in peak flow (Harris et al., 2007). However, as it has been demonstrated in many previous 

works (e.g., Mori et al, 2004; Kikuchi and Wang, 2008), consistent patterns of diurnal cycle in precipitation should still be 

possible to be extracted from the satellite data by averaging over a relatively long period of time. Moreover, Liu et al. (2008) 

have used the TRMM MPA-RT dataset to analyse propagating rainfall episodes in the Bay of Bengal in May to September 30 

periods during 2002 to 2004. 

In this study, we first analysed the composite diurnal patterns from the time series of gridded hourly precipitation averaged 

over the coastal area defined as red-line bordered polygon in Fig. 1 for the months of November through March. Additionally, 

we also analysed the diurnal composite of longitudinally averaged precipitation over the area defined by blue-dashed rectangle 

in the Fig. 1. Results of these analyses are then used to draw charts shown in Fig. 2 and will be discussed in Section 3. 35 

In order to classify the phase or timing of precipitation, we picked samples of 24-hour data (area-averaged over red-line 

bordered polygon in the Fig. 1). We then decomposed each sample into its harmonic constituents (similar method to that of 

Nitta and Sekine, 1994) by fitting the data (after subtracted by the daily mean) using a sinusoidal function 

𝑦𝑘(𝑡) = 𝐶𝑘𝑐𝑜𝑠 (
2𝜋𝑘

𝑇
𝑡 − 𝜃𝑘)                   (1) 

where 𝑦𝑘  is the precipitation anomaly contributed by the k-th harmonic component, 𝐶𝑘 is amplitude (in mm h-1), t is time in 40 
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hour, T is the data period (in this case, 24 h), and 𝜃𝑘  (in radian) is the phase lag. It should be noted that, for each sample, the 

24-hour cycle starts from 13:00 LT and ends at 12:00 LT on the following day by assumption that precipitation is generally 

minimum during those hours. By obtaining the phase angle of the first harmonic constituent 𝜃1 , the timing of diurnal 

precipitation can be defined by an integer  𝑡 = 𝑛  that maximises   𝑦1 in (1) and satisfies, 

𝜃1 ≈  
2𝜋(𝑡=𝑛)

24
, 𝑛 = 0, . . ,23                    (2) 5 

Note that precipitation data are given as discrete time series at hourly time interval but θ1 is computed as real number. The 

classification of phase or timing of precipitation is made in two steps. In the first step, the timing of precipitation is classified 

into, 

i. Afternoon-to-evening precipitation (AEP) that occurs between 13:00 and 24:00 LT, or 0 ≤ 𝜃1 ≤ (
11

12
)𝜋.  

ii. Night time-to-morning precipitation (NMP) that occurs between 01:00 and 12:00 LT on the following day, or 𝜋 < 𝜃1 <10 

(
23

12
)𝜋. 

Then, in the second step, samples belonging to NMP are further classified into 

i. Early morning precipitation (EMP) that occurs between 01:00 and 04:00 LT (on the following day), or 𝜋 < 𝜃1 ≤ (
15

12
)𝜋. 

ii. Late morning precipitation (LMP) that occurs between 05:00 and 12:00 LT, or (
16

12
)𝜋 < 𝜃1 < (

23

12
)𝜋. 

The first classification is performed in order to check whether early morning precipitation events are distinguishable from 15 

other samples, whereas the second classification is to quantify the prevalence of early morning precipitation relative to all 

samples in the NMP category.  

Furthermore, to investigate factors that influence early morning (01:00–04:00 LT) precipitation in the northern coast of West 

Java, we carried out analyses of meridional wind and SST fields attributive to CENS and SCS-CT phenomena. In this case, 

we followed Hattori et al. (2011) and Koseki et al. (2012) to calculate indices for CENS and SCS-CT respectively. Details of 20 

the calculations can be briefly described as follows, 

a. The CENS index is calculated from daily mean surface (925 hPa) level meridional wind data spatially averaged over the 

area of (0-5o S, 105-115o E) as depicted in Fig. 8. Considering that the lifetime of a cold surge event is around 5–14 days 

with an average duration of approximately 7 consecutive days (Zhang et al., 1997), the resulted daily time series of wind 

data are then smoothed by 5-day moving average. The smoothed spatially-averaged time series data of the meridional 25 

wind thus defines the daily CENS index, and a threshold of -4.5 m-1 , is used to determine the occurrence of CENS.  

