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Section S1. Correction procedure of the SMPS data 7 

The aerosol number concentrations measured by the SMPS sometimes exhibited intermittent 8 

and discontinuous fluctuations of nearly an order of magnitude. Each set of aerosol size 9 

distributions before and after these discontinuity points was similar to others within the set (Fig. 10 

S2a). However, the non-refractory PM1 (NR-PM1) was measured by the AMS continuously at 11 

the times when there were discontinuities exhibited in the SMPS data (Fig. S3). Furthermore, 12 

when compared with CCN number concentrations, the aerosol number concentrations at low 13 

levels (corresponding to the red lines in Fig. S2a) were significantly lower than CCN number 14 

concentrations. Therefore, these SMPS samples were regarded as anomalous measurements 15 

and required correction. Meanwhile, Figure S2b shows that the mean aerosol size distributions 16 

for each set of samples before and after the discontinuity points were consistent. These results 17 

demonstrate that a constant ratio of change occurred across all size bins, suggesting that a 18 

correction based on number concentration can be justified. Unfortunately, because a 19 

condensation particle counter directly measuring aerosol number concentrations was not 20 

available, the correction relied entirely on data from an Aerodynamic Particle Sizer (APS; 21 

model 3321, TSI Inc., USA), which continuously measured aerodynamic diameter-based size 22 

distributions (500–20,000 nm) without interruption throughout the cruise. The correction 23 

procedure was based on the aerosol size distribution merging procedure proposed by Beddows 24 

et al. (2010), modified to suit the objectives of this study. The entire procedure is described as 25 

a series of five steps, including preprocessing, sample selection, correction, and validation. 26 

 27 

Step 0. Preprocessing and background information 28 

Because the time resolutions of the SMPS and APS differed (3 min and 1 min, respectively) 29 

and their measurement start times were not synchronized, the two size distributions could not 30 

be compared directly on a one-to-one basis. Consequently, the correction was performed using 31 

size distributions averaged over 30 min intervals from 15:00 on March 29 (UTC). Although 32 

APS data were unavailable from 04:51 on March 28 (the start of the cruise) to 15:00 on March 33 

29, no anomalous SMPS samples were identified during this period. 34 

To ensure accurate fitting between the SMPS and APS size distributions, Savitzky–Golay 35 

filtering was applied to smooth the SMPS size distribution, and the 10.6–14.6 nm range was 36 

excluded. The quality of fit (QOF) was calculated according to Equation S1; since it is RMSE-37 

based, a smaller value indicates a better fitting performance. 38 
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𝑄𝑂𝐹 =
𝑅𝑀𝑆𝐸𝑁

∑𝑁
+

𝑅𝑀𝑆𝐸𝑉

∑𝐴
+

𝑅𝑀𝑆𝐸𝑉

∑𝑉
,        (S1) 39 

where 𝑁, 𝐴, and 𝑉 denote the number, surface area, and volume concentrations, respectively. 40 

Because the number concentrations of large particles were low, which can lead to overfitting, 41 

surface area and volume concentrations were additionally incorporated. 42 

 43 

Step 1. Determination of correction factors for small-size bins of the APS 44 

Due to the scattering detection limit of the 655 nm laser used in the APS, undercounting 45 

frequently occurs in the first few size bins. So, concentration corrections were applied to the 46 

six bins spanning 542–777 nm. The first bin was excluded because it was especially noisy and 47 

the particle size could not be reliably determined. 48 

For comparisons based on the mobility diameter, the aerodynamic diameters measured by 49 

the APS were converted to mobility diameters using Equation S2. Since the optimal effective 50 

density (𝜌𝑒𝑓𝑓) had not yet been determined in Step 1, the conversion was performed for all 51 

𝜌𝑒𝑓𝑓 values ranging from 1.0 to 2.5 with an increment of 0.01, accounting for realistic aerosol 52 

mixing states. 53 

𝐷𝑚𝑜𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐷𝑎𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐

√𝜌𝑒𝑓𝑓
          (S2) 54 

APS size bins smaller than the upper-limit diameter of the SMPS (478.3 nm) were excluded, 55 

and the number–size distributions of the SMPS and APS were fitted using spline interpolation. 56 

Based on the best-fit results, correction factors were derived by comparing the fitted values 57 

with the measured values in each APS size bin that had been excluded from the fitting. When 58 

fewer than six APS bins were excluded, the correction factors for the remaining bins were 59 

assigned to be null. This procedure was applied to all samples at 30 min intervals. The final 60 

correction factors for each size bin were determined by averaging the calculated values after 61 

excluding the upper 10% as outliers. 62 

 63 

Step 2. Determination of the optimal 𝜌𝑒𝑓𝑓 and identification of anomalous SMPS samples 64 

After applying the correction factors obtained in Step 1 to the APS data, the conversion was 65 

repeated for all 𝜌𝑒𝑓𝑓 values from 1.0 to 2.5, with an increment of 0.01. The number, surface 66 

area, and volume–size distributions were then each fitted using spline interpolation. Unlike 67 
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Step 1, all APS size bins except the first were used in the fitting. The median of the 𝜌𝑒𝑓𝑓 values 68 

from the best-fit results was determined as the optimal 𝜌𝑒𝑓𝑓. 69 

When the number concentrations in the SMPS size distribution are relatively small, the 70 

APS size distribution must be shifted toward smaller diameters to achieve optimal fitting, 71 

which requires a larger 𝜌𝑒𝑓𝑓. However, if the number concentrations are anomalously small, a 72 

continuous size distribution cannot be obtained even when applying the maximum 𝜌𝑒𝑓𝑓 value 73 

of 2.5. In such cases, the QOF value increases significantly. This serves as the key principle 74 

for identifying anomalous SMPS samples. 75 

Samples showing an abrupt increase in the QOF were selected for correction, and all such 76 

selected samples were found to be consistent with anomalous observational results. 77 

Nevertheless, some anomalous samples were not identified by this criterion. These data were 78 

excluded from the analysis in this study. 79 

 80 

Step 3. Determination of SMPS scaling factors and refinement of scaling resolution  81 

Using the optimal 𝜌𝑒𝑓𝑓 obtained in Step 2, the APS aerodynamic diameters were converted to 82 

the mobility diameter. The scaling factor for the number concentrations of SMPS was then 83 

varied from 1 to 15 in increments of 0.1, and the scaled SMPS and converted APS number, 84 

surface area, and volume–size distributions were each fitted using spline interpolation. This 85 

fitting procedure was applied exclusively to the selected SMPS samples to be corrected. 86 

For each sample, the optimal scaling factor was calculated from the best-fit result using 30-87 

min averaged data. Therefore, an appropriate transformation was required to apply these factors 88 

to the original 3-min resolution data. After examining the deviations between the 30-min 89 

averaged aerosol number concentration and the corresponding aerosol number concentrations 90 

at 3 min intervals, weighted scaling factors were applied to each of the ten 3-min SMPS 91 

samples according to the following equation:  92 

𝑐𝑓 = 𝑓𝑖 × 𝑐𝑖, 93 

𝑓𝑖 = 1 + 𝑎𝑘 × 𝑤𝑖,  94 

𝑤𝑖 = (
𝐶𝑚

𝑐𝑖
)
𝛽

,            (S3) 95 
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where 𝑐𝑖 and 𝑐𝑓 denote the aerosol number concentrations of the original 3-min data before and 96 

after correction, respectively. 𝑓𝑖 represents the scaling factor for the 3-min data, and 𝑤𝑖 is the 97 

weighting. 𝐶𝑚  indicates the 30-min averaged number concentration. 𝑎𝑘  is the value that 98 

satisfies Equation S4 and is expressed as Equation S5. In this study, since 𝛽 was set to 1, 𝑎𝑘 99 

