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Lagged Relationships Between Volcanic SO₂ Emissions and Local Weather 

Parameters in the Aftermath of the 2024 Mount Lewotobi Laki-Laki Eruption 

 

 

Abstract 5 

The Indonesian Volcanology and Geological Hazard Mitigation Centre (PVMBG) has raised the status of Mount 

Lewotobi Laki-Laki to Level IV (AWAS), accompanied by massive eruptive activity with sulphur dioxide (SO2) 

emissions exceeding 10,000 tons/day and an eruption column about 8,000 meters high. This activity may affect 

local weather parameters, including surface temperature, sulphate aerosol concentration, cloud optical thickness 

(COT), and precipitation. To identify the influence, this study applies cross-correlation function (CCF) analysis 10 

using multi sensor satellite data (OMI, AIRS, MERRA-2, MODIS, GPM). The analysis showed positive 

correlations with time lags: surface temperature responded after 1 day with r = 0.50, sulphate aerosol after 16 days 

with r = 0.62, cloud optical thickness after 21 days with r = 0.39, and precipitation after 23 days with r = 0.55. 

These findings demonstrate the influence of SO2 emissions on local weather and provide valuable insights for 

mitigation in active regions. 15 
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Non- Technical Summary 

Mount Lewotobi Laki-Laki in Flores, Indonesia, is currently experiencing an increase in volcanic activity and is at 20 

the highest alert level (AWAS). Satellites observed amounts of sulphur dioxide (SO2) gas and towering ash 

columns. We analysed satellite data to evaluate the influence of volcanic SO2 emissions on local weather, including 

surface temperature, sulphate aerosols, cloud optical thickness, and precipitation. We found that the SO2 increase 

was indeed associated with these weather changes. However, the impacts occur with a lag of days to weeks. These 

findings suggest that volcanic eruptions can affect weather conditions in volcanically active regions. 25 
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Volcanic activity, as a dynamic manifestation of Earth's internal processes, exerts a profound influence on the 30 

global atmosphere. Beyond ejecting pyroclastic materials and lava, volcanoes emit substantial quantities of gases, 

particularly sulphur dioxide (SO2) (Schallock et al., 2023; Yu et al., 2023). The injection of SO2 into the atmosphere, 

especially during explosive eruptions, is one of the main precursors to the formation of sulphate aerosols  (Marshall 

et al., 2020; Sellitto et al., 2024). These aerosols play an important role in influencing weather and climate through 

radiative mechanisms and cloud microphysics (Sahoo, 2024; Toohey et al., 2021). Their radiative impact, 35 

especially at shortwave, can cause surface cooling (Lacis et al., 2013; Stenchikov, 2009), modulate convective 

processes (Ceppi et al., 2017), and disrupt large-scale circulation patterns (Su et al., 2024; Timmreck et al., 2021). 

 

While the climatic implications of volcanic sulphate aerosols are often discussed in a global over timescales of 

months to years (Hermanson et al., 2020), growing evidence indicates that the most immediate atmospheric 40 

responses to volcanic SO2 occur within the troposphere following its release. Observations across diverse volcanic 

systems reveal that tropospheric SO2 exhibits strong sub daily to short term variability. This variability 

demonstrates that rapid atmospheric processing serves as a dominant short-term mechanism. Furthermore, these 

immediate effects operate independently of the longer-term climate impact (Arellano et al., 2021; Haghighatnasab 

et al., 2022). Modelling studies further demonstrate that SO2 injected into the mid to lower troposphere is efficiently 45 

converted into sulphate aerosols through gas-phase oxidation pathways, underscoring the importance of 

tropospheric chemical transformation (Hagen et al., 2023; Haghighatnasab et al., 2022). The resulting enhancement 

in tropospheric aerosol loading substantially increases cloud droplet number concentrations, strengthening aerosol 

cloud interactions and modifying cloud optical properties and precipitation efficiency in the lower atmosphere (Fan 

et al., 2018). These processes operate on short temporal scales and are highly sensitive to local meteorological 50 

conditions, particularly in tropical environments dominated by convection and strong moisture variability (Amiot 

et al., 2025; Reid et al., 2023). 

