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Abstract 

This study investigates the contribution of tropical cyclone (TC)–induced rainfall (TC rain) and the modulation of 

the Madden-Julian Oscillation (MJO) on the New Capital City of Indonesia (hereafter called Nusantara City or NC), East 

Kalimantan. A total of 318 TCs were examined using the International Best Track Archive for Climate Stewardship 

(IBTrACS) data during 2000 - 2024. Daily rainfall from the IMERG Final Product (IMERG-F) was analyzed using RMM-

based MJO phase classification. Rainfall from within 1,100 km of the TC center was considered as TC-induced rainfall.  

Seasonal analysis indicates that TC rainfall contributes 11% - 12% of total rainfall during JJA and increases markedly to 

19% - 23% during September - November (SON). MJO modulation demonstrated that TC dominance intensifies during 

convective suppression phases over Indonesia: the contribution of TC rain exceeded 20% in Phases 5 - 6 during JJA and 

surpassed 30% in Phases 6 - 7 during SON. This amplification occurs when the MJO convective center shifts to the 

Western Pacific, dynamically strengthening the monsoon trough and enhancing the interaction between TCs and regional 

moisture transport toward Kalimantan. A 25-year linear trend analysis indicated a slight increase in total rainfall and a 

slight decline in TC rain; however, neither was statistically significant, reflecting the low frequency of cyclones directly 

affecting Kalimantan. Despite the slight annual trend, the substantial contribution of TC during JJA and SON highlights 

its crucial role as a short-term trigger of extreme rainfall. These findings emphasize the need for integrating TC-related 

hydrometeorological hazard functions into regional disaster risk mitigation, particularly during the peak transition season. 
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Introduction 

The Indonesian government has decided to 

relocate the capital from Jakarta to a new location in 

East Kalimantan, hereafter called Nusantara City (NC; 

Figure 1). This relocation is expected to help address 

several challenges faced by Jakarta, including those 

related to natural disasters. East Kalimantan has a low 

risk of earthquakes and volcanic eruptions [1], but it still 

has the potential for disasters caused by extreme 

weather. This region is situated near the Intertropical 

Convergence Zone (ITCZ) and is surrounded by the 

warm, moisture-rich waters of the Maritime Continent,  

 

resulting in a humid tropical climate characterized by 

high rainfall throughout the year. These conditions are 

further reinforced by strong land-sea interactions in the 

Makassar Strait, which functions as a primary corridor 

for water vapor transport from the Pacific Ocean to 

eastern Kalimantan. The relatively warm sea surface 

temperatures (SSTs), together with the influence of the 

Indonesian Throughflow (ITF), modulate the 

distribution of latent heat and atmospheric moisture 

along the East Kalimantan coast. This ocean-

atmosphere coupling enhances the regional precipitation 
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response to large-scale atmospheric disturbances [2-4]. 

Consequently, the potential for hydrometeorological 

disasters, particularly floods and landslides, remains 

substantial. Recent studies have indicated an upward 

trend in flood disasters associated with a roughly 25% 

increase in the amplitude and frequency of extreme 

rainfall, particularly across the northern regions of 

Indonesia, including Kalimantan [5]. In the specific 

context of NC, Ramadhan et al. [6] reported an elevated 

risk of flooding and landslides in the surrounding area, 

consistent with the findings of Marzuki et al. [4]. These 

hydrometeorological hazards are closely associated with 

variability in the regional rainfall regime, which is 

strongly modulated by intraseasonal and interannual 

climate variability. 

Intraseasonal and interannual variability 

significantly impact the NC region. Unlike Jakarta, 

which generally exhibits a single dominant rainfall peak 

during the boreal winter monsoon, NC experiences 2 

prominent peaks in annual rainfall [7], occurring in 

November - December and March - April. In addition to 

this bimodal rainfall pattern, interannual variability 

associated with the El Niño-Southern Oscillation 

(ENSO) strongly modulates seasonal rainfall, 

particularly during the dry season from August to 

October [6]. Although this period is climatologically 

dry, extreme rainfall events can still occur due to the 

interaction between intraseasonal disturbances and 

large-scale climate variability. One notable example 

occurred on 27 - 28 August 2021, when rainfall reaching 

82 mm day⁻¹ for more than 11 h triggered widespread 

flooding and landslides across East Kalimantan, 

including the NC region [8]. This event was associated 

with enhanced water vapor transport from Kalimantan 

Island and the Banda Sea, which was modulated by the 

Boreal Summer Intraseasonal Oscillation (BSISO) and 

large-scale variability related to La Niña.  

Mechanistically, several modes of large-scale 

climate variability influence rainfall over the NC region. 

The BSISO, an intraseasonal mode distinct from the 

Madden-Julian Oscillation (MJO), exhibits pronounced 

northward and northeastward propagation across the 

Indian Ocean and western North Pacific, whereas the 

MJO primarily propagates eastward along the equator. 

During boreal summer, the potential overlap between 

BSISO and MJO signals can strengthen Rossby wave 

structures in the Northern Hemisphere and generate 

circulation anomalies that enhance moisture 

convergence and convective activity over the Maritime 

Continent [9]. In addition to these intraseasonal 

processes, interannual variability associated with the 

ENSO modulates the background state of SSTs and 

Walker circulation, which in turn influences the strength 

and propagation of the MJO over the Indo-Pacific region 

[10]. Through this modulation, ENSO can alter 

atmospheric moisture transport and rainfall distribution 

across the Maritime Continent, including Kalimantan. 

Consistent with this interaction, Ramadhan et al. [11] 

showed that MJO activity can substantially enhance 

rainfall over the NC region, particularly during the dry 

season when the MJO is in phases 2 - 3, which are 

associated with more intense and longer-duration daily 

rainfall, thereby increasing the risk of 

hydrometeorological disasters. 

While these large-scale modes of climate 

variability modulate the background conditions 

controlling rainfall variability in the NC region, 

synoptic-scale systems can also play an important role 

in generating extreme precipitation events. One such 

system is tropical cyclone (TC) activity in the Western 

Pacific Ocean. The Western Pacific Ocean is the most 

active area for TC trajectories affecting Indonesian 

waters [12]. Although Kalimantan Island is rarely 

directly traversed by cyclones, these systems can 

indirectly affect atmospheric conditions through 

increased humidity, wind convergence, and the 

strengthening of the northwest monsoon [13-15]. The 

intensity and spatial distribution of TC-related rainfall 

can also be modulated by the large-scale climate 

background discussed earlier. For example, ENSO alters 

SST patterns and Walker circulation, which can shift TC 

genesis locations and modify moisture transport 

pathways across the Maritime Continent [10]. Similarly, 

the MJO and BSISO can enhance convective activity 

and atmospheric moisture convergence, thereby creating 

favorable conditions for intense rainfall events 

associated with synoptic disturbances [9,11]. Studies in 

various countries have shown that TCs can contribute a 

significant percentage to the total rainfall. A study in the 

Philippines reported that tropical cyclone-induced 

rainfall accounted for 54.2% of total seasonal 

precipitation [16], while research in Mexico by Breña-

Naranjo et al. [17] found that arid regions such as the 

Baja California Peninsula received an average TC rain 
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contribution of around 40% of the total annual rainfall. 

This pattern has also been observed in Australia, with 

tropical cyclones accounting for 20% - 40% of the total 

rain along the west coast, increasing to 60% -70% 

during the peak of the tropical cyclone season [18]. 

Therefore, measuring the contribution of tropical 

cyclones to rainfall in the NC is essential, given the high 

potential for hydrometeorological disasters in this 

region. The combination of tropical cyclone activity and 

the MJO phase may explain a significant portion of the 

variability in extreme rainfall in East Kalimantan. 

However, most previous studies have focused separately 

on the ENSO, BSISO, or MJO, and no studies have 

quantitatively measured the specific contribution of 

tropical cyclone-induced rainfall in the NC, especially 

when interacting with the dominant MJO phase. 

