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Abstract. High-elevation receptors in monsoon Asia intercept cloud-bearing regional air, yet the event-scale transition from
below-cloud removal to a cloud-dominated precipitation signature remains poorly constrained. We collected 203 sequential
rainwater fractions from 55 precipitation events in 2023 at the Atmospheric Boundary Layer Eco-Environment Shanghuang
Observatory (ABLES; 1128 m a.s.l.) in southeastern China, where complex terrain and frequent cloud occurrence expose the
site to contrasting continental and marine transport. Twelve events with at least six fractions were analysed using major-ion
chemistry, two independent late-stage baseline estimates, backward trajectories, and reanalysis fields, with near-surface
meteorological and turbulence observations available for R3—R6. Anthropogenic-type events began with the largest ionic loads
and strongest early decreases, dominated by sulfate, nitrate, and ammonium. Marine-type events had lower but more variable
concentrations, whereas calcium persisted relative to secondary inorganic ions in crustal-type events. Median estimated in-
cloud contributions were 51.1 % for sulfate, 58.4 % for nitrate, and 49.2 % for ammonium, with event values exceeding 80 %.
These fractions exceeded compiled urban medians but overlapped remote-environment ranges. Although not a direct cloud-
water measurement, the 0.32 mg L™! late-event sulfate baseline was one to two orders of magnitude below historical Chinese
mountain cloud-water observations and reached the lower range of global mountain records, consistent with sulfur controls
extending beyond surface air. By resolving source-dependent within-event transitions hidden by bulk sampling, this study
establishes an event- and ion-specific observational benchmark for wet scavenging at an inland mountain receptor and clarifies

how continental-marine transport conditions the precipitation signature.

1 Introduction

Wet deposition is one of the principal atmospheric sinks for soluble gases and aerosol particles and a major pathway by which

reactive sulfur and nitrogen, sea salt, and mineral material are transferred to terrestrial and aquatic ecosystems. Its magnitude
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and chemical composition influence atmospheric lifetimes, ecosystem nutrient supply, and acidification, while errors in wet
removal propagate into assessments of regional transport and deposition exposure. Wet deposition combines in-cloud
scavenging (ICS), in which trace constituents are incorporated during cloud formation and processing, and below-cloud
scavenging (BCS), in which falling hydrometeors collect gases and particles below cloud base (Seinfeld and Pandis, 2016).
The relative importance of the two pathways depends on aerosol abundance, particle size and hygroscopicity, gas solubility,
vertical chemical structure, cloud microphysics, rainfall intensity, and drop-size distributions (Cheng et al., 2021; Wang et al.,
2021; Jones et al., 2022). Observational separation of the pathways is therefore essential for understanding how cloud and
precipitation processes regulate atmospheric composition.

Conventional event-integrated or daily precipitation samples measure total deposition but average over rapidly changing
conditions. The first millimetres of rainfall can contain material accumulated below cloud before the event, whereas later
fractions may increasingly reflect precipitation formed and processed aloft. Sequential sampling preserves this evolution.
Studies in Beijing, Shanghai, Nanchang, Paris, and other locations commonly report high initial ion concentrations followed
by a nonlinear decrease as rainfall proceeds (Ge et al., 2021; Xie et al., 2022; Zou et al., 2022; Audoux et al., 2023a, 2023b).
Such records provide an empirical basis for representing the late-event concentration as a cloud-dominated precipitation
baseline and the excess above it as additional below-cloud loading. The approach is valuable because direct, simultaneous
sampling of cloud water, sub-cloud aerosols, gases, and precipitation is rarely available for a large set of natural rainfall events.
The empirical partition is not a direct measurement of either process. Late-stage rainwater is not identical to cloud water: it
has undergone descent, evaporation, collision, and possible exchange with the sub-cloud atmosphere. A concentration decline
can also reflect dilution by increasing rainfall intensity, changes in drop-size distribution, transitions between rain cells, or
changes in the air mass supplying the event. Conversely, sub-cloud replenishment and intermittent sources can generate
concentration rebounds (Bayramoglu Kars et al., 2018; Berberler et al., 2022; Audoux et al., 2023b). An estimate based on
the late-stage baseline must therefore report fit performance, test sensitivity to an alternative baseline, and distinguish the
relative partition of event deposition from cloud-water concentration or absolute scavenging strength. Without these safeguards,
a large inferred ICS fraction may be overinterpreted as evidence of chemically concentrated cloud water.