 

Although the global climate impacts of significant volcanic eruptions have been widely studied (Stenchikov, 2009; 

Stenchikov et al., 2002), regional atmospheric influences on the tropics remain insufficiently understood. This gap 55 

is particularly apparent in the Lesser Sunda islands, an archipelago characterized by complex topography, 

monsoonal circulation, and strong ocean-atmosphere interactions (Mahrup et al., 2021; Simanjuntak et al., 2022; 

Wirasatriya et al., 2021). Disturbances from elevated SO2 and subsequent sulphate aerosol formation can interact 

with local humidity, sea surface temperature, and seasonal wind patterns, affecting precipitation and convective 

dynamics (Li et al., 2016; Sadeghi et al., 2025; Whitty et al., 2020). 60 
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Recent studies have shown that sulphate aerosols not only increase cloud albedo and cause surface cooling, but 

also trigger dynamic feedbacks such as changes in latent heat release and regional circulation (Chen et al., 2024; 

Virtanen et al., 2025; Zheng et al., 2024). These effects often appear with a time lag, suggesting the existence of 

an integrated process involving cloud microphysics and atmospheric boundary layer dynamics adjustments 65 

(Axebrink et al., 2025; Sellitto et al., 2024). However, empirical quantification of the lag relationship between 

volcanic SO2 and atmospheric variables such as surface temperature, sulphate aerosols, cloud optical thickness 

(COT), and precipitation is scarce, especially in tropical island environments. 

 

The recent eruption of Mount Lewotobi Laki-Laki (November 2024) provides an ideal natural study site to analyse 70 

this phenomenon. On November 3, 2024, the PVMBG raised the alert status to Level IV (AWAS) after an eruption 

that spewed an ash column 8 km high and released more than 10,000 tons/day of SO2 (Ministry of Energy and 

Mineral Resources., 2024a, 2024b). This high SO2 flux has the potential to disrupt regional weather conditions, 

triggering a two-phase thermal response: an initial warming phase through radiation absorption followed by a 

delayed cooling phase due to increased cloud cover and altering precipitation patterns through microphysical 75 

mechanisms and atmospheric dynamics (Lin et al., 2025; Malavelle et al., 2017; Marshall et al., 2022; Paik et al., 

2023). 

 

Most previous studies have focused on global climate modelling. Few studies have utilized a statistical framework 

to detect the lagged atmospheric response of volcanic SO2 disturbances. Findings from an urban air pollution study 80 

show that SO2 has significant delayed correlations with surface temperature (positive at +3, +5, +13, and +16 days) 

and with precipitation (negative after +1 day) (Liu et al., 2025). Although providing valuable insights, this approach 

has had limited application in volcanic studies on tropical islands. 

 

To address this gap, the study integrates multi-satellite observations with Cross Correlation Function (CCF) 85 

analysis to quantify the temporal and spatial linkages between volcanic SO2 and key weather variables in the Lesser 

Sundas. In particular, it detects lag-dependent sequential associations between SO2, sulphate aerosols, COT, surface 

temperature, and precipitation, and visualizes the spatial heterogeneity of atmospheric response following volcanic 

SO2 emissions. This integrative framework provides new insights into the short-term atmospheric impacts of 

volcanic SO2, improves regional weather understanding, and supports disaster risk mitigation strategies. 90 
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2. Data and Methodology 

This study employs an integrated framework of satellite-based observations and statistical analysis to assess the 

atmospheric response to volcanic SO2 emissions from the Laki-Laki Mount Lewotobi. Daily datasets from OMI, 

AIRIS, MERRA-2, MODIS, and GPM underwent preprocessing through noise filtering and temporal resampling 95 

to obtain consistent daily resolution. We employed cross-correlation function (CCF) analysis to quantify the lag-

dependent associations between SO2, surface temperature, sulphate aerosol, cloud optical thickness (COT), and 

precipitation. This approach enables systematic detection of sequential atmospheric responses, while providing 

new insights into the timing and intensity of aerosol, cloud, and precipitation interactions following volcanic 

emissions. The methodological workflow is summarized in Figure 1, which highlights the stages from raw satellite 100 

data acquisition to final interpretation in the temporal and spatial domains. 

 

 

 

Figure 1. Flowchart of the methodology illustrating the analytical framework of the study, starting with the 105 

acquisition of satellite data (SO2, temperature, aerosols, COT, and precipitation), followed by the process of data 

filtering (noise removal) and temporal alignment, Cross-Correlation Function (CCF) analysis on weather variables, 

and ending with temporal interpretation and spatial visualization. 