b. Similar method applies for obtaining the SCS-CT index, but with the SST data averaged over the area of (2-10o N, 105-

112o E)  as shown in Fig. 9. In this case, a day with SCS-CT event is defined when the index is lower than the threshold 

temperature of 26.4o (see Koseki et al., 2012, for more detailed procedures and explanations).   

c. The CENS and SCS-CT indices are then used to calculate the relative frequency of occurrences of the coincidence 30 

between CENS and/or SCS-CT events and the three phases of precipitation peaks determined from previously mentioned 

harmonic analysis.   

As we determined the phase of precipitation peaks based only on the first harmonic constituent that has the largest amplitude, 

we have one uniquely classified sample for each day. The samples of dates collected in these analyses were then used to make 

various composite plots. 35 

3 Results and Discussion 

3.1 Climatology of Early Morning Precipitation Peaks 

The diurnal composites of area averaged precipitation over the northern coast of West Java (red-line bordered polygon in Fig. 

1), for the months of November to March during 2000 to 2016, are depicted in Fig. 2a. It can be seen that the dominant pattern 
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is characterised by precipitation peaks occurring in the afternoon to evening time (15:00–21:00 LT). However, diurnal 

precipitation patterns in the months of January and February exhibit significant secondary precipitation peaks in early morning 

to morning time (01:00–07:00 LT). The Hovmöller diagrams in Figs. 2b-f show the time-latitude variations of longitudinally 

averaged rainfall over the blue-dashed rectangle in Fig. 1. It should be clear that the coastal region (marked by vertical black 

dashed-lines) is affected by precipitation systems from both inland and oceanic origins. Figures 2d and 2e also clearly indicate 5 

that the oceanic precipitation system penetrates further inland during January and February, which appear as secondary peaks 

occurring between 01:00 and 07:00 LT as shown in Fig. 2a. In addition to two stationary patterns of precipitation over land 

and sea, Figures. 2c-f also show weak signals of land-to-sea propagation of precipitation over coastal region during the night-

to-morning transition between 23:00 LT and 03:00 LT on the following day.  

The timing of precipitation peaks over the coastal region has been further analysed from the results of harmonic analysis 10 

(described in previous section). Herein, we focus on the data of January and February that show strong signals of morning 

precipitation peaks (see Fig. 12a). The left panels of Fig.ure 3 show the first harmonic (diurnal) constituent of each sample of 

24-hour rainfall time series averaged over the coastal region defined in Fig. 1. In this case, the total number of samples that 

have been analysed is 373, which is not equivalent to the total number of days in all Januari-February months during the 16-

year (2001 to 2016) period because time series with diurnal cycle amplitude less than 0.2 mm h-1 are excluded to ensure 15 

selection of significant rainfall events (see e.g., El Kenawy et al., 2015, for thresholds of moderate rainfall in TMPA data). The 

upper-left panel of Fig.ure 3 shows the results for data that are categorised as AEP with maximum values between 13:00 and 

24:00 LT, while Fig. 3b shows data of NMP category with maximum values between 01:00 and 12:00 LT. Figures 3a and 3b 

clearly demonstrate that the application of the harmonic analysis method was successful to classify the timing of diurnal 

precipitation. It is found that AEP is a dominant feature of the diurnal precipitation, which contributes 55% of 20 

the diurnal rainfall patterns over the studied area. However, NMP also has high frequency of occurrence contributing 45 % of 

total samples in January and February throughout 2001 to 2016 period.  

In Fig. 3c, three composites of the first harmonic signals are depicted. The first composite (red curve) represent the mean 

sinusoidal signal of AEP, while that of NMP has been further split into EMP that occurs between 01:00 and 04:00 LT (green 

curve) and LMP whose time of occurrence is between 05:00 and 12:00 LT. The frequency of occurrence of EMP and LMP are 25 

42 % and 58 % respectively, relative to total NMP samples, or 18.9 % and 26.1 % relative to all samples. It is of interest to 

note that, in spite of the smallest percentage, EMP has the largest mean amplitude.  

