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This study investigates the characteristics and future projections of warm rain during the winter monsoon (December–February; DJF) over the western part of the Java Sea (WJS), Indonesia, using satellite observations (TRMM), reanalysis data (ERA5), and model simulations (Atmospheric General Circulation Model; AGCM). The WJS, influenced by winter monsoon, experiences increased Sea Surface Temperatures (SST), which play a significant role in atmospheric dynamics and precipitation. Analysis of ERA5 data from 1950 to 2009 indicates a significant upward trend in SST for both the Indonesian region (slope 0.0070°C/yr) and the WJS (slope 0.0094°C/yr), with the highest SST increases occurring during DJF. Relating SST and Cloud Liquid Water Content (CLWC) during DJF shows a positive correlation coefficient (R) in the pathway of winter monsoon including the WJS. The R between cloud particles (CLWC, graupel and Cloud Ice Water Content; CIWC) and rainfall during DJF in WJS is higher for CLWC and rainfall which indicates the importance of CLWC. Warm rain processes, driven by CLWC, are evident, as TRMM observations of shallow rainfall align with CLWC spatial distributions. AGCM simulations successfully replicate the observed CLWC patterns, showing strong agreement with TRMM data in the western region of Indonesia including WJS. The study also compares low-level convergence patterns from ERA5 and AGCM data at 925 hPa, revealing similar trends in WJS, where convergence facilitates CLWC formation. The analysis of CLWC percentiles at an average of 1,000–700 hPa highlights a significant increase in CLWC over the pathway of winter monsoon, including the WJS, during DJF across 30-year intervals. The trends of CLWC for the Indonesia area and WJS also demonstrate the increasing value. These findings underscore the critical role of the winter monsoon in shaping warm rain processes in WJS and its implications for extreme weather events, such as flooding in land areas such as Jakarta.

Keywords
 climate change; SST; warm rain; CLWC; TRMM; AGCM


1 Introduction

Warm rain is a critical component of the hydrological cycle, especially in tropical regions, where it is the dominant precipitation mechanism. In the tropics, warm rain accounts for approximately 31% of total rainfall volume and covers 72% of the rain-affected areas (Lau and Wu, 2003). These statistics highlight its pivotal role in shaping tropical hydrology and climate dynamics. Warm rain forms in clouds with temperatures above 0°C through the droplet collision-coalescence process, bypassing the ice-phase Bergeron-Findeisen mechanism (Rogers and Yau, 1989; Tao et al., 2012). Enhanced by high moisture availability and strong updrafts, this process sustains significant rainfall, impacting regional water resources, ecosystems, and weather patterns.

Climate change intensifies atmospheric and oceanic dynamics. According to the Intergovernmental Panel on Climate Change (IPCC, 2013), global sea surface temperatures (SST) have risen by approximately 2°C, coupled with a warming atmosphere with an increasing capacity to hold water vapor by about 7% per 1°C rise, as described by the Clausius-Clapeyron relation. This warming enhances cloud water content (CWC), which includes cloud liquid water content (CLWC) at temperatures above freezing and cloud ice water content (CIWC) at colder altitudes. Additionally, it increases rain liquid water content (RLWC), the liquid-phase component of precipitation derived from CLWC (Lebsock et al., 2008; L’Ecuyer et al., 2009; Suzuki et al., 2011; Zhang et al., 2020). As a result, warm rain events become more frequent, intensifying the hydrological cycle and leading to stronger and more frequent rainfall (Gao et al., 2021). Given the close relationship between CLWC and warm rain formation, this study uses CLWC as a proxy for warm rain occurrence.

Warm rain processes have been categorized into three types by Liu and Zipser (2009), namely isolated events, clouds adjacent to a rain system, and clouds embedded within larger clusters. Investigating these processes requires advanced observational tools, such as The Tropical Rainfall Measuring Mission (TRMM), which uses radar and radiometric sensors to monitor rainfall and cloud phases, including CLWC, graupel, and CIWC. This study employs TRMM data alongside simulations from the Meteorological Research Institute Atmospheric General Circulation Model (MRI-AGCM) to explore changes in warm rain processes through the CLWC, particularly in the Java Sea. The MRI-AGCM has been used to study the future rainfall change by Mizuta et al. (2012), Osakada and Nakakita (2018), and Mori et al. (2021) in Japan and East Asia region. It is a good opportunity to use and validate the MRI-AGCM data in Indonesia region.