equals 𝐹 − 1. 100 

∑ 𝑐𝑖𝑓𝑖𝑖

∑ 𝑐𝑖𝑖
= 𝐹,            (S4) 101 

where 𝐹 represents the scaling factor for the 30-min averaged data. 102 

𝑎𝑘 = (𝐹 − 1) ×
∑ 𝑐𝑖𝑖

∑ 𝑐𝑖𝑤𝑖𝑖
= (𝐹 − 1),        (S5) 103 

In this study, the data were averaged over 30-min intervals starting from the hour; for 104 

example, from 00:00 to 00:30 and from 00:30 to 01:00. However, the derived scaling factor 105 

can vary depending on the specific 30-min window used. Therefore, to reflect the variability 106 

of the original data as closely as possible, the 30-min scaling factors were smoothed before 107 

calculating the 3-min scaling factors. 108 

 109 

Step 4. Validation of SMPS correction through comparison with mass concentrations 110 

To validate the number concentration correction of SMPS, the number concentrations were 111 

converted to mass concentrations using Equation S6, assuming spherical particles. These 112 

results were compared with PM2.5 data based on the beta attenuation method. Mass 113 

concentrations were calculated by combining the SMPS and APS data to ensure consistency 114 

within the size range. 115 

𝑀 = 𝜌 ∑ 𝑉𝑖𝑖 𝑁𝑖(𝑑𝑖) = 𝜌 ∑
𝜋

6
𝑑𝑖

3𝑁𝑖(𝑑𝑖)𝑖 ,        (S6) 116 

where 𝜌 denotes the aerosol density; in this study, we used a value of 1.7 g cm-3, which is the 117 

mean aerosol density calculated from the AMS data throughout the entire cruise. 𝑉𝑖 and 𝑁𝑖 118 

represent the particle volume and number concentrations in the bin with diameter 𝑑𝑖 , 119 

respectively. 120 

Figure S4 compares mass concentrations, demonstrating that the results after correction 121 

were significantly improved compared to those before correction. 122 
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Section S2. Preprocessing procedure for a clustering analysis 123 

Step 1. Translation 124 

A parallel translation was performed to align the starting locations. A simple parallel translation 125 

based solely on latitude and longitude was not appropriate because clustering analysis relies on 126 

distance, and the actual geographical distance corresponding to one degree of longitude varies 127 

with latitude. Therefore, all latitude and longitude coordinates were converted into Cartesian 128 

(𝑥, 𝑦) coordinates using Equation S7. This transformation ensured that the starting locations of 129 

all trajectories were aligned at (0, 0) while preserving the linearity and relative structure of each 130 

trajectory. 131 

{
𝑥𝑖 = 𝑅 × cos(𝜙) × (𝑟𝑎𝑑(𝑙𝑜𝑛𝑖) − 𝜆)

𝑦𝑖 = 𝑅 × (𝑟𝑎𝑑(𝑙𝑎𝑡𝑖) − 𝜙)                    
,       (S7) 132 

where 𝑅 is the radius of the Earth, assumed to be 6371 km in this study. The subscript 𝑖 denotes 133 

the time stamp of a back trajectory (from –72 h to 0 h). 𝜙 and 𝜆 represent the latitude and 134 

longitude of the starting location in degrees converted to radians, expressed as 𝑟𝑎𝑑(𝑙𝑎𝑡0) and 135 

𝑟𝑎𝑑(𝑙𝑜𝑛0), respectively. 136 

However, applying this transformation has the drawback that the actual geographical 137 

information of the trajectory is not directly reflected in the clustering analysis. Nevertheless, 138 

we did not use a set of back trajectories calculated with a fixed starting location for the 139 

clustering analysis because the trajectory originating from the research vessel’s actual location 140 

at a specific time may differ from that computed from an assigned starting location. Even if the 141 

overall pathway appears similar, there might be differences in the regions traversed along the 142 

trajectory. This issue became more pronounced because the cruise in this study involved long-143 

distance crossing over the open ocean. 144 

 145 

Step 2. Vectorization 146 

The two-dimensional trajectory data (a ℝ(𝑁+1)×2 matrix) were converted into one-dimensional 147 

data (a ℝ2(𝑁+1) row vector) to facilitate the calculation of the Euclidean distances between 148 

trajectories, as shown below. 149 
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[
 