Figure 4 shows more detailed analysis of the phase distribution and the mean amplitude for all of the three 24-hour cycle 

precipitation patterns, based on the results of harmonic analysis. It can be seen that phases of AEP exhibits a nearly normal 

distribution centred around 19:00 LT with two maxima of mean amplitudes around 18:00 LT and 22:00 LT. On the other hand, 30 

LMP show a distribution that decreases with time resembling a gamma-like distribution with maximum mean amplitude around 

06:00 LT. These characteristics of the distribution of frequency of occurrence of the two types of precipitation are indicative 

of the concentration times of convective activities, which is around 19:00 LT over land and 06:00 LT over sea. These results 

are in agreement with many previous investigations (e.g., Qian, 2008) and seem to signify the canonical pattern of land-sea 

contrast in the phase of precipitation, which are believed to be mainly controlled by land–sea breezes and their interactions 35 

with the monsoonal flows (e.g., Houze et al., 1981). However, it is quite interesting that EMP events have not only a flat phase 

distribution, which is indicating more random events, but also high mean amplitudes with peaks around 04:00 LT. The 

statistical significance of these amplitudes is indicated by the sampling errors (± 𝜎 √𝑛⁄ ) plotted as vertical bars in Fig. 4. The 

random occurrence of early morning precipitation might be closely related to propagating systems, as indicated from Figs. 2b-

f, since their phases are not necessarily locked to the timing of sea/land-breezes.  40 
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3.2 Relationships with Propagating Convective Systems and Extreme Precipitation Events  

In order to investigate the relationship between early morning precipitation and the propagating characteristics of precipitation 

system over coastal region, we constructed Hovmöller diagrams similar to that of Figs. 2b-f but with data classified according 

to the previously defined three types of precipitation peaks i.e. AEP, EMP, and LMP and show the results in Fig. 5. Propagation 

of precipitation connecting two relatively stationary systems over land and sea can be distinctly seen from Fig. 5a and 5b. The 5 

propagating precipitation can be associated with rainfall events that occur during late night (Fig. 5a) and early morning (Fig. 

5b) time over coastal region. It should be noted that in Fig. 5a the direction is mainly one way from land to sea, while in Fig.ure 

5b there is also discernible land-ward pattern of propagation. On the other hand, Fig.ure 5c illustrates more detached 

precipitation systems over land and sea. In this case, late morning precipitation over the coastal region can be seen as an 

extension of the oceanic precipitation system.  10 

We have discussed earlier in Section 1 that EMP may be linked to extreme precipitation events over the northern coast of Java 

Island.  We performed other analysis using Hovmöller diagrams, similar to those in Fig. 5, but with averaged precipitations 

are of the 99th percentile (P99) to represent extreme values in each data grid. The results, which are depicted in Fig. 6, strongly 

suggest that extreme rainfall events over the coastal region mainly occur between 01:00 and 04:00 LT and characterised by 

the existence of propagating systems from both land and ocean (Fig. 6b).  In this case, although oceanic convection seems to 15 

be major determinant, linkage to land-based precipitation may also be important. On the other hand, It should also be clear 

that extreme coastal precipitation events that occurred during late-night (Fig. 6a) and late-morning (Fig. 6c) time have single 

origin of seem to be originated only from either land-based or oceanic convection. Hence, there are distinct characteristics of 

propagating systems associated with extreme AEP, EMP, and LMP events over the coastal region. Furthermore, while oceanic 

convection seems to be major determinant for the occurrences of morning costal precipitation, linkage to land-based 20 

precipitation may also be important for the case of EMP.     

3.3 Relationships with CENS and SCS-CT 

As discussed in previous Section, we have objectively identified EMP events over the northern coast of West Java from satellite 

data using harmonic analysis. We have also found that EMP is strongly associated with propagating precipitation systems that, 

in some cases, show connection between land-based and oceanic convections. While we have insufficient data to analyse the 25 

propagating precipitation systems in more detail, synoptic conditions favourable for their occurrence may be investigated from 

global reanalysis data. We also mentioned earlier that such favourable condition may develop under the influence of CENS, 

or SCS-CT, or the combination of both.   