Addressing this knowledge gap is essential for 

understanding rainfall extremes and improving disaster 

preparedness in the NC region. To support the 

development of NC as a sustainable and disaster-

resilient city, it is therefore important to quantify the role 

of tropical cyclone-induced rainfall in regional 

precipitation variability. Such an understanding would 

provide a scientific basis for hydrometeorological risk 

mitigation and inform the design of adaptive and 

climate-responsive infrastructure. Accordingly, this 

study aims to quantify the contribution of tropical 

cyclone rainfall to total rainfall in the NC region during 

the 2000 - 2024 period using Integrated Multi-satellite 

Retrievals for GPM Final Run (IMERG-F) data in 

combination with cyclone trajectories from the 

International Best Track Archive for Climate 

Stewardship (IBTrACS). The study period was selected 

based on the availability and consistency of the IMERG 

satellite precipitation dataset. In addition, we examine 

the spatial and seasonal variability of tropical cyclone 

rainfall, particularly during June - July - August (JJA) 

and September - October - November (SON), which 

correspond to the peak period of tropical cyclone 

activity influencing the Maritime Continent. 

Furthermore, this study evaluates the influence of the 

MJO phase on the contribution of tropical cyclone 

rainfall in the NC region and considers the broader 

background conditions associated with ENSO 

variability. The BSISO is not explicitly analyzed in this 

study because its signals largely overlap with the boreal 

summer evolution of the MJO and require more 

specialized filtering techniques, which are beyond the 

scope of the present analysis. 

 

Materials and methods 

Study area 

This research focused on the NC area in East 

Kalimantan, located between coordinates 0.6S and 

1.2S, and 116.4E and 117.4E. This boundary 

includes the Core Government Center Area (KIPP) and 

the entire NC Development Area (Figure 1). The NC is 

being developed in the Sepaku District (North Penajam 

Paser Regency) and partly in the Samboja, Loa Kulu, 

Loa Janan, and Muara Jawa Districts (Kutai Kartanegara 

Regency), covering an area of approximately 324,332 

hectares [19,20].
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Figure 1 Administrative map of the Nusantara Capital City in East Kalimantan. The NC area covers part of North Penajam 

Paser Regency (Sepaku District) and part of Kutai Kartanegara Regency (Samboja, Loa Kulu, Loa Janan, and Muara 

Jawa Districts). The map delineates the surrounding buffer areas, including Balikpapan and Samarinda, and highlights 

the direct boundary with the Makassar Strait. 

 

Data 

This study employed IMERG rainfall data, which 

provides global precipitation estimates with high spatial 

and temporal resolution and more uniform coverage, 

thereby enhancing global climate and hydrological 

monitoring [21]. The dataset was downloaded from the 

National Aeronautics and Space Administration 

(NASA) website (https://disc.gsfc.nasa.gov/). The 

IMERG algorithm is used to overcome the inherent 

limitations of observations from individual Low Earth 

Orbit (LEO) satellites by combining measurements from 

multiple passive microwave (PMW) sensors and filling 

temporal and spatial gaps using infrared (IR) 

observations from Geostationary Earth Orbit (GEO) 

satellites. This fusion approach enables IMERG to 

produce continuous, accurate, and reliable estimates of 

precipitation [22]. IMERG products are available at a 

spatial resolution of 0.1°×0.1° (~11 km) and consist of 

three variants: IMERG-E (Early), IMERG-L (Late), and 

IMERG-F (Final). This study utilized 24 years of daily 

IMERG-F data spanning 2000 - 2024. The superior 

performance of IMERG, particularly IMERG-F, in 

Indonesia has been demonstrated in several studies [23-

25]. 

TC occurrences and trajectories were obtained 

from the IBTrACS data and downloaded from the 

National Oceanic and Atmospheric Administration 

(NOAA) website (https://www.ncdc.noaa.gov/ibtracs/). 

The IBTrACS dataset provides key information, 

including observation time, the positions of cyclone 
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centers, the minimum pressure, the maximum wind 

speed, regional-scale intensity classification, the 

cyclone name, and the data source [26,27]. This study 

focused on TC activity in the Western Pacific basin (6°S 

- 30°N, 107°E - 160°E) during 2000 - 2024, 

corresponding to the IMERG observation period. A total 

of 318 TCs were examined using IBTrACS data during 

2000 - 2024. 

To objectively define individual tropical cyclone 

events for the analysis, cyclonic events were identified 

based on a 12-hour temporal separation criterion applied 

to consecutive IBTrACS observations. This threshold 

ensures that long-duration systems are not fragmented 

into multiple events, thereby preventing artificial 

inflation of the cyclone count and ensuring that each 

cyclone lifecycle is counted as a single unique event. 

Each identified event has its maximum wind speed 

(Vmax) determined, and the time and location of this 

maximum intensity are used as the primary reference for 

defining the analysis window. Only observation records 

occurring within the spatial domain (6°S - 30°N, 107°E 

- 160°E), within a radius of 1,100 km from the peak 

intensity location, and within a time window of ±3 days 

from the Vmax peak are retained for analysis. This 

approach allows overlapping systems to be separated 

objectively while preventing double counting of the 

same cyclonic event. This threshold is consistent with 

several previous studies [16,28,29].   

The 1,100 km radius was chosen to capture not 

only the precipitation core around the center of the 

tropical cyclone, but also the extensive outer rainband 

structure and the cycloneʼs indirect influence on large-

scale moisture transport, such as the strengthening and 

movement of monsoon air masses. This selection is 

consistent with study by Bagtasa [30], which shows that 

a radius of 1,000 - 1,200 km effectively captures the 

tropical cyclone rainfall contribution over the Maritime 

continent without significantly including non-cyclonic 

rainfall. A smaller radius (<800 km) may underestimate 

the contribution of long-range moisture transport, while 

a larger radius (>1,200 km) may overestimate it by 

including unrelated rainfall. This approach is 

particularly relevant for equatorial regions such as 

Kalimantan, which are rarely directly crossed by TCs 

but are more frequently affected indirectly through 

water vapor advection and regional circulation 

modification. Therefore, this relatively large radius is 

necessary to represent indirect effects, which are more 

dominant than direct effects in Indonesia.  

Temporal trend analysis was performed using the 

Mann-Kendall (MK) nonparametric test to detect the 

presence of monotonic trends and determine their 

statistical significance. The slope of the trend was 

calculated using the Theil-Sen Estimator, which 

provides a median estimate of all slope pairs and is more 

robust to extreme values. The selection of this non-

parametric approach was based on the characteristics of 

tropical rainfall data, which is generally not normally 

distributed and has high interannual variability. The 

significance level used in this study was 95% [31]. 

Additionally, zonal wind (u), meridional wind (v), and 

specific humidity (q) data at the 500 - 1,000 hPa pressure 

levels were obtained from the fifth-generation ECMWF 

reanalysis (ERA5). These variables were used to 

calculate water vapor flux (WVF) by vertically 

integrating specific humidity and wind vectors to 

represent dominant moisture transport in the lower to 

middle troposphere, which is the main layer for tropical 

cyclone formation and intensification. We also used 

SST data to examine oceanic thermal conditions 

associated with tropical cyclone development.  

 

Methodology 

Daily rainfall data from IMERG were classified 

into tropical cyclone-induced rainfall (TC rain) and non-

tropical cyclone-induced rainfall. Rainfall occurring 

within 1,100 km of the TC center and within the 

temporal window was considered TC-induced rainfall, 

whereas all remaining daily rainfall that did not meet 

these criteria was categorized as non-tropical cyclone-

induced rainfall. The contribution of TC rain to the total 

rainfall (CTC) is then expressed as a percentage, 

calculated by comparing the total amount of cyclone-

induced rainfall to the total rainfall using the following 

Eq. (1) 

 

CTC = (Rainfall induced by tropical cyclone) x 100%  (1) 

                             (Total rainfall) 

 

 Several other researchers have used this same 

formula [16,32,33]. 