The Java Sea, situated between Java, Sumatra, and Borneo, serves as a key region for studying warm rain processes due to its tropical maritime climate and strong monsoonal influences. During the winter monsoon, moist northeasterly winds enhance cloud formation and precipitation over the Java Sea (Chang et al., 2006), contributing significantly to regional water resources while also posing flood risks (Aldrian and Susanto, 2003). Local wind interactions create convergence zones that further intensify rainfall over the Java Sea (Ningsih, 2000; Matsumoto et al., 2017). These convective systems, particularly those developing at night and early morning, often propagate inland toward Jakarta due to land-sea interactions and moisture convergence. Moreover, during the northwest monsoon, prevailing easterly currents in Jakarta Bay can amplify coastal flooding when combined with heavy rainfall and storm tides (Shen et al., 2019; Lee et al., 2020).

Understanding warm rain dynamics is essential for assessing climate change impacts, improving rainfall predictions, and formulating adaptation strategies for regions increasingly vulnerable to extreme weather events. In the context of rising global temperatures, this study aims to investigate the future behavior of warm rain and its dynamics associated with convergence in tropical regions like Indonesia, with a particular focus on the Western Java Sea (WJS).



2 Research location, data, and method


2.1 Research location

The study utilizes a combination of observational data, reanalysis, and model simulations to analyze the characteristics and future projections of warm rain during the winter monsoon in the WJS. The WJS is in the northern part of Jakarta, a major city and former capital of Indonesia, making it a region of significant importance. Jakarta often experiences severe impacts during the winter monsoon due to increased rainfall (Nuryanto et al., 2021). This study focuses on the WJS within the coordinates 106°–110°E longitude and 4°–6°S latitude as shown in Figure 1.
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FIGURE 1
 The topographic map of Indonesia highlights the WJS, marked by a red square box (coordinates: 6°S to 4°S, 106°E to 110°E). The red dot is Jakarta.




2.2 Data


2.2.1 ERA5

The SST and convergence data used in this study are from the ERA5 dataset, developed by the European Centre for Medium-Range Weather Forecasts (ECMWF) under the Copernicus Climate Change Service (C3S). The SST data covers 60 years (1950–2009), while the convergence data spans 17 years (1998–2014), calculated from the zonal wind (U) and meridional wind (V) component (Hersbach et al., 2020). The shorter period of U and V is to align with TRMM, otherwise it would be nice to look at onvergence over a longer period, since ERA-5 is available from 1940 to present. ERA5 is a comprehensive global atmospheric reanalysis dataset that provides hourly estimates of a wide range of climate-related variables, encompassing atmospheric, land, and oceanic components. It provides global coverage with a horizontal grid resolution of 0.25° × 0.25° and a daily temporal resolution. The dataset includes 137 vertical levels, extending from the Earth’s surface to an altitude of approximately 80 km. These high-resolution features make ERA5 an invaluable resource for analyzing climate dynamics across various spatial and temporal scales.1



2.2.2 TRMM

This study utilizes data from the TRMM satellite (TRMM, 2011a), a Low Earth Orbit (LEO) satellite designed to operate in tropical and subtropical regions between 35°N and 35°S (Kummerow et al., 1998). Specifically, the study uses the 3A12, 3A11, and 3A25 datasets, covering the period from 1998 to 2014 (17 years). The TRMM 3A12 dataset, derived from the TRMM 2A12 product, utilizes the TRMM Microwave Imager (TMI) sensor to detect various cloud particles, including CLWC, graupel, and CIWC. Additionally, the 3A12 data provides surface precipitation (rainfall) measurements. This dataset provides monthly data with a spatial resolution of 0.5° × 0.5° and 28 vertical layers with an interval ranging from 0.5 to 1 km (TRMM, 2011b). The 3A11 dataset analyzes the melting layer region, offering valuable information about this critical boundary. (TRMM, 2011c). Meanwhile, the 3A25 dataset, derived from the 2A25 product, utilizes radar observations to examine shallow (warm) rainfall (TRMM, 2011d). These datasets collectively provide critical insights into precipitation and cloud characteristics, with TRMM’s observational area encompassing key tropical regions. Users can freely access and download the data from the NASA Goddard Earth Sciences Data and Information Services Center (GES DISC).2