High-elevation observatories offer a particularly informative setting in which to examine this problem. Mountain sites can
alternate between air influenced by the planetary boundary layer, residual layers, free-tropospheric flow, and cloud-bearing
regional transport. Orographic ascent can lift moist marine or polluted air toward cloud level, while precipitation falling to the
station can encounter a chemically distinct layer below cloud. Elevation also shortens the atmospheric column available for
additional below-cloud collection relative to many lowland sites. Consequently, the same relative ICS fraction may have a
different physical meaning at an elevated receptor than at an urban surface site. Observations from the European Alps, southern
Africa, the Himalayas, and Asian karst mountains show that topography and air-mass pathway strongly condition precipitation
chemistry (Zeng et al., 2022; Balestrini et al., 2024; Kok et al., 2024; Paudel Adhikari et al., 2024), but most mountain datasets
remain event-integrated, daily, or seasonal. This evidence leaves two connected gaps. First, it is unclear whether large

estimated ICS contributions at elevated or remote sites primarily indicate enhanced processing within clouds, limited additional
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material below cloud, or a combination of both. Addressing this ambiguity requires simultaneous consideration of relative
partition and absolute ion concentration. Second, the way contrasting continental, coastal, and marine transport regimes alter
the transition from early to late rainfall is not well established. A marine pathway may reduce anthropogenic loading, but
coastal passage and vertically different trajectories can produce mixed chemical signatures. Likewise, a crustal signature does
not establish where mineral particles entered the precipitating system. Event-resolved observations are needed to determine
which contrasts are reproducible and which remain specific to individual storms.

The Atmospheric Boundary Layer Eco-Environment Shanghuang Observatory (ABLES) is well suited to this test. It is
located at 1128 m a.s.l. in the complex terrain of southeastern China, a region affected by the East Asian monsoon circulation,
cloud and fog, continental outflow, and marine transport. Its limited local industrial influence but varied regional inputs make
it suitable for examining pollutant wet removal under low ionic loading. Event-resolved measurements can separate initial
loading, early removal, and late-event concentrations that event totals may conceal. Because source strength, elevation, sub-
cloud path, and precipitation differ among urban, mountain, coastal, and remote sites, comparisons should retain absolute
concentrations, baseline definitions, and fit diagnostics. We therefore use other environments as context and assess whether
the high fraction of ICS at ABLES reflects cloud-level loading or limited uptake below cloud. In this study, 203 sequential
rainwater samples collected during 55 events in 2023 are used to determine how source composition and transport background
condition event-scale wet-scavenging signatures at ABLES. Twelve events containing at least six fractions are examined in
detail. The objectives are to 1) establish the overall chemical setting and identify predominant anthropogenic-, marine-, and
crustal-type event signatures; 2) quantify the within-event evolution of major ions and estimate relative ICS and BCS
contributions using an exponential baseline and a final-three-fraction alternative; 3) compare the high-elevation estimates with
urban and remote observations while separating relative fractions from absolute loading; and 4) use multi-height trajectories,
reanalysis fields, and near-surface meteorological and turbulence observations for the overlapping events to define the transport
and rainfall context without inferring an unobserved vertical chemical pathway. The central contribution is an event- and ion-

resolved observational benchmark for interpreting cloud-dominated precipitation signatures at an inland mountain receptor.

2 Data and methods
2.1 Site and sequential rainwater sampling

Rainwater samples were collected at the Atmospheric Boundary Layer Eco-Environment Shanghuang Observatory (ABLES;
28.58° N, 119.51° E; 1128 m a.s.l.), located on the summit of Damaojian Mountain in Shanghuang Village, Jinhua, Zhejiang
Province, southeastern China. The observatory is situated in a subtropical monsoon region characterized by complex
mountainous terrain, prolonged precipitation during the Meiyu season, and frequent cloud and fog in early summer and autumn.
No major industrial emission sources are located in the immediate vicinity of the site. Owing to its elevated position near the

upper part of the regional atmospheric boundary layer, ABLES provides a suitable setting for investigating precipitation
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chemistry under regional background conditions and the effects of cloud processes and regional atmospheric transport on wet
deposition (Wang et al., 2026).