 

 110 
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2.1 Data Acquisition 

This study examines the atmospheric impact of post-eruption volcanic SO2 emissions of Mount Lewotobi Laki-

Laki by analysing datasets extracted from various satellite instruments via the Giovanni platform 

(https://giovanni.gsfc.nasa.gov/). The total SO2 column, which serves as the independent variable, was obtained 

from the Ozone Monitoring Instrument (OMI) operating on the Aura satellite (https://aura.gsfc.nasa.gov/omi.html). 115 

The dependent variable is the surface temperature of the lower troposphere, which was obtained from the 

Atmospheric Infrared Sounder (AIRS) on the Aqua satellite (https://airs.jpl.nasa.gov/). Sulphate aerosol 

concentrations were derived via the MERRA-2 reanalysis product 

(https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/). Cloud Optical Thickness (COT) data were retrieved from the 

Moderate Resolution Imaging Spectroradiometer (MODIS) instrument on the Aqua and Terra satellites 120 

(https://modis.gsfc.nasa.gov/). Daily precipitation data were sourced from the Global Precipitation Measurement 

(GPM) mission a collaboration between NASA and JAXA (https://gpm.nasa.gov/). The analysis period spans 1 

October to 31 December, 2024, allowing for a comprehensive assessment of weather conditions before, during, 

and after the eruption.  

2.2 Study Area 125 

This study focuses on the Lesser Sunda Islands, an active volcanic archipelago in eastern Indonesia spanning a 

total land area approximately 75,000 km2. The region includes the main islands of Flores, Sumba, Timor, Savu, 

and Lembata, along with their surrounding marine environments. It is bordered by the Banda Sea to the north, the 

Savu Sea to the south, and the Flores Sea and Timor Sea to the east and west  (Mahrup et al., 2021). A spatial 

overview of the study site, illustrating the position of Mount Lewotobi Laki‑Laki and the geographic setting of the 130 

Lesser Sunda Islands, is presented in Figure 2. 

 

  

https://giovanni.gsfc.nasa.gov/
https://aura.gsfc.nasa.gov/omi.html
https://airs.jpl.nasa.gov/
https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/
https://modis.gsfc.nasa.gov/
https://gpm.nasa.gov/


 

6 

 

 

Figure 2. (A) Geographical location of the Lesser Sunda Islands, including the mainland and surrounding seas; (B) 135 

Position of Mount Lewotobi Laki-Laki and Mount Lewotobi Perempuan. 
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The Lesser Sunda region experiences a tropical monsoon climate has driven by the Asia-Australia monsoon system. 

During the wet season (October - April), north-westerly winds transport moisture from the Indian and Pacific 140 

Oceans. In contrast, dry easterlies from mainland Australia dominate the dry season (May - September) 

(Trismidianto et al., 2024). Mean annual temperatures range between 26 °C and 28 °C, with substantial 

precipitation variability. Recent climatological analyses indicate a decline in precipitation linked to rising sea 

surface temperatures (Mahrup et al., 2021). Furthermore, previous studies in Indonesia have demonstrated that 

large-scale atmospheric phenomena such as tropical cyclones can significantly alter local meteorological 145 

parameters, including temperature, pressure, and humidity (Nugroho et al., 2019), underscoring the sensitivity of 

the regional climate system to external forcings. 

 

Topographically, the region consists of rugged volcanic mountains, steep coastal slopes, and limited lowlands. 

Mount Lewotobi Laki-Laki (1,584 m a.s.l.) and Mount Lewotobi Perempuan (1,703 m a.s.l.) are paired active 150 

volcanoes in East Flores (Global Volcanism Program, 2024), forming part of the Sunda Arc, a subduction-related 

volcanic chain generated by the convergence of the Indo-Australian and Eurasian plates (Hall, 2012). 

Oceanographically, the region is subject to seasonal upwelling and the Indonesian Throughflow, which regulates 

local sea surface temperatures and can affect post-eruption aerosol dispersion (Wirasatriya et al., 2021). The 

interactions between volcanic activity, monsoon circulation, and the complex topography of the islands make this 155 

an ideal region to evaluate the influence of volcanic SO2 emissions on local weather dynamics through lag 

correlation analysis using the Cross-Correlation Function (CCF). 