Rainfall was analyzed at daily, monthly, and 

seasonal scales. The seasonal analysis concentrated on 

the JJA and SON periods that correspond to the peak of 
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TC activity in the Western Pacific Ocean. Spatial 

characteristics were examined by visualizing mean total 

rainfall, TC-induced rainfall, and the percentage 

contribution of the latter across the NC region using the 

IMERG grid resolution.  

We employed the Real-Time Multivariate MJO 

(RMM) Index data published by the Australian Bureau 

of Meteorology (BoM) to assess the modulation of 

rainfall by the MJO. The RMM index consists of eight 

phases that describe the longitudinal propagation of 

dominant convective centers: Phase 1 (East Africa), 

Phase 2 (Western Indian Ocean), Phase 3 (Eastern 

Indian Ocean), Phase 4 (Western Indonesia), Phase 5 

(Eastern Indonesia), Phase 6 (Western Pacific Ocean), 

Phase 7 (Central Pacific Ocean), and Phase 8 (Eastern 

Pacific Ocean or West Africa) [34]. Only MJO events 

with an RMM amplitude >1 were classified as strong 

and used in the analysis. Total rainfall and TC rain over 

the NC were subsequently grouped by MJO phase to 

identify variation in the contribution of TC rain and 

evaluate how this contribution is modulated by the MJO. 

Water vapor flux, wind, and SST data were used 

to examine the atmospheric dynamics across seasons 

and MJO phases. Water vapor flux is essential for 

examining TC rain because it represents the primary fuel 

that drives the formation, intensification, and 

precipitation of TC. In addition, water vapor flux data 

help identify regions where moisture conditions are 

favorable for cyclone development. 

 

Results and discussion 

Distribution of tropical cyclone  

The frequency of TCs during 2000 - 2024 

consistently indicated high activity from July to 

November. TC occurrences began to increase in July (46 

events), peaked in September (69 events), and remained 

elevated until November (43 events) (Figure 2). 

Seasonally, the highest TC density (approximately 70 - 

90 events per season accumulated over 2000 - 2024) was 

observed during the JJA and SON seasons, while the 

lowest density occurred during the DJF (December - 

January - February) season (Figure 3). Spatially, TC 

concentrations were highest in the South China Sea and 

the western Philippine Sea (Figure 3), representing the 

primary genesis region within the Western Pacific basin. 

This spatial distribution aligns with the climatological 

position of the monsoon trough and the convergence 

zone where southwesterly monsoon flows interact with 

trade winds, creating favorable conditions for 

cyclogenesis [35,36].

 

 

Figure 2 Monthly frequency of tropical cyclone occurrences during the 25-year period (2000 - 2024) over the Western 

Pacific region (6°S - 30°N, 107°E - 160°E). 
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Figure 3 Spatial density maps showing the concentration of tropical cyclones over the Western Pacific Ocean across four 

seasonal periods: (a) DJF, (b) MAM, (c) JJA, and (d) SON. The size and color of each grid cell represent the cyclone 

density (ranging from 10 to 90), highlighting the most active formation and track regions. 

 

The elevated TC activity during JJA and SON is 

strongly supported by favourable thermodynamic and 

dynamical conditions in the tropics. During JJA, 

thermodynamic conditions are particularly conducive to 

storm formation. SSTs across the Western Pacific 

increase significantly, exceeding 26.5 °C across a wide 

area (Figure 4(b)). This rise in SST is regarded as the 

minimum threshold for deep convection and TC 

development [37,38], providing the necessary energy 

and moisture through evaporation and condensation 

processes that fuel tropical cyclone intensification [39]. 

The warm ocean surface creates an environment where 

organized convective systems can develop and maintain 

the vertical structure required for cyclogenesis [40]. 

From a dynamical perspective, the JJA period is 

dominated by strong southwesterly monsoonal flow 

over the Western Pacific (Figure 5(a)). This flow 

generates a concentrated water vapor flux in the 

northern sector (around 1025 kg m−1 s−1), coinciding 

with the northward displacement of both the monsoon 

trough and the ITCZ. The monsoon trough, formed by 

the convergence of southwest monsoon flows, cross-

equatorial currents, and southeast trade winds, 

represents a region of considerable convective activity 

that is highly conducive to tropical cyclone generation 

[35]. The poleward migration of the ITCZ plays a 

crucial role in enhancing convective disturbances and 

increasing low-level vorticity, thereby fostering an 

atmospheric environment highly favorable for the 

genesis and intensification of TC events [41,42]. During 

strong monsoon trough years, the eastward extension of 

the trough evolves into a closed monsoon gyre, with 

enhanced lower-level southwesterly flows providing a 

favorable environment for rapid TC formation [43]. 

Approximately 70% of Western North Pacific TC 

genesis events are linked to monsoon gyre activity, with 

the south-southeast periphery of these gyres serving as 

particularly favorable regions for cyclogenesis [44]. 

When TCs develop (Figure 5(b)), the water vapor 

flux becomes dominated by strong cyclonic circulation, 

with peak values reaching up to 600 between 20N and 

25N. Pronounced positive water vapor flux anomalies 

(>150 kg m−1 s−1) surrounding TC activity (Figure 5(c)) 

indicate a substantial inward transport of moisture 

toward the core of the storm. This mechanism reflects 

the rapid intensification of moisture flux convergence in 



Trends Sci. 2026; 23(10): 13446   8 of 30 

the lower troposphere, a defining feature of the 

developing cyclone [45]. The convergence of 

southwesterly summer monsoon flows and easterly 

flows creates water vapor convergence centers over the 

South China Sea and Philippine Sea, establishing 

anomalous positive relative humidity conditions that are 

essential for TC genesis and intensification [40]. 

TC activity also remains elevated during the SON 

season, although environmental characteristics begin to 

differ from those during JJA. During SON, SSTs in the 

Western Pacific remain sufficiently warm to sustain 

tropical convection, while the ITCZ gradually shifts 

southward, causing the monsoon trough to retreat from 

its farthest northward position recorded in JJA. The 

water vapor flux during SON is generally slightly 

weaker than in JJA, with peak magnitudes around 500 

kg m−1 s−1 near 20N, and anomalies declining to below 

50 kg m−1 s−1 across the South China Sea to the 

equatorial region. 

Despite this modest weakening in moisture 

transport, environmental conditions during SON remain 

supportive for the formation of TCs. The SST remains 

high, exceeding 28 °C (Figure 4(e)), well above the 

threshold required for deep convection and providing 

ample energy for storm development. Furthermore, 

vertical wind shear within the primary development 

region tends to be relatively low, allowing storms to 

maintain their structure during intensification. The 

combination of warm SSTs, reduced wind shear, and 

adequate mid-level humidity creates a thermodynamic 

environment that continues to support active 

cyclogenesis through the fall season [40,46]. 

Additionally, eastward propagation of the MJO, which 

carries positive convective anomalies from the Indian 

Ocean into the Western Pacific, frequently enhances 

synoptic-scale circulation during SON and serves as a 

key trigger for TC initiation [47,48]. The MJO exerts 

significant control on basinwide TC frequency in the 

Western North Pacific, with convectively active MJO 

phases (phases 4 - 6) associated with substantially 

increased cyclogenesis rates compared to suppressed 

phases [49-51]. During active MJO phases, enhanced 

convection develops cyclonic vortices, decreases 

vertical wind shear, and intensifies upper-level 

divergence, all of which favor TC genesis and 

development [40].

 

 

Figure 4 Sea surface temperature (SST) over the Western Pacific Ocean for the 2000 - 2024 period. Panels (a) and (d) 

show the climatological mean during JJA and SON, respectively. Panels (b) and (e) depict SST conditions associated 

with tropical cyclone (TC) influence. Panels (c) and (f) present the SST anomalies, defined as the difference between TC-

influenced conditions and the climatological mean. The location of the NC is marked in red. 
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Figure 5 Vertically integrated water vapor flux (kg m⁻¹ s⁻¹) and associated moisture flux vectors over the Western Pacific 

Ocean for the 2000 - 2024 period. Panels (a) and (d) show the climatological mean during JJA and SON, respectively. 