Sequential rainwater sampling was conducted during the 2023 observation period using an automatic wet—dry deposition
sampler (APS-3A, Changsha Xianglan Scientific Instruments Co., Ltd., China). Following Ge et al. (2021), consecutive
rainwater fractions were collected at rainfall-depth intervals of 1 mm, except for the final fraction. After the preceding bottles
had each collected the equivalent of 1 mm of rainfall, the final bottle collected all remaining precipitation until the end of the
event. The final fraction therefore did not necessarily represent 1| mm of rainfall. Successive precipitation separated by a rain-
free interval of at least 2 h was treated as a new rainfall event. This sampling design resolved changes in rainwater chemistry
from the beginning to the later stages of individual events. During the 2023 observation period, a total of 203 sequential

rainwater samples were collected from 55 precipitation events.

2.2 Chemical analysis and quality control

Rainwater samples were refrigerated at 0—4 °C and analysed within one month. Four anions (F~, Cl~, NOs~, and SO4>") and
five cations (NH4*, Na®, K*, Mg?, and Ca*") were quantified using ion chromatography (Dionex 600, USA). Analytical
reproducibility was evaluated using replicate measurements, with relative standard deviations below 5 % for all measured ions.
Certified reference materials produced by the National Research Center for Certified Reference Materials, China, were used
for routine quality assurance. Ultrapure-water blanks were analysed following the same procedure, and reported concentrations
were corrected for blank contributions. Ionic consistency was additionally assessed using the event-level relationship between
measured cation and anion equivalents. This regression is a dataset-level diagnostic rather than proof of complete
electroneutrality because relevant ions were not measured. Electrical conductivity was not measured and was not used as a

quality-control criterion. Further analytical and QA/QC details are provided by Ge et al. (2016) and Xu et al. (2017).

2.3 Data processing and event classification

Event-level volume-weighted mean concentrations from all 55 precipitation events were included in the Pearson correlation
analysis and principal component analysis (PCA). Detailed intra-event analysis was restricted to events containing at least six
sequential fractions. Twelve events met this criterion and were designated R1-R12. The selection criterion was independent
of chemical composition and of the event types assigned subsequently. Total ion concentration was defined as the sum of the
nine measured inorganic ions; unmeasured bicarbonate, carbonate, organic acids, and hydrogen ion were not included.

The volume-weighted mean (VWM) concentration of each ion was calculated for individual rainfall events and for the entire

observation period as follows:

Cywm,j = W 0
i=1"1
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where Cyww; is the volume-weighted mean concentration of ion j, Cij is its concentration in sequential fraction 7, P; is the
corresponding rainfall amount, and # is the total number of fractions included in the calculation. Depending on the aggregation,
the equation was applied either to an individual rainfall event or to all samples collected during the observation period.
Event-level sums of the measured cations (£C) and anions (XA) were calculated on an equivalent-concentration basis, and
ordinary least-squares linear regression was performed between A and XC.

The non-sea-salt fraction of each ion was estimated using Na™ as the sea-salt reference species:

2

Chss—x = Cx — Cnat (NX?)seawater
where Cx and Cy,+ are the event-level volume-weighted mean concentrations of ion X and Na®, respectively, and
(X/Na")scawater is the corresponding mass ratio in seawater (Keene et al., 1986; Zhang et al., 2007). Non-sea-salt sulfate (nss-
SO4*) and non-sea-salt calcium (nss-Ca*") were used in the subsequent analysis of the source-related chemical characteristics
of the rainfall events.

Statistical analyses were performed using IBM SPSS Statistics 23. Pearson correlation analysis was applied to the event-
level concentrations of the nine measured ions from all 55 rainfall events, with significance evaluated using two-tailed tests.
Correlations with p < 0.01 were considered significant. The coefficients described pairwise covariation and supported, rather
than independently determined, the source-related interpretation of the PCA results.

PCA was conducted on the correlation matrix of the same 55-event dataset to identify the major patterns of covariation
among the nine ions. Dataset suitability was evaluated using the Kaiser—Meyer—Olkin statistic and Bartlett’s test of sphericity.
Varimax orthogonal rotation was applied to facilitate interpretation. The first three rotated components that exhibited coherent
chemical patterns were retained for source-related interpretation, and their scores for the 12 events containing at least six

sequential fractions were extracted for subsequent event classification.