2.2.3 AGCM

The model used in this study is the MRI-AGCM3.2, developed as part of the atmospheric component of the Earth System Model MRI-ESM1 (Yukimoto et al., 2012). MRI-AGCM3.2 builds on the previous version jointly developed by the Japan Meteorological Agency (JMA) and the Meteorological Research Institute (MRI) (Mizuta et al., 2012). It also includes minor updates from MRI-AGCM3.1, which was utilized in earlier 20-km resolution experiments (Kitoh and Kusunoki, 2008). This model features newly developed parameterization schemes for various physical processes designed collaboratively by JMA and MRI. These modular schemes, enable users to switch between updated and conventional implementations. For experiments conducted at a 20-km resolution, the models are designated as MRI-AGCM3.1S and MRI-AGCM3.2S, representing the super-high-resolution configurations. This research focused on CLWC parameters at altitudes between 1,000 and 700 hPa. According to Pruppacher et al. (1998), clouds in global climate model (GCM) simulations are typically assumed to consist entirely of ice at temperatures below approximately −40°C and entirely of liquid at temperatures above 0°C. However, in the tropics, systematic high biases are observed at all levels above 700 hPa (Li et al., 2018). The elevation data resolution for the Indonesian region is 1.25° × 1.25°, and the AGCM dataset provides monthly temporal resolution. Additionally, this study utilizes U and V to calculate convergence (Hersbach et al., 2020). The data can be accessed in the Data Integration and Analysis System (DIAS)3.




2.3 Methodology

The methodology consists of six main components. First, the increase in SST data over Indonesia, including WJS was analyzed using ERA5 reanalysis data. Second, the analysis examined the relationship between SST and CLWC using TRMM data, applying correlation coefficient (R) methods. To resolve the differences in spatial and temporal resolutions between ERA5 SST data and TRMM CLWC data, linear interpolation adjusted the ERA5 data to match the TRMM grid resolution of 0.5° × 0.5°. Additionally, daily data was aggregated to a monthly timescale for consistency. Third, the R-value between warm rainfall and CLWC was investigated using TRMM data. Fourth, the performance of the AGCM was validated by comparing its output with satellite-derived CLWC data for past conditions, utilizing the R-value. Linear interpolation was also used to align the AGCM grid resolution of 1.25° × 1.25° with TRMM data. Since AGCM output includes only total CWC without distinguishing between liquid and ice phases, data below the freezing level (1,000–700 hPa) were used to represent CLWC. Fifth, the linkage between warm rain and atmospheric convergence at 925 hPa during winter monsoon was examined using convergence from the AGCM, along with the convergence value derived from ERA5. Finally, future projections of warm rain were assessed by analyzing AGCM-simulated CLWC data during winter monsoon, focusing on potential increases in warm rain associated with climate change.




3 Results and discussions


3.1 The increasing of SST in Indonesia

Figure 2 shows the spatial distribution of the 30-year climatology of SST around Indonesia, including the WJS region, highlighted by the red rectangle. Figure 2a represents the period 1950–1979, while Figure 2b covers 1980–2009. The analysis indicates a clear pattern of increasing SST across all regions of Indonesia, including the WJS, in 30-year increments. The increasing of SST will enhance moisture capacity as proposed by Clausius–Clapeyron relation, which predicts that the atmosphere’s moisture-holding capacity increases by approximately 7% per 1°C rise in temperature (Martinkova and Kysely, 2020). A warmer atmosphere holds more water vapor, potentially resulting in heavier rainfall during the winter monsoon (Loo et al., 2015; Fahad et al., 2024). The warming trend in the WJS region can have significant implications for atmospheric dynamics, including the increased moisture-holding capacity of the air, which directly affects cloud formation and precipitation processes. These changes may significantly impact regional hydrology and weather patterns, such as increasing the risks of flooding and other climate-related effects, which could affect surrounding areas like Jakarta, located in the coastal region (Xu et al., 2019).
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FIGURE 2
 Spatial distribution of SST from ERA5 for the 30-year climatology of (a) 1950–1979 and (b) 1980–2009.