Panels (b) and (e) depict conditions associated with tropical cyclone (TC) influence. Panels (c) and (f) represent the 

difference between TC-induced conditions and the climatological state. The NC’s location is indicated in red. 

 

The contribution of tropical cyclones to rainfall 

The distribution and contribution of rainfall 

triggered by TC activity in the NC exhibited distinct 

spatial patterns and marked seasonal variability during 

2000 - 2024. The total annual rainfall in the NC 

averaged 7 - 9 mm/day, with the southeastern coastal 

areas, particularly Samboja and Muara Jawa, recording 

the highest values (Figure 6(a)). This high intensity is 

strongly influenced by local factors including low-lying 

topography and direct exposure to warm water masses 

from the Makassar Strait, which serves as the main 

source of moisture [52,53]. These geographic conditions 

favor the development of Mesoscale Convective 

Systems (MCS), which indeed dominate the total annual 

rainfall volume and create the observed spatial gradient 

between coastal and inland areas [54]. However, coastal 

areas remain highly sensitive to water vapor 

convergence amplified by large-scale atmospheric 

disturbances. While MCS drives the baseline rainfall 

climatology, TC act as a critical external forcing that 

intensifies moisture flux convergence during specific 

seasons, thereby exacerbating extreme rainfall events in 

these coastal zones despite their lower frequency 

compared to local convective activities [8,55]. Notably, 

TC rain (Figure 6(b)) also demonstrated a relatively 

even spatial distribution across the NC, with a daily 

mean of 5 - 7 mm/day and maxima again occurring in 

Samboja. These findings imply that although TCs form 

far away in the Western Pacific, their activity can 

indirectly modulate rainfall over the NC through 

enhanced moisture convergence and strengthened 

northwesterly monsoonal advection, both of which 

intensify regional precipitation [4,8]. Overall, the 

contribution of TC rain to the annual total exceeded 9% 
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- 10% (Figure 6(c)). The highest contributions were 

observed in Samboja, Loa Kulu, and Sepaku, areas 

adjacent to the Makassar Strait, which forms part of the 

Indonesian Throughflow (ITF). These waters are among 

the warmest globally and are a persistent source of 

abundant moisture [56,57]. The Indonesian Maritime 

Continent, particularly the Makassar Strait region, 

exhibits unique characteristics where mesoscale 

convective complexes contribute up to 20% of total 

rainfall, with seasonal increases reaching 24% - 30% 

during peak periods [58]. 

Seasonal differences are evident in the spatial 

distribution of rainfall (Figure 7). During the JJA 

season, daily total rainfall (Figure 7(a)) ranges from 6 

to 9 mm/day, while TC rain (Figure 7(c)) contributes 3 

- 6 mm/day. The contribution of TC rain during this 

period is relatively moderate, at 11% - 12% (Figure 

7(e)). In contrast, during the SON season, although the 

average daily total rainfall (Figure 7(b)) slightly 

decreases to 6 - 8.5 mm/day, TC rain (Figure 7(d)) 

increases markedly to 5.5 - 7.5 mm/day. Consequently, 

the percentage contribution of TC rain reaches its 

highest-level during SON (Figure 7(f)), ranging from 

19% to 23%, with the maxima located in Samboja, Loa 

Kulu, and Sepaku. This sharp rise is consistent with the 

seasonal climatology of TCs, as both the frequency and 

density of TC activity in the Western Pacific peak during 

SON (Figures 2 and 3). The seasonal modulation of 

MCS activity by large-scale atmospheric patterns, 

including convectively coupled equatorial waves, 

further enhances the probability of extreme precipitation 

events during this period [59]. 

These results indicate that the SON season 

represents the most vulnerable period to the indirect 

influence of TC, characterized by an almost twofold 

increase in extreme rainfall compared to JJA. During the 

SON period, the southwest monsoon begins to recede 

and the ITCZ shifts southward across Kalimantan, 

thereby increasing low-level convergence and 

background humidity in the NC region [7]. This 

transitional environment creates atmospheric conditions 

that are more sensitive to large-scale disturbances than 

during the JJA period. In this situation, TC activity in 

the Western Pacific not only acts as an additional source 

of moisture, but also interacts with the weakening 

monsoon system and strengthening ITCZ convergence 

[60]. The findings of Bagtasa [30], TC activity during 

this period often triggers a Rossby wave response that 

produces a Moisture Conveyor Belt (MCB), which is a 

large-scale water vapor transport pathway that channels 

moisture from the Philippine Sea and the Makassar 

Strait to Kalimantan. Given that the atmospheric 

background in SON already supports convergence and 

moisture accumulation, TC-induced advection becomes 

more efficient in increasing episodic precipitation. 

These conditions physically explain why TC rainfall 

contributions increase nearly twofold compared to the 

JJA season, even though the cyclone center remains far 

from the NC region [60]. Considering the NCʼs strategic 

role as a center of national activity, the heightened 

contribution of TC-related extreme rainfall suggests 

substantial future hydrometeorological risks in the form 

of flooding and landslides. These risks should be 

carefully incorporated into disaster mitigation strategies 

and spatial planning initiatives across the region [4,6].
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Figure 6 Daily averages of (a) total rainfall, (b) tropical cyclone (TC)-induced rainfall, and (c) the percentage contribution 

of TC-induced rainfall to total rainfall over the NC during the 2000 - 2024 period. 

 

 

Figure 7 Daily average rainfall over the NC during the 2000 - 2024 period. Panels (a) and (b) show total rainfall during 

JJA and SON, respectively. Panels (c) and (d) depict tropical cyclone (TC)-induced rainfall during JJA and SON. Panels 

(e) and (f) present the percentage contribution of TC-induced rainfall to total rainfall during JJA and SON. 
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Modulation of TC rain by The Madden-Julian 

oscillation 

The MJO significantly modulates both total 

rainfall and the specific contribution of TCs during the 

JJA and SON seasons (Figures 8 and 9). During JJA, 

total rainfall over the NC is strongly influenced by MJO 

Phases 2 and 3, which correspond to the active 

convective stages of the MJO over the Indian Ocean and 

the Maritime Continent. These phases produce the 

highest daily average total rainfall (Figure 8), reaching 

10 - 15 mm/day, driven by enhanced large-scale 

moisture convergence and intensified low-level 

cyclonic circulation anomalies that favor deep 

convective development [40,61]. The active MJO 

convective envelope during these phases creates 

favorable conditions for organized precipitation systems 

by strengthening the monsoon trough and enhancing 

relative vorticity across the region [62,63]. Conversely, 

MJO Phases 6 to 8 represent convective suppression 

over Indonesia [34,64], characterized by anomalous 

anticyclonic circulation and subsidence that result in a 

marked decrease in rainfall to <6 mm/day. 

The spatial distribution of TC rain indicated that 

the highest daily average, exceeding 13 mm/day, occurs 

during Phase 2, with maxima concentrated in Samboja 

and Loa Kulu. This finding supports the notion that MJO 

Phase 2 enhances regional atmospheric moisture and 

low-level convergence, which synergistically amplify 

precipitation associated with the TC-related outflow and 

moisture transport pathways [65]. The poleward edges 

of the MJOʼs moist-convective envelope provide 

particularly favorable environments for TC-related 

precipitation enhancement, as TC forming in these 

regions can efficiently tap into the abundant moisture 

reservoir established by the active MJO phase [66,67]. 