2.4 Estimation of in-cloud and below-cloud scavenging contributions and uncertainty

Sequential rainwater samples were used to estimate the relative contributions of in-cloud and below-cloud scavenging to ionic
wet deposition. The framework assumes that the additional contribution acquired below cloud generally decreases as rainfall
removes soluble material from the sub-cloud atmosphere. Later fractions are therefore used to estimate a cloud-dominated
precipitation baseline (Aikawa and Hiraki, 2009; Ge et al., 2021). This baseline is derived from the sequential observations
and is not a direct measurement of cloud-water composition.

Following Ge et al. (2021), the across-event median sequential concentration profile of each ion was fitted against
cumulative rainfall depth using an exponential model:

y = C + Ae™™ 3)

where y is the median ion concentration at cumulative rainfall depth x, 4 is the initial concentration excess above the fitted
baseline, £ is the decay coefficient, and C is the fitted asymptotic concentration. This baseline is denoted Cgioud in the partition

equations below. A positive asymptote from an acceptable median-profile fit was used as the common baseline for that ion
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across all selected events. For an ion without an acceptable fit, the arithmetic mean concentration of the final three valid
fractions of each rainfall event was used as its event-specific baseline.

The below-cloud wet-deposition loading of each ion was calculated as:

Wetdepyelow-cloud = 2. MaxX(C; — Ceroua, 0)P; “
where C; is the concentration of a given ion in rainfall fraction i, P; is the rainfall amount represented by fraction i, and » is the
total number of sequential fractions collected during the event. When C; was lower than Ceioud, the corresponding concentration
difference was set to zero. When C; is expressed in mg L™! and P; in mm, the resulting wet-deposition loading is expressed in
mg m 2.
The percentage contribution of below-cloud scavenging was calculated as:

. . Wetde -
Contributionpejow—cloud = W X 100 % (5)
i=1Cifi

After the below-cloud contribution was determined, the in-cloud scavenging contribution was calculated as:
Contribution;,_cjouq = 100 % — Contributionyeiow—cioud (6)
Fit performance for the median concentration profiles was evaluated using the coefficient of determination (R?), root-mean-
square error (RMSE), and mean signed residual. The residual was defined as the observed median concentration minus the

corresponding fitted concentration:

1 m
RMSE = \/; 2= 1Consj = Crie,)? )

— 1 m
e =— 2 _(Consj = Crirj) (8)

j=1
where m is the number of median-profile observations included in the fit, and Cobsj and Cryj are the observed and fitted
concentrations. R? describes the variation represented by the fitted curve, RMSE describes the magnitude of the concentration
deviations, and the sign of the mean residual indicates overall under- or overprediction. These diagnostics assess fit
performance, not parameter uncertainty. The results are presented in Table 2; event-specific final-three-fraction means are

provided in Table S4.

2.5 Backward-trajectory and reanalysis analyses

To characterize the transport background at the onset of the selected rainfall events, 72 h backward trajectories arriving at
ABLES were calculated using the NOAA READY web-based Hybrid Single-Particle Lagrangian Integrated Trajectory model
(HYSPLIT; Stein et al., 2015). The trajectories were driven by the global 0.25° Global Forecast System meteorological dataset
and were calculated for arrival heights of 1200 and 1800 m above mean sea level. These heights were selected to compare
airflow near the observation-site elevation with airflow in the overlying atmosphere. Because initialization was tied to rainfall
onset, the trajectories describe the event-start transport background and were interpreted together with the measured intra-

event concentration changes; they do not measure chemical composition along the pathways.



190

195

200

205

210

215

https://doi.org/10.5194/egusphere-2026-6335
Preprint. Discussion started: 6 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Hourly ERAS reanalysis data with a horizontal resolution of 0.25° were used to examine the 925 hPa horizontal wind fields
and the vertical distributions of cloud liquid water content and airflow during the representative R1 and R12 events (Hersbach
et al., 2020). The 925 hPa fields were used to describe regional low-level airflow, whereas the vertical cross-sections were
used to examine airflow and cloud liquid water content over the terrain. The cross-sections were constructed along the
southwest—northeast direction for R1 and the southeast—northwest direction for R12. Terrain elevation along each cross-section
was obtained from the GEBCO_ 2026 Grid (GEBCO Bathymetric Compilation Group, 2026). Gridded monthly NO, emissions

were superimposed on the horizontal wind fields to indicate the spatial distribution of potential anthropogenic emission regions