Figure 3 shows the annual and seasonal SST time series for Indonesia and WJS reveals a consistent warming trend across all seasons, with positive linear regression slopes indicating a steady increase in SST over the decades. The annual mean SST trend shows an increase of 0.0061°C/yr for Indonesia and 0.0083°C/yr for WJS, highlighting a slightly faster warming in WJS. Seasonal trends further support this pattern, with the most pronounced warming observed during the DJF period, where SST increases are 0.0070°C/yr for Indonesia and 0.0094°C/yr for WJS. This seasonal peak aligns with the winter monsoon, a critical period for precipitation processes. These consistent SST increases enhance the atmosphere’s moisture-holding capacity, as per the Clausius–Clapeyron relation, which contributes to intensified cloud formation and precipitation processes. The WJS is slightly higher in SST warming compared to the broader Indonesian region, underscoring its sensitivity to climatic and oceanic dynamics, reinforcing the role of rising SSTs in amplifying warm rain and hydrological changes in the region. The highest increase in SST during DJF is very significant to be studied in Indonesian areas, especially in the WJS, due to its impact on this region. For the following analysis we will focus on the DJF to see the effect of the increasing SST. The DJF analysis also considers climate change, as indicated by the observed increase in SST.

[image: Figure 3]

FIGURE 3
 Time series of SST for annual and seasonal climatology in (a) Indonesia and (b) the WJS over 1950–2009 (60 years).




3.2 Cloud particles profile and its correlation to SST and rainfall

The vertical profile of cloud particles over the Indonesian region reveals distinct characteristics of microphysical processes, as shown in Figure 4. CLWC is concentrated primarily below 4 km, with a significant peak near the surface, indicative of warm cloud processes and abundant moisture in the lower troposphere. Li et al. (2013) found that the CLWC is concentrated around 3 km in the East and South China Sea. However, CLWC diminishes rapidly above 4 km as water droplets freeze into ice particles due to decreasing temperatures with altitude. Meanwhile, CIWC dominates the mid to upper troposphere, peaking around 12–14 km. This reflects the formation of ice-phase particles in colder atmospheric layers, driven by convective updrafts that transport moisture upward. CIWC decreases above 16 km, likely due to limited moisture and reduced ice nucleation at higher altitudes.

[image: Figure 4]

FIGURE 4
 Average values of cloud particles (CLWC, graupel, CIWC) over the Indonesia region from 1998 to 2014.


Graupel, characterized by its formation through riming processes, is prominent between 4 km and 14 km, with a peak concentration around 6–8 km. This range highlights intense convective activity, where supercooled water and ice crystals collide and grow into graupel. As part of warm and moist tropics, the Indonesian region supports vigorous convection, driven by processes such as those associated with the Intertropical Convergence Zone (ITCZ) and mesoscale convective systems (Houze and Churchill, 1987; Emanuel, 1994).

The R between SST and CLWC, calculated for each grid cell every month, reveals complex spatial and seasonal dynamics, particularly over WJS. The annual climatology shows low or negative R values in most monsoon pathways, as seen in Figure 5a. This suggests that as SST increases, the average CLWC at lower levels (0.5–3 km) decreases, likely reflecting the convective nature of precipitation in this tropical region. Warmer SSTs enhance atmospheric instability, leading to deeper convection that facilitates the rapid conversion of CLWC into precipitation or transport to higher altitudes where it transitions into mixed-phase or ice particles. This dynamic results in reduced CLWC at lower levels. The averaging of wet and dry season processes further dilutes the SST-CLWC relationship, contributing to the overall weak R in the annual climatology across the monsoon pathway. In contrast, during the DJF climatology (Figure 5b), a pronounced positive correlation emerges in the northern part of Indonesia, influenced by the winter monsoon. This seasonal shift highlights the role of enhanced SST in driving atmospheric moisture and shallow convection, leading to higher CLWC during DJF. This pattern aligns with previous studies, such as Kodama et al. (2009), who linked warm SSTs to increased warm rain production, and Shah and Srivastava (2019), who reported positive SST-CLWC correlations in the Arabian Sea and central India. While this relationship is held in many regions, the WJS exhibits a weaker correlation, even during DJF. Despite increasing trends in SST and CLWC, the persistently low or negative R values in some parts of WJS suggest additional atmospheric processes at play, such as enhanced precipitation efficiency where cloud liquid water is more effectively converted into precipitation or shifts in cloud microphysics, including transitions from warm to mixed-phase clouds, which may limit CLWC accumulation.
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FIGURE 5
 The spatial distribution of R between SST and CLWC at a height of 0.5 -3 km for (a) annual climatology and (b) DJF climatology from 1998 to 2014.