2.3 Cross-Correlation Function (CCF) analysis 

The primary analysis in this study uses the Cross-Correlation Function (CCF) to evaluate the temporal relationship 

between volcanic SO2 emissions and local weather variables, including surface temperature, sulphate aerosol, cloud 160 

optical thickness (COT), and precipitation. The CCF calculates the Pearson correlation coefficient (r) between the 

SO2 time series and each local weather parameter at various lags (τ), thereby identifying the strength and direction 

of the delayed relationship. The r value at each lag was interpreted using Papageorgiou (2022) classification: r > 

0.9 (almost perfect), 0.7 < r ≤ 0.9 (very strong), 0.5 < r ≤ 0.7 (strong), 0.3 < r ≤ 0.5 (moderate), 0.1 < r ≤ 0.3 (weak), 

and r < 0.1 (very weak). Mathematically, the CCF for two discrete time series, 𝑥 (𝑡) and 𝑦 (𝑡), at lag 𝜏 is defined 165 

as: 

𝐶𝐶𝐹 =
∑ [(𝑥(𝑡) − 𝑥̅) ∗ (𝑦(𝑡 − 𝑙𝑎𝑔) − 𝑦)]𝑁−1
𝑡=1

√∑ (𝑥(𝑡) = 𝑥̅)2∑ (𝑦(𝑡 − 𝑙𝑎𝑔) − 𝑦)2𝑁−1
𝑡=1

𝑁−1
𝑡=1

 
(1) 
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where, 𝑥̅ and 𝑦 are the mean values and N is the number of observations (Hoffmann et al., 2024). The lag with the 

highest correlation coefficient (r) indicates the time lag of the atmospheric response to peak SO2 emissions. A 

positive correlation reflects an increase in weather variables concurrent with rising SO2 emissions, while a negative 

correlation signifies an inverse response. 170 

3. Results 

3.1. Daily Observations of SO2 Emissions and Weather Parameters 

Daily observations of the atmospheric response were analysed by representing daily values spatially averaged over 

a fixed regional domain (115°-125°E, 11°-8°S). This specific domain was selected to encompass Mount Lewotobi 

and its dominant downwind transport pathway under prevailing monsoonal circulation, ensuring that the non-175 

stationary nature of the SO2 plume was captured within the study area. Furthermore, the analysis was systematically 

segmented into three temporal phases to provide a consistent atmospheric framework: the pre-eruption period (1 

October - 2 November), the eruption phase (3 November - 3 December), and the post-eruption period (4-31 

December). During the eruptive phase, SO2 concentrations exhibited a sharp increase, peaking at approximately 

50.62 kt (Figure 3A). This abrupt rise triggered a sequence of atmospheric responses. During the eruption, surface 180 

temperatures initially climbed to about 27.6 °C (Figure 3B), likely driven by direct radiative heating from volcanic 

gas emissions and particle interactions in the atmosphere. Following the emission peak, temperatures did not 

immediately return to baseline but gradually declined to approximately 25.0 °C in the post-eruption period 

(Figure 3B). This pattern reflects a two‑stage thermal response: initial warming followed by delayed cooling, 

mediated by the formation of sulphate aerosols. 185 

 

Sulphate aerosol concentrations began to increase several days after the SO2 peak, and reached a maximum of 1.7 

× 10-5 kg/m2 (Figure 3C). This delay reflects the time required for the chemical reaction of SO2 oxidation in the 

atmosphere, and confirms that sulphate aerosols have a longer residence time in the atmosphere. These aerosols 

also affected cloud properties, as evidenced by a substantial increase in Cloud Optical Thickness (COT), which 190 

peaked at 22.1 (Figure 3D), substantially higher than the pre-eruption daily range of 5-10. This increase is in line 

with the Twomey effect, where the number of small cloud droplets increases as sulphate aerosols act as cloud 

condensation nuclei (CCN), resulting in thicker and more reflective clouds. Even after SO2 emissions decreased, 

COT values remained high for several days before returning to normal, confirming the role of persistent aerosols 

in modifying cloud structure. 195 
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Meanwhile, precipitation exhibited an opposite trend. Before the eruption, daily precipitation was relatively low, 

averaging 0-4 mm/day, with a brief spike of approximately 28 mm/day in late October, likely marking the onset of 

the Lesser Sunda rainy season (Mahrup et al., 2021). During the eruptive phase, precipitation declined sharply to 