2.6 Near-surface meteorological and turbulence observations

Near-surface air temperature and relative humidity were measured using a temperature—humidity probe and water-vapour
density was calculated from the measured air temperature and water-vapour pressure. Precipitation was measured using a rain
gauge. Three-dimensional wind components were measured using a CSAT3 sonic anemometer (Campbell Scientific, USA),

and turbulent kinetic energy was calculated as

TKE = -(6% + 0% + o), 9)
where ou, ov, and ow are the standard deviations of the three wind components. All variables were analysed at 30 min intervals.
For R3-R6, rainfall onset was defined as the beginning of the first interval with measurable precipitation. The analysis covered

the period from 3 h before rainfall onset to 3 h after rainfall end. Missing values were excluded. These observations describe

near-surface meteorological and turbulence conditions and do not constitute a vertical boundary-layer profile.

3 Results
3.1 Chemical context and source-regime classification

The 203 samples from 55 events represented 509.8 mm of precipitation. Event-level measured anion and cation equivalents
covaried strongly (ZAnions = 0.39xZCations+ 6.43, R> = 0.96; Table S1), while the slope below unity indicates a systematic
measured-anion deficit. Similar low slopes occur in several mountain datasets. Five of the six urban-site records compiled in
Table S1 had slopes between 0.71 and 1.03, with Kathmandu as the exception (0.44), whereas seven of the nine mountain or
remote-mountain records, including ABLES, had slopes ranging from 0.21 to 0.49. The ABLES slope (0.39) was comparable
to the 2005-2009 record at Nam Co (0.37), that at Mangdang Mountain in Nanping (0.38), and those at the Nepalese mountain
sites of Dhunche, Dimsa, and Gosainkunda (0.43—0.49). Unmeasured bicarbonate, carbonate, or organic anions may contribute,
so the regression is treated only as an ionic-consistency diagnostic. Together with the analytical QA/QC described in Sect. 2.2,
the consistent event-to-event covariation supports the use of the measured-ion dataset for subsequent analyses of relative ionic

composition and variability.
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The VWM concentrations of the nine ions decreased in the order NH4" (23 peq L") > Ca?" (22 peq L™!) > SO4* (14 peq
L) >Na" (11 peq L™ > Cl" (10 peq L") > K* (9 peq L™') > NO5™ (6 peq L)) > F~ (4 neq L") = Mg?* (4 ueq L") (Table
S2). Their sum was 103 peq L. NH4" and Ca?* contributed 22.3 % and 21.4 %, respectively, and together with SO4? and Na*
accounted for 68.0 % of the measured-ion total. Maxima substantially exceeded medians for most ions, showing that the annual
summary masks large event-to-event variability. The composition reflects mixed influence. Abundant NH4" is consistent with
agricultural and regional inputs, Ca** with mineral material, and Na* and Cl~ with marine transport (Liu et al., 2016; Zhang et
al., 2020; Ma et al., 2021; Grider et al., 2023; Paudel Adhikari et al., 2024; Si and Li, 2024). The Na*/Cl~ equivalent ratio of
about 1.2, above the seawater value of 0.86, suggests non-marine Na" and/or chloride loss (Keene et al., 1986). Comparison
with selected urban, mountain, and regional background sites further defines the chemical setting (Table S3). SO42~ and NO;~
at ABLES were generally lower than in the selected urban datasets, while the relative importance of Ca?*, Na*, and Cl~ was
closer to mountain and background precipitation. NH4" nevertheless exceeded several remote-mountain observations,
demonstrating continued exposure to agricultural and regional anthropogenic sources. ABLES is therefore a comparatively
clean elevated receptor rather than an isolated pristine site (Conrad-Rooney et al., 2023; Htinova et al., 2024). Figure 1 places
ABLES in a global context using X8 concentrations, defined here as the sum of eight major ions excluding fluoride, from 323
other precipitation-chemistry sites. These data were compiled primarily from the Cooperative Programme for Monitoring and
Evaluation of the Long-range Transmission of Air Pollutants in Europe (EMEP), the National Atmospheric Deposition
Program (NADP), and the Acid Deposition Monitoring Network in East Asia (EANET). The ABLES X8 value of 99 peq L™!
lay within the global distribution and was not elevated. Within the Chinese subset, it was lower than the Mt. Waliguan Global
Atmosphere Watch station and all national background stations included in the comparison. Thus, ABLES combines a
relatively low ionic load with frequent cloud occurrence, making it suitable for testing whether a large relative cloud-dominated

contribution can emerge without high absolute rainwater concentration.
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Figure 1: Spatial distribution of £8 concentrations in precipitation at ABLES and 323 other sites. 8 is the sum of Cl~, NO3~, SO4*,
NH4*, Mg?**, K*, Ca?*, and Na*; F~ is excluded so that sites without reported F~ remain comparable. Data were compiled primarily
from the EMEP, NADP, and EANET networks, supplemented with published data for selected global and Chinese stations. Colors
indicate X8 concentrations (neq L), and symbols denote station types. The inset shows ABLES, with annual mean total cloud cover
derived from ERAS reanalysis.