Figure 6 highlights the R between rainfall and three cloud particle types: CLWC, graupel, and CIWC over WJS. Figure 6a demonstrates the highest R between rainfall and CLWC, indicating that CLWC in lower atmospheric layers contributes significantly to rainfall. Zhang et al. (2020) proposed that increasing CLWC leads to increased in rainfall. This strong relationship highlights the dominance of warm rain processes, particularly in tropical regions like Indonesia where abundant moisture and convective activity during winter monsoon drive rainfall formation. The efficient conversion of CLWC into raindrops under warm conditions is a characteristic feature of tropical convective systems. Figure 6b shows a moderate correlation between graupel and rainfall, suggesting the importance of ice-phase processes in influencing precipitation. Graupel forms within convective clouds through riming, where supercooled liquid water freezes upon contact with ice particles, contributing to rainfall through melting as it falls into warmer layers. The role of graupel is particularly significant in mixed-phase clouds where strong updrafts prevail, indicating that it plays a secondary but crucial role in enhancing rainfall. Figure 6c displays the lowest correlation between CIWC and rainfall, which suggests that cloud ice contributes less directly to the rainfall. This weaker relationship likely stems from the fact that ice-phase particles must undergo additional processes, such as melting, to contribute to rainfall. The tropical environment, characterized by a warm and moist atmosphere, often supports warm rain mechanisms, thereby reducing the direct contribution of CIWC. Together, these correlations emphasize that while warm rain processes are dominant, ice-phase particles, particularly graupel, also play a critical role in modulating precipitation (Takahashi, 1976).

[image: Figure 6]

FIGURE 6
 The R between (a) rainfall and CLWC, (b) rainfall and graupel, and (C) rainfall and CIWC during DJF from 1998 to 2014 over WJS.




3.3 Warm rain investigation through CLWC


3.3.1 Freezing level average in Indonesia

Figure 7 reveals the annual average of the freezing levels observed by TRMM (data set 3A11) from 1998 to 2014 over the Indonesian region for annual and seasonal. It reveals a mean climatological value of 4.46 km, with a range between 4.41 and 4.47 km. Seasonal variability is evident, with the freezing level being notably lower during DJF at 4.38 km, likely due to the winter monsoon’s influence, which brings cooler air masses and increased cloud condensation. Conversely, the freezing level is highest during SON at 4.60 km, followed by JJA at 4.52 km, reflecting warmer atmospheric conditions during these periods. This seasonal fluctuation highlights the dynamic interaction between atmospheric temperature and precipitation processes in Indonesia, where lower freezing levels during DJF enhance warm rain formation by reducing the reliance on the ice-phase process. The melting layer height confirms the pattern shown in Figure 4, where CLWC decreases rapidly at around 4 km. The melting layer height is also a key factor in selecting CLWC data from TRMM and AGCM.
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FIGURE 7
 The annual and seasonal average freezing level over Indonesia from 1998 to 2014.




3.3.2 Warm rain investigation through CLWC

We investigate warm rain through a comparison of warm rainfall and CLWC. Warm rainfall refers to precipitation that occurs when radar reflectivity is detected below the freezing level. Figures 8a,b show the spatial distribution of warm rainfall and the average CLWC at heights of 0.5–3 km during DJF from 1998 to 2014, respectively. The results highlight the significant influence of monsoon dynamics on these parameters. During DJF, both warm rainfall and CLWC are more concentrated over maritime regions (black elliptical circle area), aligning with monsoon-driven moisture influx. Figure 8 shows a consistent relationship between warm rainfall and CLWC, as monsoonal circulation enhances cloud development, increases CLWC, and promotes warm rainfall. These findings underscore the critical role of monsoon dynamics in shaping seasonal variations in warm rain and CLWC over the WJS and surrounding regions.

[image: Figure 8]

FIGURE 8
 Spatial distribution comparison of (a) warm rainfall and (b) average CLWC at height 0.5–3 km from 1998 to 2014 for DJF. Black elliptical circle indicates the monsoonal pathway.





3.4 Validating the output AGCM using satellite observation


3.4.1 Vertical profile comparison

A comparison of the average vertical profiles of CLWC/CIWC from TRMM and CWC from AGCM over the Indonesia region for 1998–2014 is shown in Figure 9a (annual climatology) and Figure 9b (DJF climatology). The figures highlight similarities and differences in the representation of cloud microphysics. Annual climatology indicates that the TRMM satellite captures both CLWC and CIWC, while the AGCM primarily simulates total CWC (the sum of CLWC and CIWC), which tends to be overestimated in the lower atmosphere (1000–700 hPa) compared to TRMM observations. TRMM CLWC is concentrated at lower altitudes, while AGCM exhibits higher CWC values throughout the vertical column. Focusing on the lower part of the atmosphere, at heights of 1,000–700 hPa (approximately 0–3 km), indicates that both datasets align well for CLWC, with TRMM offering more detailed differentiation between liquid and ice phases.