We analysed the frequency of occurrence of CENS and SCS-CT events corresponding to each classification of diurnal 

precipitation patterns of AEP, EMP, and LMP. Figure 7a shows frequency of occurrence of CENS, SCS-CT, and combined 30 

events, which are calculated relative to the number of samples in each diurnal precipitation namely 205 for AEP, 51 50 for 

EMP, and 119 118 for LMP. It should be noted that the frequencies do not sum up to 100 % because some samples are 

considered unclassified if they are not associated with either CENS or SCS-CT, and there are also overlapping number of 

samples between CENS and SCS-CT events.  Bearing in mind that we focus this analysis to data of January and February, it 

can be seen from Fig.ure 7 that SCS-CT generally prevails with frequency of occurrence above 50 % in all classified events. 35 

However, SCS-CT exhibits stronger association with morning precipitation events with frequency of occurrence above 70 % 

in both EMP and LMP categories. This seems to indicate possible influence of SCS-CT that may induce land-ward shifting of 

precipitation system over the Java Sea (Koseki et al., 2012).    

On the other hand, the frequency of occurrence of CENS is the highest for samples belonging to EMP and almost negligible 

for AEP category. It should be noted that the number of CENS events are almost the same for both EMP and LMP categories 40 
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and, although we uniquely classify the timing of diurnal precipitation using harmonic analysis, some of the events may be 

interrelated due to subsequent processes from the previous or in the following day. As it is evidenced in Fig. 7a and depicted 

more clearly in Fig. 7b, most CENS events are in coincidence with SCS-CT and their magnitudes are positively correlated.  

The composite maps of 850 hPaSST and meridional wind fields (also wind vectors) and SST, corresponding to SCS-CT and 

CENS those are classified according to the phase of precipitation, are shown in Figs. 8 and 9 respectively. In Figsures 8b 9b 5 

and 8c9c, contours of the negative SST anomalies (after subtracted by the threshold value of 26.4o C) protrude relatively closer 

towards the equator that indicates the strengthening of the SCS-CT when associated with morning precipitations over the 

northern coast of West Java. Although differences in the SST fields for EMP and LMP events are not quite discernible, the 

composite maps of wind fields and CENS index in Fig.ure 8 show significantly different patterns. The enhancement of CENS 

associated with EMP events (Fig. 8b) is connected to an elongated channelling of strong northerly wind anomalies offshore 10 

the peninsular of Indochina, Malay, down to Karimata Strait; the northerly winds are even observed to cross Java Island. On 

the other hand, LMP events (Fig. 8c) are characterised by an enhancement of the northerly winds at larger spatial scale and 

stronger connection with extratropical regions, but weaker magnitudes over the Java Sea compared to that of EMP case. The 

enhancement of SST anomalies that are associated with combined EMP and CENS plus SCS-CT, in comparison to EMP and 

SCS-CT only, events can be more clearly seen in Fig. 10.  15 

By this far, our results indicate and confirm previous works (Wu et al., 2007; Hattori, 2011; Mori et al. 2018) that CENS is an 

important factor for the occurrence of EMP events over the northern coast of West Java and cooler SST in the South China Sea 

seems to provide a favourable background condition. In addition, we found that the enhancement of northerly winds during 

the EMP events may have more localised origin over the South China Sea. The coincidence of SCS-CT and CENS events 

brings forward the aspect of mesoscale sea-air interaction with its all possible feedbacks, which is quite interesting because 20 

cold surge that reaches the tropics is traditionally viewed as the effects of midlatitude weather during boreal winter (e.g., Chang 

et al., 2005); but more works are needed to make further analysis.  

4 Summary and Conclusion 

In the present work, we have studied the diurnal cycles of precipitation over the northern coast of West Java, with emphasis 

on the occurrences of early morning precipitation peaks, mainly using the TRMM MPA-RT dataset spanning from 2000 to 25 

2016. The diurnal composites of precipitation averaged over the study area for the months of November to March are 

dominantly characterised by precipitation peaks that occur in the afternoon to evening time (15:00–21:00 LT). However, 

diurnal precipitation patterns in January and February show secondary precipitation peaks in night to morning time (01:00–

07:00 LT). Results of Hovmöller analysis revealed that, beside the canonical pattern of afternoon (morning) convections over 

land (sea), there are weak signals of land-to-ocean propagation during the night-to-morning transition time. This study was 30 

further motivated by this propagating characteristic of precipitation over coastal regions in the MC that have been suggested 

by previous studies (Mori et al., 2004; Kikuchi and Wang, 2008; Li et al., 2017). 