Twelve events contained at least six fractions and were retained for detailed analysis (R1-R12; Table 1). Rainfall depth
ranged from 5.8 to 23.6 mm, mean rainfall rate from 2.9 to 44.3 mm h™!, and total measured ionic wet-deposition flux from
17.2 to 87.7 mg m~2. The range spans weak and concentrated rainfall and more than a fivefold difference in ionic loading,
providing a diverse event set rather than repetitions of one meteorological condition.

The PCA was suitable (Kaiser—Meyer—Olkin = 0.783; Bartlett p < 0.001). Three rotated components explained 80.2 % of
variance (Table S5a): secondary inorganic ions and K* defined an anthropogenic-related component, Na* and CI~ a marine-
related component, and Ca®" a crustal-related component. Pearson correlations support these groupings, yet the component
assignments are not mutually exclusive (Table S5b; Yang et al., 2012; Zeng and Han, 2020; Li et al., 2022; Liu et al., 2024;
Paudel Adhikari et al., 2024). Among R1-R12, R1-R3 had positive PC1 scores of 0.291-0.336 and comparatively high non-
sea-salt sulfate (nss-SO4"), identifying them as anthropogenic-type events (Fig. 2). R9—R11 were separated along PC3, with
scores of 1.169-2.510, and had elevated nss-Ca?’, identifying a predominant crustal signature. R4-R8 and R12 had weaker
anthropogenic and crustal scores and were provisionally grouped as marine type. Non-sea-salt components provided a
compositional check. The dataset-specific boundaries in Fig. 2b are visualization aids, not universal thresholds. R1-R3 had

elevated nss-SO4%", R9-R11 had elevated nss-Ca?", and most marine-type events remained below both boundaries.
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Figure 2: Source-related classification of the 12 sequentially sampled rainfall events at ABLES based on (a) rotated PCA scores and
(b) nss-S042~ and nss-Ca?* concentrations. Dashed ellipses in (a) are visual guides for the event groups. In (b), the vertical dashed
260 line denotes the dataset-specific nss-SO4>~ boundary of 0.5 mg L', whereas the horizontal dashed line denotes the dataset-specific

nss-Ca?* boundary of 1.0 mg L.

Combining the component scores, correlation structure, and non-sea-salt concentrations yielded three predominant types:

anthropogenic (R1-R3), marine (R4-R8 and R12), and crustal (R9—R11). The word type refers to the leading source-related

chemical signature, not an exclusive contribution. Mixed sulfate in crustal events and coastal exposure during marine transport

265 are retained as part of the interpretation rather than treated as classification failures (Li et al., 2022).

Table 1: Sampling information, rainfall characteristics, and total ionic wet-deposition fluxes for the 12 sequentially sampled events

at ABLES.
Sampling period Event Number of Rainfall depth  Mean rainfall rate  Total ionic wet-deposition
fractions (mm) (mm h™) flux (mg m?)
23 April, 17:09-00:34 R1 16 22 2.9 87.7
28 April, R2 10 10 / 45.5
31 May, 20:09-21:33 R3 6 19.9 14.2 82.3
14 July, 20:22-20:52 R4 7 6.3 12.6 25.8
18 July, 17:41-18:13 RS 8 23.6 443 382
19 July, 18:33-18:53 R6 9 13.7 41.1 17.2
3 August, 15:48-16:22 R7 6 5.8 10.2 25.7
28 August, 20:07-21:42 RS 9 8.5 5.4 27.8
12 September, 17:06—-18:41 R9 9 8.5 54 514

10
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Number of Rainfall depth  Mean rainfall rate  Total ionic wet-deposition
Sampling period Event
fractions (mm) (mm h™) flux (mg m2)
14 September, 17:35-17:59 R10 11 10.7 26.75 36.1
15 September, 21:22—-00:00 RI11 12 12 4.6 43.1
26 September, 02:17-03:13 R12 11 12 11.9 18.5