[image: Figure 9]

FIGURE 9
 Comparison of the average vertical profiles of CWC, including CLWC and CIWC, between TRMM and AGCM from 1998 to 2014 for (a) annual climatology and (b) DJF climatology over the Indonesia region.




3.4.2 Correlation coefficient of CLWC distribution

The R between CLWC observed by the TRMM satellite and CLWC simulated by the AGCM, as shown in Figure 10, is calculated for each grid cell every month and reveals notable seasonal and annual variations. For annual climatology, higher correlations are observed in the northern parts of Indonesia, where atmospheric dynamics are simpler, allowing better agreement between AGCM and TRMM data. Seasonally, the DJF period demonstrates the strongest correlations, particularly over maritime regions, as the AGCM effectively simulates CLWC during DJF when atmospheric moisture is abundant. Moreover, while the AGCM performs better under stable monsoonal conditions, as seen in DJF, the lower correlations in eastern Indonesia highlight its limitations, suggesting that the model is more effective in the more humid western regions during the winter monsoon.

[image: Figure 10]

FIGURE 10
 The spatial distribution of R between CLWC from TRMM and CLWC from AGCM at a height of 1,000–700 hPa for (a) annual climatology and (b) DJF climatology during 1998–2014.





3.5 Investigating warm rain due to convergence during DJF

Figure 11 illustrates the 17-years (1998–2014) average distribution of convergence (divergence) indicated by negative (positive) value at 925 hPa from the ERA5 dataset (Figure 11a) and the AGCM model (Figure 11b), as well as the CLWC at 850 hPa observed by TRMM (Figure 11c) over Indonesia during DJF. The ERA5 and AGCM outputs show similar convergence patterns in the northern and western parts of Indonesia, with notable activity over WJS and areas near Western Sumatra. However, the AGCM model tends to overestimate convergence values compared to ERA5, especially over the WJS, indicating a potential bias in the model’s sensitivity to atmospheric dynamics.

[image: Figure 11]

FIGURE 11
 Convergence (divergence) is indicated as negative (positive) by (a) ERA5 reanalysis, (b) AGCM, and (c) CLWC from TRMM during the DJF for the period 1998–2014 at 925 hPa.


The relationship between convergence and CLWC is evident when comparing the convergence outputs to the CLWC from TRMM (Figure 11c). Regions such as Western Sumatra and WJS display a strong alignment, suggesting that areas of high convergence are associated with increased CLWC. This indicates that convergence plays a critical role in cloud development and precipitation formation in these areas. However, some regions show discrepancies in distribution, potentially due to differing atmospheric dynamics or limitations in capturing local-scale processes. Furthermore, these differences could be attributed to the varying spatial resolutions, as the AGCM’s larger grid size may struggle to capture finer local-scale processes. These results suggest that convergence at 925 hPa has some influence on CLWC in the WJS, but the weak correlation indicates it may not play a significant role in driving warm rain formation during DJF. According to Compo et al. (1999) and Chang et al. (2005), cold surges during DJF often enhance atmospheric instability over the South China Sea, particularly in the region north of Borneo and along the Indo-China coast, due to intense low-level wind convergence at their leading edge. This low-level convergence also influences WJS, where it can increase precipitation, potentially affecting regional weather patterns and maritime conditions.

Overall, the similarities between ERA5 and AGCM in identifying key regions of convergence highlight the reliability of the model in capturing large-scale patterns. However, the AGCM’s tendency to overestimate convergence values indicates the need for further refinement to enhance its accuracy. This is especially crucial in the dynamic atmospheric conditions of Indonesia, where accurately representing convergence is vital for understanding cloud processes and rainfall distribution. It should be noted that this study provides only a brief exploration of convergence during DJF, focusing on whether convergence or divergence dominates and examining the intensity of convergence. A more detailed investigation, utilizing data with higher temporal and spatial resolution, is necessary to gain a deeper understanding of convergence in the WJS.