0-5 mm/day and occasionally dropped to near zero, despite otherwise favorable atmospheric conditions for cloud 200 

formation. This pattern suggests a disruption of raindrop coalescence caused by elevated concentrations of sulphate 

aerosols acting as CCN. Following the decline of SO2 emissions, precipitation increased substantially, reaching a 

peak of ~38 mm/day in early December (Figure 3E). Such a sequence reflects a lagged hydrological response to 

volcanic SO2 emissions, in which aerosol injection temporarily suppresses precipitation before intensification 

resumes as atmospheric conditions stabilize. The temporal evolution of this response is systematically illustrated 205 

in Figure 3 (A-E), highlighting the interconnections between SO2 dynamics and key weather variables. 



 

10 

 

 



 

11 

 

Figure 3: Daily variations of SO2 emissions (kiloton), and cuacalocal parameters including surface temperature 

(°C), SO4 mass (×10-5 kg/m2), cloud optical thickness (COT), and precipitation (mm/day). The gray area marks the 

eruption period (3 November - 3 ecember, 2024), which could potentially affect the observed atmospheric 210 

dynamics. 

 

3.1 Responses: Cross-Correlation Analysis 

Cross-correlation function (CCF) analysis between volcanic SO2 emissions and atmospheric parameters reveals 

distinct temporal response patterns, reflecting the sequential nature of atmospheric processes triggered by eruptive 215 

activity. To establish a temporal baseline, the analysis utilizes the peak SO2 emission observed on 10 November, 

2024 (as shown in Figure 3A) as the reference point (lag = 0). In this context, the lag values represent the duration 

required for the eruptive peak to generate a maximum response or peak pattern in each meteorological parameter.  

The fastest response appears in surface temperature (Figure 4A), which reaches a maximum correlation of r = 0.51 

at a 1-day lag (11 November). This finding indicates that SO2 immediately affects the surface radiation balance, 220 

either through direct absorption of solar radiation or through initial interactions with cloud cover. After peaking, 

the correlation declines sharply and enters negative values between lags of 15-35 days, suggesting that the 

short-lived radiative effects of SO2 are given way to by secondary processes, such as the formation of sulphate 

aerosols from atmospheric SO2 oxidation, which can increase cloud albedo and reduce incoming solar radiation at 

the surface. 225 

 

A subsequent response emerges in sulphate (SO4) aerosols (Figure 4B), reaching a peak correlation of r = 0.62 at a 

16‑day lag (26 November). This delay aligns with the atmospheric conversion of SO2 into secondary sulphate 

particles through oxidation processes. Once generated, these aerosols influence cloud microphysics, as evidenced 

by a peak in cloud optical thickness (COT) at day 21 (1 December), showing a correlation of r = 0.39 (Figure 4C). 230 

The rise in COT reflects an enhanced cloud droplet number and greater optical density, driven by the role of 

aerosols as cloud condensation nuclei (CCNs). 

 

Precipitation exhibits the most delayed response (Figure 5D), reaching a peak correlation of r = 0.55 at a 23‑day 

lag which closely matches the significant rainfall intensification observed on December 3 (Figure 3E). This 235 

behaviour aligns with the final stage of the aerosol-cloud-precipitation feedback cycle, in which modifications to 

cloud microphysics ultimately enhance precipitation efficiency. The progression of peaks spanning rapid radiative 

forcing, chemical transformation to aerosols, cloud adjustment, and precipitation modulation depicts a complete 
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atmospheric pathway initiated by volcanic SO2 emissions. This sequential relationship is clearly illustrated in 

Figure 5A-D. 240 
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Figure 4. Cross-correlation analysis between volcanic SO2 emissions and four local weather parameters: (A) 

surface temperature, (B) SO4 aerosol, (C) cloud optical thickness (COT), and (D) precipitation, during the Mount 

Lewotobi Laki-Laki observation period 2024. The x-axis shows the time lag (lag, in days), where a positive lag 

indicates changes in SO₂ precede changes in the associated atmospheric parameters. Each panel displays the 245 

maximum correlation coefficient (r) along with its optimal lag, marked by the dashed vertical line and the 

highlighted dot. The Gray-shaded area represents the ±95% confidence interval, where correlation values within 

this range are statistically insignificant. 