 
 
 
𝑥0 𝑦0

𝑥1 𝑦1

𝑥2 𝑦2

⋮    ⋮
𝑥𝑁 𝑦𝑁]

 
 
 
 

 ⇒  [𝑥0, 𝑦0, 𝑥1, 𝑦1, ⋯ , 𝑥𝑁 , 𝑦𝑁],       (S8) 150 

 151 

Step 3. Standardization 152 

All one-dimensional trajectory vectors were standardized for each sea area as follows: 153 

𝑋(𝑗) = [𝑥0, 𝑦0, 𝑥1, 𝑦1, ⋯ , 𝑥𝑁 , 𝑦𝑁]  ⇒ 𝑍(𝑗) = [𝑧𝑥0, 𝑧𝑦0, 𝑧𝑥1, 𝑧𝑦1, ⋯ , 𝑧𝑥𝑁, 𝑧𝑦𝑁], 154 

𝑧𝑥𝑖
(𝑗)

=
𝑥𝑖

(𝑗)
−𝜇𝑥𝑖

𝜎𝑥𝑖
,           (S9) 155 

where the superscript (𝑗) denotes the numbering of the back trajectory data for each sea area. 156 

𝜇𝑥𝑖 and 𝜎𝑥𝑖 represent the mean and standard deviation, respectively, of the 𝑥 (or 𝑦) at the same 157 

time stamp 𝑖 across all trajectories (from 𝑋(1) to 𝑋(𝑗)) for each sea area. 158 

This standardization prevented distance-based clustering from being overly sensitive to the 159 

variable with an extensive range of values, that is, the variable (latitude or longitude) that 160 

exhibits a greater spread. 161 

 162 
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 163 

Figure S1. Picture of R/V ISABU. The red rectangle denotes the observation room with inlets, 164 

and the four blue rectangles in the interior photograph indicate the SMPS, CCNC, and inlets. 165 

The red circle represents the vessel’s plume stack. 166 

 167 
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Table S1. Transit voyage schedule of the R/V ISABU, including the demarcation by sea area. 168 

 Start End 

Total 2024-03-28 04:51:00 

(34.993°N, 128.676°E) 

2024-04-17 05:50:00 

(20.152°S, 57.494°E) 

East China Sea 2024-03-28 19:47:29 

(33.000°N, 127.588°E) 

2024-03-30 15:29:08 

(25.000°N, 123.604°E) 

South China Sea 2024-03-31 17:32:59 

(20.593°N, 121.083°E) 

2024-04-04 07:19:20 

(7.068°N, 109.000°E) 

Strait of Malacca 2024-04-05 18:14:40 

(1.311°N, 104.322°E) 

2024-04-07 20:57:46 

(6.153°N, 95.088°E) 

Indian Ocean 2024-04-07 20:57:47 

(6.153°N, 95.088°E) 

2024-04-16 23:45:35 

(20.000°S, 57.295°E) 

Note. All times are in UTC. Because the sea areas near Korea and Mauritius were excluded 169 

from the East China Sea and the Indian Ocean, respectively, the start or end times for these 170 

regions do not coincide with those of the total. 171 

 172 
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 173 

Figure S2. (a) Examples of aerosol size distributions for three samples before (red) and after 174 