3.6 Future projection of warm rain

This part investigates the future changes in warm rain by analyzing the spatial and temporal distribution of extreme CLWC values using model projections of AGCM. The focus is on understanding the potential increase in the 95th percentile (P95) of CLWC distribution under future climate scenarios. Figure 12 illustrates the temporal evolution of extreme CLWC values P95 during the DJF period from 1950 to 2099 at 30-year intervals, averaged over heights of 1,000–700 hPa, focusing on the western part of Indonesia, including the WJS. The results reveal a consistent increase in extreme CLWC values over time, particularly in WJS. From 1950–1979 (Figure 12a) to 2070–2099 (Figure 12e), the intensity of CLWC extremes becomes progressively stronger, reflecting the influence of warming temperatures and enhanced atmospheric moisture during DJF. This trend highlights the significant role of the winter monsoon in amplifying CLWC values in this region. The increased moisture availability due to rising SSTs and stronger monsoonal dynamics leads to more intense warm rain processes, as indicated by CLWC.

[image: Figure 12]

FIGURE 12
 Temporal evolution of extreme CLWC values (95th percentile) at height 1,000–700 hPa during the DJF period from 1950 to 2099, shown at 30-year intervals: (a) 1950–1979, (b) 1980–2009, (c) 2010–2039, (d) 2040–2069, and (e) 2070–2099.


Figure 13 illustrates the increasing trend of extreme CLWC values (P95) over 150 years (1950–2099) at the 1,000–700 hPa pressure level, based on output from an AGCM. Two regions are represented, the Indonesia area (R1; red dots and trendline) and the WJS area (R2; blue crosses and trendline). Both regions show a consistent positive trend in CLWC over time, indicating a long-term increase. The slopes of the trendlines reveal a slightly steeper increase for the Indonesia area (0.00007182 g/m3 per year) compared to the WJS (0.00004988 g/m3 per year), suggesting regional differences in the rate of cloud water accumulation.

[image: Figure 13]

FIGURE 13
 Time series and trendline of extreme CLWC values (95th percentile) during the DJF period from 1950 to 2099, averaged over Indonesia (R1; red dots and red dashed line) and WJS (R2; blue crosses and blue dashed line).


The stronger trend in the Indonesia area may be attributed to its geographical location near the equator, where convection and moisture convergence are more intense. In contrast, the WJS area shows a slightly weaker trend, possibly reflecting its relatively smaller influence from equatorial dynamics or local atmospheric conditions. This regional variability highlights the importance of local climate factors in shaping CLWC trends, which could be linked to broader climate change phenomena, such as increasing SST and changes in atmospheric circulation patterns. These increasing trends in CLWC have significant implications for future climate and weather in both regions. Enhanced CLWC may lead to more frequent and intense precipitation events, particularly over the Indonesia area, with the WJS and its surrounding regions being especially vulnerable, highlighting a heightened risk of extreme precipitation events in the future. This underscores the urgent need for improved climate adaptation strategies to mitigate the impacts of intensifying warm rain extremes in the region.




4 Conclusion

This study highlights the critical role of the winter monsoon in shaping warm rain processes over WJS, Indonesia, by leveraging TRMM satellite observations, ERA5 reanalysis data, and AGCM model simulations. The results reveal a significant upward trend in SST in the WJS and broader Indonesian region, with the highest increases occurring during the DJF period. This warming drives enhanced atmospheric dynamics, as evidenced by positive correlations between SST and CLWC, emphasizing the importance of CLWC as a proxy for warm rain processes. By serving as an indicator of liquid-phase precipitation development, CLWC provides critical insights into the mechanisms driving warm rain formation in the region.

Warm rain is identified as the dominant precipitation mechanism in the WJS, as evidenced by the alignment of warm rainfall patterns from TRMM observations with the spatial distribution of CLWC. AGCM simulations show strong consistency with TRMM data and ERA5 reanalysis, particularly in capturing low-level convergence patterns that promote CLWC formation. Analysis of CLWC percentiles at lower atmospheric levels (1,000–700 hPa) reveals a significant increase in CLWC over 30-year intervals along the winter monsoon pathway in Indonesia. Moreover, a 150-year trend indicates that CLWC will continue to increase in this region during DJF, reflecting the intensification of warm rain processes driven by the winter monsoon.

These findings underscore the potential for more frequent and intense precipitation events in the WJS and surrounding regions, raising concerns about extreme weather impacts, such as flooding in adjacent land areas like Jakarta. The study underscores the urgency of developing effective climate adaptation strategies to mitigate the risks associated with intensifying warm rain extremes in the region.
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