We then applied harmonic analysis method to objectively determine the phase of precipitation peaks over the northern coast 

of West Java focusing on data of January and February, whereby the timing of precipitation for each day has been classified 

into three categories (1) afternoon-to-evening precipitation (AEP) that occurs between 13:00 and 24:00 LT, (2) early morning 35 

precipitation (EMP) that occurs between 01:00 and 04:00 LT, and (3) late morning precipitation (LMP) that occurs between 

05:00 and 12:00 LT. The EMP contributes 18.9 % of total samples analysed, which is a minority compared to that of the LMP 

(26.1 %), and AEP (55 %). However, we found that the EMP events are characterised by (1) sea-ward as well as land-ward 

propagation with indication of stronger connectivity between land-based and oceanic precipitation systems, (2) flat phase 
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distribution, and (3) high mean amplitudes peaking around 04:00 LT. These propagating characteristics of EMP are more 

prominent when data are composited by taking the 99th percentile (P99), which signifies the importance of EMP in association 

with extreme precipitation events. The flat phase distribution of EMP events suggests that the timing of coastal precipitation 

is not necessarily locked to the phase of land/sea-breezes, thus, allowing precipitation to occur more randomly. This implies 

that, even for as short as 24-hour lead time, probabilistic forecast maybe necessary to assess the hazard of heavy precipitation 5 

in this region.  

Following the lead of previous studies, we investigated the role of SCS-CT and CENS as influencing factors for the occurrences 

of EMP event. By calculating the frequency of occurrence of SCS-CT and CENS that correspond to the three timing of the 

costal precipitation, it is found that SCS-CT generally prevails in January and February but morning precipitation events over 

the northern coast of West Java mainly occurred in coincidence with enhanced SST cooling in the South China Sea, which is 10 

in agreement with the numerical modelling results of Koseki et al. (2012). We also found that CENS is the most important 

factor that influences the occurrence of EMP and its association with extreme precipitation events over the northern coast of 

West Java, which is consistent with results from previous studies (Wu et al., 2007; Hattori, 2011; Mori et al. 2018). Most of 

the CENS events identified in this study occurred in coincidence with SCS-CT and both indices exhibit positive correlation 

when associated with EMP. In this case, the enhancement of CENS and SCS-CT is connected to an elongated channelling of 15 

strong northerly wind anomalies just offshore the Indochina, Malay Peninsula, and even observed to cross the Java Island. 

In the present study, we are aware of the issues concerning TRMM MPA-RT dataset to represent diurnal precipitation in the 

MC but we have presented results that are consistent with previous studies and produced some new documentations about the 

propagating precipitation systems over coastal region. Similar or extension to this study will take more benefit from better 

satellite rainfall products. We have not yet investigated the mechanisms responsible for the propagation of the coastal 20 

precipitation, but direct sea/land-breeze effects do not seem to give satisfactory explanation. Moreover, it can be roughly 

estimated from Figs. 5a and 6a that the speed of the offshore-propagating precipitation systems is around 7 m s-1. Ruppert and 

Zhang (2019) pointed out that coupling between slow gravity wave mode, with a phase speed of about 7 m s-1, and offshore-

propagating convections in the MC has not been well understood.  Alternatively, the role of cold pool (e.g., Teo et al., 2011; 