 

4. Discussions 250 

Daily observations of surface temperature indicates that although the Lesser Sunda Islands experience dynamically 

varying daily temperature fluctuations, the peak of 27.59 °C recorded in November represents a pronounced 

thermal anomaly that spatially coincides with the eruptive activity of Mount Lewotobi (Figure 3B). This value is 

particularly significant as it exceeds the regional climatological baseline for the early wet season transition, which 

typically remains below 27.5 °C (Simanjuntak et al.,, 2022). Physically, this elevated temperature suggests an 255 

additional thermal energy input via the volcanic blanket effect, where volcanic gases and ash trap outgoing 

terrestrial longwave radiation  (Sellitto et al., 2024). The robustness of this anomaly is further supported by the 

cross correlation function (CCF) analysis, which reveals a very short lag of only 1 day between SO2 emissions and 

the observed temperature increase. Evidence of this localized energy enhancement is clearly illustrated in the 

November transect profile (Figure 6E), where the most pronounced temperature increase is concentrated 260 

specifically from the crater extending up to 3 km aestward, corresponding to the location of the eruption source.  

 

However, as the eruption progresses, this warming phase is temporary. The subsequent gradual cooling toward ~25 

°C during the later stages of the eruption period aligns with the peak accumulation of sulphate aerosols (Figure 

3C), This ~25 °C stabilization is consistent with the climatological baseline for the Lesser Sunda Islands region 265 

during this transition, which typically ranges between 25 °C and 27.5 °C (Simanjuntak & Lin, 2022). This transition 

is driven by atmospheric chemical transformations where the initial thermal phase decays and promotes the 

formation of sulphate aerosols, reaching their maximum correlation at a 16-day (r = 0.62). This pattern reflects 

oxidation processes involving hydroxyl radicals (OH) under ultraviolet radiation, combined with the influence of 

ambient atmospheric humidity, consistent with the estimated e-folding lifetime of volcanic SO2 of approximately 270 

13-17 days (Cai et al., 2022). In response to the inherently non-stationary nature of volcanic plumes, spatial analysis 

(Figure 6.H) demonstrates that these aerosols do not remain confined above the crater but are transported by 
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prevailing winds moving from east to west. The resulting accumulation of sulphate aerosols subsequently acts as a 

catalyst for cloud microphysical modification, leading to an increase in Cloud Optical Thickness (COT) with a 21-

day lag (r = 0.39). This elevation in COT, despite the absence of immediate precipitation, indicates the formation 275 

of an optically dense yet meteorologically stable cloud layer, a phenomenon driven by the high concentration of 

volcanic aerosols. The conceptual framework for these microphysical modifications is further detailed in Figure 5. 

 

Figure 5. Conceptual diagram of cloud microphysical modifications. The illustration depicts the transition from 

SO₂ to sulphate aerosols acting as cloud condensation nuclei (CCN), promoting droplet competition and suppressed 280 

coalescence (Twomey effect), which increases COT without immediately producing precipitation. 

 

From a microphysical perspective, the massive injection of fine aerosols (< 1 µm) intensifies competition for 

available water vapour, producing cloud droplets with high number concentrations but very small diameters, 

thereby inhibiting efficient coalescence processes. This mechanism explains the anomaly observed in Figure 3, 285 

where despite the region having already passed the natural monsoon onset during the final week of October (rainfall 

peak of ~28 mm day), precipitation throughout November was markedly suppressed, approaching near zero values. 

Under these conditions, water mass remained effectively suspended within the atmosphere, while air masses were 
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advected from the crater source region (0 km) toward the downstream sector (0-33 km), as detailed in the conceptual 

framework in Figure 5. 290 

 

The hydrological response ultimately reached a saturation point in December, when the accumulated atmospheric 

water mass was released as extreme precipitation reaching 38.29 mm/day. The observed 23-day lag represents the 

physical timescale required for the air mass to travel across the east to west transport pathway while undergoing 

progressive microphysical maturation. Unlike the sporadic rainfall events observed in October, the December 295 

precipitation burst was both intense and spatially displaced toward the 0-33 km sector (Figure 6O), reflecting the 

downwind transport pathways established during the peak SO2 loading in November. This phenomenon provides 

clear evidence of an aerosol indirect effect, whereby interactions between volcanic emissions and atmospheric 

transport dynamics fundamentally altered the normal seasonal rainfall pattern, ultimately producing an extreme 

hydrometeorological response in the downwind region (Wong et al., 2025). Similar short-term meteorological 300 

anomalies have been documented following the 2022 Hunga Tonga-Hunga Ha’apai eruption, where a maturation 

period of several weeks was required for atmospheric cooling and cloud formation to culminate in record-breaking 

rainfall (Wong & Yim, 2022). Furthermore, our observed 23-day lag closely matches historical records where distal 

regions, such as Hong Kong, recorded precipitation delays of 23 to 35 days following the 1982 El Chichón and 