Despite the low total rainfall during the MJO 

suppression stage (Phases 5 - 8), the percentage 

contribution of TC rainfall to total rainfall peaks during 

Phases 5 and 6 (>20%). This increase is linked to the 

eastward shift of the MJO convective center into the 

Western Pacific, generating circulation anomalies that 

strengthen the monsoon trough over the South China 

Sea and the Western Pacific, regions that coincide with 

the origin of TCs. This intensification of the trough 

increases the likelihood of interactions between distant 

TCs and regional moisture flows toward Kalimantan. 

With total rainfall reduced during these phases, the 

relative influence of TC-related precipitation becomes 

more pronounced [11,68], even though absolute TC 

rainfall amounts may be lower than during active phases 

[69,70]. 

During SON (Figure 9), MJO dynamics continue 

to regulate rainfall in the NC but with greater variation 

in intensity. The highest daily average total rainfall 

(Figure 8) occurs during Phases 2 - 4 (>10 mm/day), 

consistent with active MJO conditions that promote 

enhanced local convection. In contrast, Phases 6 - 8 

correspond to suppressed convection and a reduction in 

total rainfall to <8 mm/day, as the MJOʼs convective 

center shifts eastward and subsidence dominates over 

the Maritime Continent [71]. TC rain during SON 

reaches its highest daily average (>13 mm/day) during 

Phase 3, corroborating that the active MJO phase 

provides highly favourable conditions for TC 

intensification in the Western Pacific and subsequent 

moisture advection toward Kalimantan [65]. 

Importantly, the percentage contribution of TC rain 

reaches its maximum during Phases 6 and 7 (>30%) and 

is distributed relatively uniformly across the NC. This 

indicates that although the MJO suppresses total 

precipitation via convection during these phases, TCs 

assume a dominant role in determining the 

characteristics of rainfall [61,72]. The persistence of 

organized TC activity during suppressed MJO phases 

reflects the basin-scale circulation modifications that 

create favorable conditions for TC maintenance in the 

Western Pacific, even as local convection over 

Indonesia weakens [70,73]. 

Vertical wind shear (VWS) anomalies further 

elucidate the dynamic mechanisms driving the 

precipitation patterns observed in Figures 8 and 9. 

Figure 10 illustrates the spatial distribution of 850 - 200 

hPa VWS anomalies across the Western Pacific for each 

MJO phase. Dynamically, the MJO suppressed phase 

(Phases 5 - 7) over the Indonesian region is associated 

with the formation of low-tropospheric westerly 

circulation anomalies over the Western Pacific. These 

anomalies strengthen the monsoon trough and enhance 

both relative vorticity and low-level convergence within 

TC genesis regions [62], creating a more favorable 

environment for cyclogenesis despite the suppressed 

convection over the Maritime Continent [63,74]. 
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During the JJA season, several MJO phases 

exhibit moderate positive VWS anomalies across parts 

of the Western Pacific, particularly during Phases 3 - 4. 

This increased vertical wind differential between the 

upper and lower troposphere acts to limit TC 

intensification by disrupting the vertical alignment of 

the TC vortex and inhibiting the efficient ventilation of 

latent heat from the storm core [69,75]. However, 

regions surrounding the South China Sea and the 

Philippine Sea consistently maintain near-neutral to 

weakly negative VWS anomalies during Phases 2 - 3. 

These conditions coincide with the enhanced rainfall 

observed over NC (Figure 8), suggesting that relatively 

reduced shear in these areas facilitates TC-related 

moisture transport toward Kalimantan, despite the 

generally moderate VWS environment during JJA 

[40,61]. 

In contrast, the SON season exhibits more 

pronounced negative VWS anomalies over the Western 

Pacific basin, specifically during MJO Phases 6 and 7. 

This weakening of VWS creates highly favorable 

dynamical conditions for TC intensification and 

persistence. The synergy between increased low-level 

convergence and strengthened upper-level divergence 

(200 hPa) supports efficient cyclone ventilation, thereby 

enhancing the latent energy supply required for deep 

convective development [76]. This seasonal disparity 

explains why TCs during SON intensify more 

effectively and exhibit longer durations compared to 

JJA, ultimately contributing to the higher percentage of 

TC-related rainfall during suppressed MJO phases in 

SON [70,73]. 

Overall, VWS anomalies confirm that the MJO 

suppressed phase over Indonesia does not necessarily 

result in unfavorable conditions for TCs in the broader 

Western Pacific basin. Instead, the eastward 

displacement of MJO convection modifies large-scale 

circulation, fostering a supportive environment for TC 

activity through strengthened monsoonal flow and 

Rossby wave responses. This mechanism ultimately 

explains why the relative contribution of TC-induced 

rainfall peaks during the MJO suppressed phases, as the 

dynamical environment in the Western Pacific becomes 

more conducive to TC activity even while local 

precipitation in Indonesia declines [61,69]. The phase-

dependent modulation of VWS represents a critical link 

between large-scale intraseasonal variability and 

regional TC impacts, with implications for subseasonal 

precipitation forecasting in NC [69,73]. 

To further examine the upper-tropospheric 

circulation associated with tropical cyclone activity, 

Figure 11 presents the spatial distribution of 200-hPa 

divergence anomalies over the Western Pacific for each 

MJO phase during the JJA and SON seasons. Upper-

level divergence serves as a critical indicator of the 

efficiency of mass evacuation from convective systems 

and directly influences the maintenance of organized 

deep convection within TCs [66,69]. During the JJA 

season, enhanced divergence anomalies are most 

evident during MJO Phases 3 and 4 particularly over the 

Philippine Sea and the central Western Pacific (~135°E 

- 150°E). The strengthening of upper-level divergence 

in this region indicates a more favorable outflow 

environment that supports convective organization 

within tropical cyclones. Such conditions enhance the 

efficiency of mass evacuation from the storm core 

thereby facilitating sustained convective activity and 

contributing to the maintenance of cyclone intensity. 

These divergence patterns are broadly consistent with 

the relatively weak vertical wind shear observed in parts 

of the Western Pacific during the active MJO stages 

suggesting a dynamically coherent environment that 

supports TC development and associated moisture 

transport toward Kalimantan [61,74]. 

MJO Phases 5 - 7 generally exhibit weaker or 

locally negative divergence anomalies across the 

Maritime Continent and the South China Sea, indicating 

reduced upper-level ventilation over the Indonesian 

region during the suppressed convective phase of the 

MJO. Despite this reduction, localized areas of positive 

divergence persist over segments of the Western Pacific 

basin, implying that basin-scale circulation anomalies 

continue to support organized cyclone outflow even 

when large-scale convection over Indonesia weakens 

[63,73]. This spatial heterogeneity in upper-level 

divergence patterns reflects the complex interaction 

between the MJOʼs convective envelope and regional 

circulation features, with important implications for TC 

maintenance and precipitation generation [69]. 

During the SON season, the divergence anomaly 

patterns appear more heterogeneous but still reveal 

several regions of enhanced upper-tropospheric outflow. 

In particular, Phase 3 shows a distinct center of positive 

divergence near the Philippine Sea, which coincides 
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with the period of intensified tropical cyclone activity 

and elevated TC-related rainfall contributions identified 

earlier (Figure 9). This enhanced divergence facilitates 

the efficient removal of mass from the upper 

troposphere, allowing for sustained deep convection and 

moisture convergence at lower levels [66,67]. 

Conversely, Phases 6 - 7 tend to display weaker 

divergence anomalies across much of the domain, 

suggesting a reduction in large-scale convective forcing. 

Nevertheless, the persistence of localized divergence 

centers over the Western Pacific indicates that tropical 

cyclones may continue to maintain organized outflow 

structures under favorable basin-scale circulation 

conditions, even during periods of reduced large-scale 

divergence [73,77]. 

The coupling between upper-level divergence and 

lower-level convergence represents a fundamental 

mechanism through which the MJO modulates TC-

related precipitation. During active MJO phases, 

enhanced upper-level divergence over the Western 

Pacific creates a favorable environment for TC 

intensification by promoting efficient vertical mass 

transport and latent heat release [40,74]. During 

suppressed MJO phases, the spatial redistribution of 

divergence anomalies reflects the eastward propagation 

of the MJOʼs circulation features, with implications for 

the location and intensity of TC activity across the basin 

[63,69]. 