Trismidianto et al., 2016) may serve as a concrete and testable hypothesis to be the manifestation of the so-called self-25 

replicating mechanism proposed by Mori et al. (2004). We additionally found that the CENS associated with EMP may have 

more localised origin and seems to involve mesoscale air-sea interactions over the South China Sea, which is also of interest 

to address in our future study.  
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Figure 1. A map showing the Maritime Continent with insert the main area of interest in this study; with coastlines and topographic 

contours.  Red-line bordered polygon (with land masks over the northern coastal plain of West Java) defines the area for spatial 

averaging of gridded precipitation data. Blue-dashed rectangle defines the area for longitudinally (𝟏𝟎𝟓. 𝟓– 𝟏𝟎𝟖. 𝟓𝐨 𝐄)  averaged 5 

precipitation in Hovmöller analysis of Fig. 2.  
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Figure 2. (a) Climatology of area-averaged (see Fig.ure 1) diurnal precipitation over the northern coast of West Java, depicted as 

line plots of 24-hour composite time series in different colours for the months of November (solid black), December (dashed black), 

January (solid red), February (solid blue), and March (dashed-dotted black) analysed from TRMM MPA-RT dataset of 2000–2016 5 

period. Other panels show the corresponding time-latitude cross sections (Hovmöller diagrams) of the diurnal composites for the 

months of (b) November; (c) December; (d) January; (e) February; and (f) March. Dashed vertical black lines in Figs. 2(b-f) denote 

the latitudes of northern coastal area of West Java. Averaged precipitation rates in mm h-1 are shown as shaded contours.  
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Figure 3. The first harmonic components analysed from diurnal precipitation data that are grouped into (a) Afternoon-to-evening 

precipitation (AEP) between 13:00-24:00 LT, and  (b) Night time-to-morning precipitation (NMP) between 01:00-12:00 LT based 

on the phase angles (see text for explanation); (c) composite sinusioidal curves of  AEP (red line) with those of NMP split into early 

morning precipitation (EMP) between 01:00-04:00 LT and late morning precipitation (LMP) between 05:00-12:00 LT. Percentage 5 

indicates frequency of occurrence relative to total samples for AEP and NMP, but those of EMP and LMP are relative to NMP 

samples.  
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Figure 4. Diurnal distribution of the mean amplitude of the first harmonic components (solid black line) and frequency of occurrence 

of the peak precipitation time (coloured bar chart) differentiated into three groups (same as in Fig.ure 3) AEP (red), EMP (green), 

and LMP (blue). The sampling errors (± 𝜎/√𝑛) are plotted as vertical bars. 
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Figure 5. Hovmöller diagrams of composite diurnal precipitation; similar to Fig.ure 2 except data are classified by the phases or the 

timing of peak precipitation (as in Fig. 3) (a) AEP, (b) EMP, and (c) LMP. The black dashed line indicates boundary of coastal area. 

The black solid arrows represent direction of propagation (following Mori et al., 2004), with seaward propagation is symbolized 10 

by () and landward propagation is indicated by ()  
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Figure 6. Hovmöller diagrams, same as Fig. 5, except averaged data arefor the 99th percentile (P99) values of the gridded hourly 

precipitation. 5 

 

 

Figure 7. (a) Frequency of occurrence of SCS-CT (black), CENS (orange), and CENS–SCS-CT (purple) corresponding to the three 

diurnal phases of peak precipitation AEP, EMP, and LMP; (b) scatter plot between SCS-CT and CENS indices for AEP, LMP, and 

EMP as indicated by red, blue, and green circles respectively. Thresholds values for SCS-CT (𝟐𝟔. 𝟒𝐨 𝐂) and CENS (-𝟒. 𝟓 𝐦 𝐬−𝟏 ) 10 

indices are indicated by black dotted lines. 



16 

 

 

Figure 8. Spatial distribution of mean (composite) 850 hPa horizontal wind vectors and magnitude of meridional wind (shaded) 

corresponding to the three diurnal phases of preak precipitation (a) AEP, (b) EMP, and (c) LMP. The dark-blue solid rectangle 

represents the CENS index area (following Hattori et al., 2011).  
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Figure 9. Same as Fig.ure 8, but for SST (solid line contour) and SST anomaly relative to SCS-CT threshold of 𝟐𝟔. 𝟒𝐨 𝐂 (shaded). 10 

The red solid rectangle represents the SCS-CT index area (following Koseki et al., 2012).  
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Figure 10. Same as Fig. 9, but with smaller domain and for composite of EMP samples a) SCS-CT without CENS, b) SCS-CT with 

CENS. 
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