2008 Chaitén eruptions (Wong et al., 2023; Yim, 2005). While the Tongan event reached stratospheric heights and 305 

involved massive water vapor, the Lewotobi Laki-Laki case demonstrates that tropospheric sulphur loading can 

trigger comparable physical maturation timescales, leading to similar downwind precipitation bursts. The 

synthesized relationship between these spatiotemporal variables is illustrated in the schematic and transect profiles 

in Figure 6. 

October November December 

   



 

16 

 

   

   

   



 

17 

 

   

 310 

Figure 6. Spatiotemporal synthesis of atmospheric responses. The top panels of each sub-figure represent the 

monthly average spatial distribution, featuring a red triangle as the volcano location and a dotted line indicating the 

transect path. The bottoms panels display the corresponding monthly average longitudinal transects extending from 

the volcano location (0 km) to across the upwind and downwind sectors for October (baseline), November (syn-

eruption), and December (post-eruption). The observed changes in the November and December phases correspond 315 

to the identified peak lags of SO2 (1-day), SO4 mass(16-day), Cloud Optical Thickness (21-day), and Precipitation 

(23-day), respectively. 

 

5. Conclusions 

The November 2024 eruption of Mount Lewotobi Laki-Laki triggereds a temporally and spatially phased series of 320 

atmospheric responses. The initial phase exhibited a brief warming of surface temperature (~27.6 °C) with a 

maximum correlation of r = 0.51 at a lag of 1 day, triggered by the Volcanic Blanket Effect, in which volcanic 

gases and ash absorb and trap Earth's radiation, resulting in localized warming. This effect is temporary, followed 

by gradual cooling (~25°C) as atmospheric reflectivity increases due to sulphate aerosol formation, consistent with 

the Volcanic Umbrella Effect. SO2 reaches its highest correlation with sulphate aerosols, r = 0.62 at a lag of 16 325 

days, reflecting gradual chemical conversion through atmospheric oxidation. Mature aerosols act as cloud 

condensation nuclei (CCN), enhancing COT with a peak correlation of r = 0.39 at a 21-day lag, making clouds 

more reflective and durable. The hydrological response appears to be the slowest, characterized by a two-phase 

pattern: initially suppressing precipitation during the degassing phase, then increasing to ~38 mm/day with a peak 

correlation of r = 0.55 at 23 days lag. Spatial analysis, conducted via longitudinal transects, reveals that these 330 

impacts are not stationary; rather, they follow a dominant East-to-West transport mechanism. While thermal 

anomalies were localized at the crater and extending up to 3 km eastward, the subsequent aerosol maturation and 
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microphysical modifications triggered a "downwind shift" in precipitation following November’s transport 

pathways. This process culminating in extreme rainfall in the distal downstream sectors (0-30 km) in December, 

rather than the immediate volcanic vicinity. 335 

 

These findings confirm that aerosols modulate local weather through a sequence of rapid warming, atmospheric 

cooling, cloud modification, and delayed precipitation. Monitoring SO2 and sulphate aerosols is therefore critical 

for supporting early warnings of extreme precipitation following eruptive surges. However, this study is limited by 

the lack of atmospheric vertical profile data and in situ validation, which prevents a complete understanding of 340 

altitude dynamics and cloud microphysical interactions. Consequently, further research should integrate WRF-

Chem-based atmospheric modelling, multi-sensor satellite observations, and field measurements. The integration 

of these approaches, combined with longer observation periods, will also allow for advanced statistical verification 

such as the Granger causality test.  Furthermore, future studies could explore the comparative impacts of subaerial 

and submarine eruptions, specifically how large-scale water vapor emissions in submarine events might influence 345 

the time-lag of sulphate formation and weather responses. This will enable aerosol, cloud, and precipitation 

feedback to be examined more comprehensively and improve the accuracy of volcanic weather impact predictions. 
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