3.2 Event-scale sequential evolution
3.2.1 Sequential concentration changes

Across the 12 events, total ion concentration declined with cumulative rainfall, with the largest changes in initial fractions and
late rebounds (Fig. 3). Anthropogenic-type events (R1-R3) began at 10.9-13.3 mg L™! and decreased to 4.8—7.8 mg L™! by the
third fraction (41.6 %—59.4 %). Secondary inorganic ions contributed 43.3 %—70.7 % of the first-fraction total and dominated
the early decrease. Crustal-type events began at 5.4-10.1 mg L™! and decreased by 7.7 %—41.4 %. Their Ca®* share increased
from 16.9 %-21.6 % to 41.6 %—57.3 %, although Ca®* decreased in R9, increased in R10, and changed little in R11, indicating
relative persistence rather than increasing mineral input. Marine-type events began at 2.4-9.8 mg L', showed the widest early
decreases (17.1 %—78.2 %), and reached 0.3-3.5 mg L! in later fractions. Rebounds in R4, R8, and R10 coincided with longer
collection times for equal-depth fractions (Fig. S1), but effects of rainfall intensity, cell evolution, and below-cloud
replenishment could not be separated (Wang et al., 2021; Audoux et al., 2023b). The event-type contrast is consequently most
robust at the level of initial loading and broad compositional evolution: anthropogenic events showed a high secondary-
inorganic excess, crustal events showed relative Ca?" persistence, and marine events were lower but heterogeneous. The
rebounds caution against treating a single exponential curve as a complete description of event physics and motivate the

alternative-baseline test in Sect. 3.4.4.
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Figure 3: Evolution of major-ion concentrations with cumulative rainfall during the 12 sequentially sampled rainfall events (R1-
R12) at ABLES. Each stacked bar represents a sequential rainwater fraction, and the colored segments indicate the concentrations
of SO4*,NOs~, CI', F~, Ca?*, NH4", Na*, K*, and Mg?". The total bar height represents the sum of the nine measured ions.

3.2.2 Contrast with a remote marine site

To test whether late-stage precipitation at ABLES can approach remote marine loading, final fractions of R6, R7, R8, and R12

were compared with EANET Ogasawara precipitation (Fig. 4). Ogasawara provides a marine reference with different sampling

periods and meteorological histories. At Ogasawara, first-day precipitation showed higher and more variable total ion

concentrations than precipitation collected on subsequent rainy days. The subsequent-day distribution was used as a reference

for low ionic loading under a marine background. The selected ABLES late fractions contained 1.915, 1.868, 2.883, and 0.298
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mg L total ions and fell within or near the Ogasawara subsequent-day distribution. Under the sequential-sampling framework,
these late fractions are expected to have a smaller relative below-cloud contribution than the initial fractions (Ge et al., 2021;
Audoux et al., 2023b). The comparison demonstrates that an inland high-elevation receptor can episodically collect late-stage
rainwater with ionic loading comparable to a remote marine site when transport is predominantly marine or coastal. It does
not imply that all marine-type events converge to a universal background concentration. Instead, sequential sampling identifies

short-lived low-loading states that would be obscured in an event-total sample.
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Figure 4: Total ion concentrations in first-day and subsequent-day precipitation at the EANET Ogasawara station and in selected
low-concentration late fractions at ABLES (R6, R7, R8, and R12). Half-violin plots, boxplots, and points show distributions,
summary statistics, and individual observations.

3.3 Transport and near-surface boundary-layer context
3.3.1 Transport pathways and vertical atmospheric structure

The event-specific differences in rainwater chemistry described above suggest that changes in atmospheric transport may have
influenced both the initial ionic composition and its subsequent evolution during rainfall. To examine the regional transport
context, 72-h backward trajectories arriving at the Atmospheric Boundary Layer Eco-Environment Shanghuang Observatory
(ABLES) at rainfall onset were calculated at 1200 and 1800 m a.s.l. (Fig. S2). The two arrival heights represent transport near
the station elevation and within the overlying atmosphere, respectively. For most events, trajectories at the two heights
originated from broadly similar sectors. However, clear differences in transport direction and pathway were observed for
several events, showing that the event-start transport background was not always the same at the two arrival heights. Initialized
at rainfall onset, they test the meteorological plausibility of source-related groupings but neither follow the full event nor
apportion chemical mass. R1-R3 approached through different continental or coastal sectors, arguing against one geographical

source despite their common secondary-inorganic signature. R9—R11 likewise lacked a common long-range dust pathway;
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their Ca®" may reflect regional or local mineral material encountered during transport or final approach. Most marine-type
trajectories spent substantial time over adjacent seas or the western North Pacific. Subsequent coastal passage explains why
marine Na*—CI™ signatures coexisted with secondary inorganic ions (Ma et al., 2021).