(blue) the discontinuity point. (b) Mean aerosol size distributions for each set of samples before 175 

and after the discontinuity point represented in (a). The values in the legend indicate the mean 176 

aerosol number concentrations before and after the discontinuity point, respectively. The times 177 

in the titles represent the exact moment the data discontinuity occurred. 178 

 179 
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 180 

Figure S3. Time series of (left) total aerosol number concentrations before the correction of 181 

SMPS and (right) NR-PM1 measured by the AMS. 182 

 183 
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 184 

Figure S4. Comparison of mass concentrations of particles smaller than 2.5 𝜇𝑚 before (top) 185 

and after (bottom) the number concentration correction of SMPS. The black and red lines 186 

represent PM2.5 calculated by combining SMPS and APS data and PM2.5 measured using the 187 

beta attenuation method, respectively. 188 

 189 
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 190 

Figure S5. Spatial distributions of (a) CCN number concentrations at 0.4%, 0.8%, and 1.0% 191 

supersaturation and (b) their ratios to total aerosol number concentrations during the transit 192 

voyage of the R/V ISABU (from Natural Earth). 193 

 194 
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 195 

Figure S6. Time series of SO2 flux (red) and plume height (blue) of the Taal volcano in 2024. 196 

It should be noted that the absence of data does not necessarily imply the absence of SO2 197 

emissions, as SO2 flux measurements were not conducted daily. The arrows indicate March 28 198 

and 30, respectively. 199 

 200 
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 201 

Figure S7. Spatial distribution of SO2 measured by the Air Quality Monitoring System during 202 

the transit voyage of the R/V ISABU (from Natural Earth). 203 

 204 
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Table S2. Ratios of CCN number concentration to total aerosol number concentration 205 

(𝑁𝐶𝐶𝑁/𝑁𝐶𝑁) and measurement uncertainties by supersaturation in the South China Sea and 206 

the Strait of Malacca. 207 

 South China Sea Strait of Malacca 

SS (%) 𝑁𝐶𝐶𝑁/𝑁𝐶𝑁 ratio Uncertainty 𝑁𝐶𝐶𝑁/𝑁𝐶𝑁 ratio Uncertainty 

0.2 0.23 0.025 0.19 0.021 

0.4 0.49 0.053 0.34 0.037 

0.6 0.51 0.055 0.39 0.042 

0.8 0.52 0.056 0.43 0.046 

1.0 0.52 0.056 0.44 0.048 

Note. Measurement uncertainties for 𝑁𝐶𝑁 and 𝑁𝐶𝐶𝑁 are assumed to be 10% and 4%, 208 

respectively, following Wiedensohler et al. (2018) and Uin and Enekwizu (2024). Based on 209 

the standard error propagation, the relative uncertainty for 𝑁𝐶𝐶𝑁/𝑁𝐶𝑁 is 10.8%, and the 210 

corresponding absolute uncertainties are presented in the table. 211 

 212 
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 213 

Figure S8. Box plots of (a) CCN number concentrations at 0.4%, 0.8%, and 1.0% 214 

supersaturation and (b) their ratios to the total aerosol number concentrations for each sea area. 215 

For the South China Sea, the volcanic-influence period was depicted separately. The horizontal 216 

line in each box and the black dots represent the median and mean values, respectively. The 217 

range of the box is from the 25th percentile to the 75th percentile (IQR). The whiskers extend 218 

away from the box to the two extreme values, but if there are data points that exceed 1.5 × 𝐼𝑄𝑅 219 

from the upper or lower end of the box, they are shown as colored dots as outliers. 220 

 221 
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 224 

Figure S9. Size-dependent absolute (blue) and relative (red) residuals for the lognormal modal 225 

fitting in each sea area. 226 

 227 
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 228 

Figure S10. Results of extending each back trajectory to 120 hours in the cluster analysis for 229 

the Indian Ocean. The thick black solid lines with dots at the end represent the mean trajectories 230 

of each cluster. The percentages in parentheses indicate the proportion of trajectories assigned 231 

to each cluster. Map data from Natural Earth. 232 

 233 
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