The WVF anomaly patterns during JJA and SON 

(Figure 12) reveal the atmospheric mechanisms 

underlying this variation in rainfall. The WVF anomaly 

(TC-induced - Mean) is calculated from the difference 

between the WVF on the days of TC occurrence and the 

seasonal climatological WVF. In this study, water vapor 

flux was vertically integrated over the 1,000 - 500 hPa 

layer to represent lower-to-mid tropospheric moisture 

transport, which is primarily responsible for supplying 

inflow moisture to tropical cyclones. This boundary was 

chosen because it physically encompasses more than 

90% of the total atmospheric water vapor mass in the 

tropics [78], capturing the dominant moisture transport 

processes that fuel TC convection and precipitation 

[69,75].  

During the JJA season, phases 2 to 3 show a very 

strong moisture convergence area, with WVF values 

reaching ~500 kg m⁻¹ s⁻¹, especially in the Philippine 

Sea region. This strengthening of WVF is supported by 

intense southwest monsoon winds, allowing TC 

circulation to pull large amounts of water vapor from the 

Western Pacific towards the convection center. The 

enhanced moisture availability during these phases 

provides the thermodynamic fuel necessary for 

sustained deep convection and heavy precipitation, 

explaining the elevated TC rainfall contributions 

observed over NC during Phases 2 - 3 (Figure 8). The 

spatial coherence of the moisture convergence zone with 

the TC track and the regional circulation pattern 

indicates efficient coupling between the large-scale 

MJO-induced flow and the TC-scale circulation [62,63]. 

Conversely, phases 5 to 8 show a weakening of the WVF 

relative to phases 2 - 3. Although the cyclonic pattern 

remains clearly visible, the WVF anomaly decreases, 

and the convergence area becomes more limited. This 

decrease is related to the MJO phase entering a 

suppression over the Indonesian region, resulting in a 

convective background and a southwest monsoon flow 

that is weaker than in the early phases. As a result, the 

TC continues to contribute to water vapor advection, but 

not as much as during the active MJO phase (phases 2 - 

3), leading to lower absolute TC rainfall amounts 

despite the higher percentage contribution to total 

rainfall [69,73]. 

During the SON season in phases 3 to 5, the 

magnitude of the WVF anomaly reaches >200 kg m⁻¹ s⁻¹ 

and is concentrated in the 6°N - 30°N latitude region 

covering the Philippine Sea to the Western Pacific 

Ocean. This pattern strongly indicates the entry of a 

much more intense supply of water vapor from the 

tropics into the TC convergence zone, which supports 

cyclone intensification and activity. The enhanced 

moisture transport during these phases reflects the 

favorable alignment of the MJOʼs circulation anomalies 

with the climatological moisture sources in the Western 

Pacific, creating optimal conditions for TC-related 

precipitation generation [74,79]. Conversely, phases 6 

to 8 show an apparent decrease in WVF anomaly values 

compared to phases 3 to 5. Although the convergence 

pattern associated with TC movement remains, its 

intensity tends to weaken. This pattern reflects a 

reduction in the strength of the water vapor flow carried 

by the TC circulation [71]. This weakening occurs 

despite the fact that Phases 6 - 7 correspond to favorable 

dynamical conditions for TC genesis and intensification 

in the Western Pacific, as indicated by reduced VWS 
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and enhanced monsoon trough activity [63,73]. The 

apparent contradiction between favorable dynamical 

conditions and reduced moisture transport during Phases 

6 - 8 suggests that while TCs can maintain their 

structural integrity and intensity during suppressed MJO 

phases, the large-scale moisture supply from the broader 

tropical atmosphere is diminished compared to active 

MJO phases [66,77].   

The vertically integrated moisture transport 

patterns reveal that the MJO modulates TC-related 

precipitation not only through dynamical mechanisms 

(VWS, divergence, vorticity) but also through 

thermodynamic pathways involving moisture 

availability and transport efficiency. The phase-

dependent variations in WVF magnitude and spatial 

distribution directly influence the intensity and spatial 

extent of TC-related rainfall over NC, with implications 

for flood risk assessment and hydrological forecasting 

[40,75].  

To further support these findings, historical 

analysis of extreme events (Table 1) confirms that 

significant 7-day rainfall accumulations in NC often 

coincide with specific MJO phases (amplitude > 1.0). 

Notably, tropical cyclones such as Chanthu (2021) and 

Yagi (2006) produced substantial rainfall during active 

MJO phases 3 and 4. Although tropical cyclones 

infrequently make direct landfall over Kalimantan, their 

indirect impacts mediated through large-scale moisture 

transport and enhanced regional convergence can 

nonetheless generate considerable rainfall, particularly 

when TCs interact with favorable MJO circulation 

anomalies [66,80].  

Table 1 illustrates the most impactful tropical 

cyclone events from 2000 - 2024 along with their 

corresponding MJO phases, highlighting how TCs 

exploit available moisture and circulation anomalies to 

drive extreme precipitation in NC during both active and 

suppressed MJO conditions. The historical record 

reveals that extreme rainfall events can occur across a 

range of MJO phases, but the physical mechanisms 

differ substantially: during active phases (2 - 4), extreme 

rainfall results from the combination of enhanced large-

scale moisture convergence and TC-induced circulation, 

while during suppressed phases (5 - 7), extreme rainfall 

reflects the dominance of TC-related processes in an 

environment of reduced background precipitation 

[69,77]. This phase-dependent variability in the 

mechanisms of extreme rainfall generation has 

important implications for subseasonal forecasting and 

early warning systems, as different MJO phases require 

different predictive approaches and lead times [73,81].

 

Table 1 Summary of the most impactful tropical cyclone (TC) events and their corresponding active Madden-Julian 

Oscillation (MJO) phases (amplitude > 1.0) over the Nusantara City (NC) region. The associated rainfall (mm) represents 

the 7-day cumulative precipitation during the ±3-day window centered on the peak intensity (Vmax). 

Year TC Name Season MJO Phase TC Associated Rainfall (mm) 

2000 XANGSANE SON 6 43.04 

2001 DANAS SON 8 61.31 

2006 YAGI SON 4 93.05 

2006 SHANSHAN SON 3 112.88 

2009 CHOI-WAN SON 3 33.58 

2010 MEGI SON 6 61.40 

2012 BOLAVEN JJA 3 70.70 

2016 MERANTI SON 4 82.93 

2018 MARIA JJA 4 22.10 

2020 MOLAVE SON 6 39.95 

2020 GONI SON 7 45.65 

2021 CHANTHU SON 3 102.45 

2024 YINXING SON 1 23.31 
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Figure 8 Daily mean total rainfall, tropical cyclone-induced rainfall (TC rain), and the percentage contribution of TC 

rainfall during the JJA season over NC for the period 2000 - 2024, stratified by MJO phase. P denotes the MJO phase, 

and the number in parentheses indicates the total number of days associated with each phase. 
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Figure 9 Daily mean total rainfall, tropical cyclone-induced rainfall (TC rain), and the percentage contribution of TC 

rainfall during the SON season over NC for the period 2000 - 2024, stratified by MJO phase. P denotes the MJO phase, 

and the number in parentheses indicates the total number of days associated with each phase. 
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Figure 10 Vertical wind shear anomalies (m s⁻¹) over the Western Pacific Ocean during JJA and SON for each MJO 

phase over the 2000 - 2024 period. Anomalies are defined as the difference between tropical cyclone (TC)-influenced 

conditions and the corresponding climatological mean for each phase. P denotes the MJO phase. 
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Figure 11 200-hPa divergence anomalies (contours; interval = 3×10⁻⁶ s⁻¹) over the Western Pacific for each MJO phase 

during JJA and SON over the 2000 - 2024 period. Anomalies are defined as the difference between tropical cyclone (TC)-

influenced conditions and the corresponding climatological mean for each phase. P denotes the MJO phase. 
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Figure 12 Vertically integrated water vapor flux anomalies (kg/m/s) and moisture flux vectors anomalies over the 

Western Pacific Ocean during the JJA and SON seasons from 2000 - 2024 for each MJO phase. The anomalies are 

calculated as the difference between TC-induced conditions and the climatological state for each corresponding phase. P 

denotes the MJO phase. 
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Trend in tropical Cyclone-Induced rainfall  

Analysis of the annual variation of average daily 

rainfall in the NC during 2000 - 2024 (Figure 13) 

demonstrates the dominance of rainfall unrelated to 

tropical cyclones, consistent with earlier spatial and 

seasonal findings (Figures 2 - 6). The average total daily 

rainfall ranges from 6 to 10 mm/day, whereas TC rain 

only accounts for approximately 0.5 - 1 mm/day. This 

difference indicates that annual rainfall in the NC is 

predominantly driven by non-TC mechanisms, such as 

local convective processes, mesoscale convective 

systems (MCS), and regional monsoonal circulation, 

that occur more frequently and persist longer than TC-

related rainfall [82]. The episodic nature of TC rainfall, 

despite its relatively small annual contribution, 

underscores the importance of distinguishing between 

climatological means and event-based hazard 

characteristics when assessing hydrometeorological 

risk. 

A 25-year linear trend analysis revealed 

contrasting tendencies in annual rainfall. Total rainfall 

exhibits a slight upward trend of 0.014 mm/day/year, 

whereas TC rainfall declines slightly at −0.006 

mm/day/year. The increase in total rainfall may relate to 

rising sea surface temperatures and enhanced moisture 

availability [83], yet the intensity and frequency of TCs 

do not necessarily follow the same trajectory, a 

conclusion supported by prior studies documenting 

diverse regional TC rainfall patterns across the globe 

[28,84]. Recent observational evidence from the 

Western North Pacific indicates that TC rain rates 

exhibit opposite responses to ENSO phases, with 

increases of 9% during El Niño years and decreases of 

14% during La Niña years since 2013, driven by shifts 

in track density and moisture availability [85]. These 

findings highlight the complex, non-linear relationship 

between large-scale climate forcing and regional TC 

rainfall responses. 

However, statistical analysis indicated that both 

rainfall trends in the NC were not significant at the 95% 

confidence level. This non-significance is consistent 

with the inherent characteristics of tropical rainfall, 

which is marked by high interannual variability, limited 

recurrence of extreme disturbances, and the relatively 

short 25-year observation window for capturing long-

term climate signals [86]. The weak and statistically 

non-significant downward trend in TC-induced rainfall 

is further attributable to the low frequency of cyclones 

directly affecting Kalimantan. Similar findings have 

been reported in other tropical regions, where 

substantial interannual variability obscures long-term 

trend detection despite increases in extreme TC rainfall 

magnitude [87]. Accordingly, the present analysis 

should be interpreted as evidence of interannual 

variability rather than as robust detection of long-term 

climatic change. The 2000 - 2024 period is therefore 

more appropriate for characterizing seasonal and 

intraseasonal modulation of rainfall than for attributing 

long-term trends in TC-induced precipitation.  

In addition, interannual variability in the Maritime 

Continent region is strongly influenced by large-scale 

climate phenomena such as the ENSO, which often 

occurs in conjunction with the MJO and has the potential 

to modulate TC activity and rainfall distribution [88]. 

This interconnection creates a complex combined 

signal, in which ENSO can modulate the amplitude and 

spatial propagation of MJO convective anomalies [89]. 

During El Niño summers, enhanced low-level westerlies 

and a strengthened monsoon trough increase TC activity 

and rainfall over the north-central Philippines, while La 

Niña conditions produce opposite effects [90]. 

Furthermore, Western North Pacific TCs interact with 

MJO phases to suppress Maritime Continent rainfall 

across all MJO phases, alleviating rainfall enhancement 

during convective phases and aggravating suppression 

during suppressive phases through moisture divergence 

and upper-tropospheric subsidence mechanisms [82]. 

Because ENSO, MJO, and TC activity can overlap in 

time and influence rainfall through different physical 

pathways, caution is required in interpreting any 

apparent annual trend without explicitly isolating these 

coupled modes of variability. 

Despite the small annual TC rainfall contribution, 

it is important to emphasize that the hazard associated 

with TCs is episodic, pronounced at shorter temporal 

scales, and characteristic of an event-based hazard. TC 

rainfall plays a disproportionately large role during 

specific seasons, contributing more than 20% of the total 

rainfall during JJA and exceeding 30% during SON. 

Consequently, TCs act as strong catalysts for extreme 

rainfall events in NC. Their impact is indirectly felt 

through enhanced moisture flux convergence and 
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intensified northwesterly monsoon advection triggered 

by TC activity over the Western Pacific, which 

amplifies extreme rainfall in NC [87,91]. In the 

Philippines, for example, TC rainfall accounts for up to 

54% of annual rainfall in northern Luzon, with wet years 

experiencing significantly higher TC numbers (4 TCs 

versus 1.67 in dry years) and TC-induced rainfall (330 

mm versus 75 mm) [91,92]. These findings underscore 

that while TC rainfall may not exhibit statistically 

significant long-term trends, individual TC events can 

deliver extreme precipitation totals that dominate 

seasonal and annual rainfall budgets in affected regions. 

From a risk-management perspective, this 

distinction is critical for Nusantara City. Even when the 

annual TC rainfall signal is small, short-duration TC-

enhanced rainfall episodes can still elevate runoff 

generation, exceed urban drainage capacity, and 

accelerate slope instability when they coincide with 

antecedent wet conditions. Therefore, the practical 

relevance of TC-induced rainfall lies less in its annual 

mean contribution and more in its ability to trigger high-

impact hydrometeorological events over short 

timescales. 

TC-induced rainfall does not exhibit a statistically 

significant long-term annual trend in the NC. Despite 

this, hydrometeorological risks remain elevated during 

the peak TC season, and the episodic yet high-impact 

nature of TC events warrants prioritization in disaster 

risk reduction strategies. The relatively short 25-year 

observation period limits the robustness of long-term 

climate trend detection and renders the analysis more 

suitable for examining seasonal and intraseasonal 

variability. For this reason, the present findings should 

not be used to infer that TC-related hazard is 

diminishing in a practical sense. Instead, they indicate 

that hazard assessment in NC should prioritize seasonal 

windows of heightened sensitivity, particularly when 

TC activity coincides with favorable MJO phases and 

enhanced monsoonal moisture transport. Despite the 

absence of a significant annual trend, episodic yet high-

impact TC events warrant prioritization in disaster risk 

reduction strategies, hydrological modeling 

frameworks, and the calibration and evaluation of global 

climate models using satellite-based precipitation 

products [93]. This information can be directly 

translated into operational planning through sub-

seasonal early warning, flood preparedness, slope-

stability monitoring, and drainage design adjustments 

during JJA and especially SON, when remote TC effects 

are most pronounced. Such efforts are essential to 

enhance the resilience of NC to compound MJO-TC 

extreme rainfall events, particularly given projections of 

increased TC rainfall intensity under future warming 

scenarios, even if TC frequency may decline [94].

 

 

Figure 13 Trends of total rainfall (black line) and TC-induced rainfall (green line) over the NC region during the 2000 - 

2024 period. 

 
 

 



Trends Sci. 2026; 23(10): 13446   23 of 30 

 

The limitations of this study should be 

acknowledged. While IMERG Final has demonstrated 

high spatial consistency with surface observation data 

and significant performance improvements over the 

GPM era [24,95], several technical limitations remain to 

be considered. IMERG was essentially developed as a 

High Resolution Precipitation Product (HRPP) rather 

than a Climate Data Record (CDR), so long-term 

temporal homogeneity, especially during the transition 

period between the TRMM era (2000 - 2014) and the 

GPM era (2015-present), could potentially be affected 

by differences in sensor calibration, algorithm updates, 

and gauge adjustment procedures between missions [96-

97]. The TRMM 3B42 algorithm switched to GPM 

observations post-March 2015, introducing potential 

temporal inhomogeneity that may affect trend analyses 

spanning the TRMM-GPM transition [96]. Furthermore, 

IMERG V06 and V07 exhibit systematic differences in 

precipitation estimates, with V07 increasing annual 

mean precipitation by 2.2% over land but decreasing it 

by 5.8% over ocean compared to V06, though V07 

shows improved detection skill and reduced bias against 

rain gauge networks [98]. 

The spatial resolution of 0.1° (~11 km) may also 

limit the representation of local-scale convective 

processes and highly localized extreme rainfall 

intensity, particularly in coastal areas and complex 

topographies such as NC [99,100]. Validation studies 

have shown that IMERG tends to underestimate heavy 

TC rainfall, especially near storm centers, with mean 

errors of −0.78 mm/h for mean TC rainfall and −12.1 

mm/h for heavy TC rainfall [98,101]. Performance 

varies significantly by land cover type, with 

overestimations over water bodies and evergreen 

broadleaf forests [98]. Additionally, IMERG exhibits 

reduced detection skill at high elevations (>4,500 m) 

and struggles to capture the full intensity of extreme 

precipitation events, often underestimating rainfall 

during tropical cyclones and medicanes by significant 

margins [100,102]. The high intra-grid spatial 

variability in the Maritime Continent results in large 

spatial sampling errors when comparing IMERG 

gridboxes with individual station measurements, 

particularly above the 95th percentile of extreme 

precipitation [103]. 

In addition, this study did not use in-situ rainfall 

data as additional validation at the local scale, so the 

potential for satellite bias in extreme events could not be 

fully evaluated. Validation studies in similar tropical 

environments have revealed that IMERG overestimates 

hourly rainfall (correlation coefficients of 0.03 - 0.28) 

and daily rainfall (RMSE up to 6.90 mm/day), with 

particular challenges in complex terrain and during 

extreme rainfall events [24]. While IMERG Final Run 

products, which incorporate monthly GPCC gauge 

adjustments, generally outperform Early and Late Run 

products, they still exhibit systematic biases, with only 

16% - 17% of areas showing acceptable relative bias 

ranges (−10% to 10%) during extreme TC events [104]. 

These limitations suggest that the true magnitude of 

extreme TC rainfall in the NC may be underestimated 

by IMERG, potentially affecting the assessment of TC 

rainfall trends and variability. 

This study also analyzes the effects of TC and 

MJO separately without performing simultaneous 

statistical decomposition of the ENSO-MJO-TC 

interaction, which theoretically can contribute to 

interannual variability and will be an important direction 

for further research to clarify the mechanisms 

controlling rainfall variability in the NC. The complex 

interplay between ENSO phases, MJO propagation, and 

TC genesis and track patterns creates non-linear 

interactions that cannot be fully captured through 

separate analyses [61,105]. Future research should 

employ advanced statistical techniques, such as 

multivariate regression, empirical orthogonal function 

(EOF) analysis, or machine learning approaches, to 

disentangle the relative contributions of these coupled 

climate modes to TC rainfall variability in the Maritime 

Continent. Additionally, the integration of high-

resolution regional climate model simulations with 

satellite observations could provide improved 

representation of local-scale processes and better 

quantification of TC rainfall extremes in complex 

coastal and mountainous terrain. 

 

Conclusions 

TC activity significantly contributes to rainfall in 

the NC, particularly on a seasonal scale. The SON 

season makes a substantially greater contribution (19% 

- 23%) than the JJA season (June – July - August) (11% 
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- 12%), a pattern that is directly influenced by the 

frequency and density of TC activity that peaks in the 

Western Pacific Ocean during SON. The MJO also 

strongly modulates the contribution of TCs. The highest 

percentage contribution of TCs occurs during the MJOʼs 

local convective-suppression phase over Indonesia. 

During JJA, the contribution of TCs peaks (>20%) in 

Phases 5 - 6, indicating that the shift in the MJO 

convective center to the Western Pacific strengthens the 

monsoon trough and increases the interaction of TCs 

with moisture flows towards Kalimantan. In the SON, 

TC dominance is more extreme, peaking (>30%) in 

Phase 6 - 7 across most of NC. This confirms that even 

though total seasonal rainfall decreases during the MJO 

suppression, TCs become a dominant and sensitive 

factor in the formation of extreme rainfall in the region.  

Linear trend analysis indicates a slight increase in 

total rainfall (+0.014 mm day⁻¹) and a modest decline in 

TC rainfall (‒0.006 mm day⁻¹). Although neither trend 

was statistically significant over the 25 years, this result 

should not be interpreted as evidence of declining TC-

related hazard. Rather, it indicates that the available 

record is too short and too strongly affected by 

interannual variability to support robust long-term trend 

attribution. The primary value of the present analysis 

lies in identifying the seasonal and intraseasonal 

conditions under which TC impacts on NC rainfall 

become disproportionately important.  

The contribution of TC rainfall to seasonal totals 

is not linear in relation to risk, but becomes significant 

when considered within the framework of rainfall 

thresholds that trigger landslides. Studies of intensity 

duration and effective duration thresholds show that 

landslides occur when rainfall accumulation exceeds a 

certain critical value, which is greatly influenced by 

previous soil moisture conditions. In the context of NC, 

the contribution of TCs during the MJO 5 - 7 phase has 

the potential to increase daily or multi-day rainfall 

accumulation to exceed these thresholds, especially 

when it occurs after a period of active monsoon rainfall. 

Thus, the contribution of TCs serves as a factor that 

amplifies the probability of slope failure in the regional 

risk system, rather than simply being a statistical 

addition to the total seasonal rainfall.  

These findings have direct practical implications 

for the environmental resilience planning of Nusantara 

City. In particular, the results support the incorporation 

of TC-MJO compound rainfall risk into flood 

preparedness, slope stability surveillance, drainage 

design, and sub-seasonal early warning systems. 

Heightened preparedness during JJA and especially 

SON, with particular attention to MJO Phases 5 - 7, 

would provide a more actionable framework for 

anticipatory risk management than reliance on annual 

rainfall statistics alone. 

Furthermore, climate projections for the Maritime 

Continent indicate an intensification of the hydrological 

cycle under global warming, characterized by increased 

atmospheric moisture availability and a higher 

likelihood of extreme rainfall events. Under such a 

future climate background, even if the frequency of 

tropical cyclones does not increase, the rainfall 

efficiency and hydrological impact of TC-related events 

may intensify. This implies that the compound influence 

of remote tropical cyclones, monsoonal moisture 

transport, and intraseasonal variability may become 

more consequential for NC than suggested by present-

day annual mean trends alone. Although the historical 

trends detected in this study are not statistically 

significant, the demonstrated sensitivity of NC rainfall 

to TC-MJO interaction suggests that compound extreme 

events may become more impactful under future climate 

scenarios.  

Therefore, the main contribution of this study is 

not to claim a robust long-term climatic trend, but to 

demonstrate that NC is seasonally and intraseasonally 

vulnerable to remotely forced extreme rainfall. This 

perspective is particularly relevant for a rapidly 

developing capital city, where infrastructure resilience, 

land-use planning, and disaster-risk governance must 

account for short-duration but high-impact 

hydrometeorological events. These findings highlight 

the importance of incorporating sub-seasonal MJO 

phase monitoring into regional early warning systems. 

In particular, heightened alertness during MJO Phases 5 

- 7 in JJA and SON could support anticipatory flood 

management, slope stability monitoring, and drainage 

capacity preparedness in the NC region. Therefore, 

integrating TC-MJO compound risk into long-term 

resilience planning is essential for the sustainable 

development of NC. 
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