During R1, low-level flow crossed eastern or northeastern regions with elevated anthropogenic emissions, while a 1.2-2.0
km cloud-liquid-water layer coincided with ascent over windward terrain (Fig. 5). The structure is compatible with the initial
secondary-inorganic load but does not identify incorporation height. During R12, easterly and southeasterly marine—coastal
flow accompanied ascent and enhanced cloud liquid water at approximately 1.2—1.8 km. Coastal passage remains compatible
with secondary inorganic ions in this predominantly marine case. Together, the two cases demonstrate that source-regime
contrasts at ABLES occurred within different transport and cloud-bearing structures. HYSPLIT and ERAS diagnose plausible
pathways and terrain-related ascent, but neither is a vertical chemical profile. They cannot establish the altitude of pollutant

incorporation, cloud-base height, or the quantitative chemical contribution of each level (Paudel Adhikari et al., 2024).
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Figure 5: Horizontal transport and vertical atmospheric structure for the contrasting anthropogenic-type event R1 and marine-type
event R12. Panels (a) and (b) show R1 at 19:00 on 23 April 2023, and panels (c) and (d) show R12 at 01:00 on 26 September 2023.
Panels (a) and (c) show 925 hPa winds and monthly NO. emissions; panels (b) and (d) show cloud liquid water, terrain, and projected
wind vectors. The red star marks ABLES.
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3.3.2 Near-surface meteorological context for the early chemical evolution of R3—R6

Figure 6 shows the variations in near-surface meteorological variables during rainfall events R3—R6. All four events were
accompanied by decreasing air temperature and increasing turbulent kinetic energy (TKE). Relative to the pre-rainfall periods,
mean air temperature decreased by approximately 2.5-3.8 °C, while mean TKE increased from 0.30—1.47 m? s 2 before rainfall
to 2.41-6.96 m? s 2 during rainfall. These changes demonstrate that the sequential rainwater samples were collected during
periods of enhanced near-surface turbulence and marked thermal disturbance. R6 exhibited the largest TKE enhancement and
therefore the strongest near-surface dynamical disturbance among the four events. However, these measurements characterize
local near-surface conditions and do not resolve the vertical structure of the boundary layer or cloud-level updraughts.

The rainfall amount and water-vapour density differed substantially among the four events. R3, R5, and R6 accumulated
19.9, 23.6, and 13.7 mm of rainfall, respectively, with maximum 30 min accumulations of 12.5, 10.6, and 13.7 mm. These
values were substantially higher than those of R4, which accumulated 6.3 mm and had a maximum 30 min accumulation of
4.9 mm. Water-vapour density decreased from 19.68 to 17.13 g m™> during R5 and from 20.36 to 18.19 g m~ during R6. It
changed little during R3, decreasing slightly from 18.03 to 17.99 g m . In contrast, water-vapour density increased from 17.61
to 17.91 g m™> during R4 and continued to increase after rainfall. Thus, cooling and enhanced turbulence were common to all
four events, whereas their near-surface moisture responses were not uniform.

Figure 3 shows pronounced initial decreases in total-ion concentration during R3, R5, and R6. From the first to the second
sequential fraction, total-ion concentration decreased from 10.95 to 5.79 mg L' in R3, from 4.46 to 3.12 mg L' in R5, and
from 2.43 to 1.49 mg L ! in R6, corresponding to decreases of 47.2 %, 30.0 %, and 38.8 %, respectively. Concentrations
subsequently remained relatively low and varied less than during the initial rainfall stage, although R3 continued to decrease
during its late fractions. The concurrence of these initial chemical decreases with concentrated rainfall, surface cooling, and
enhanced TKE shows that the strongest early chemical transitions occurred under markedly disturbed near-surface
meteorological conditions. This temporal association is consistent with rapid changes in the amount and composition of soluble
material available for below-cloud scavenging, but it does not distinguish among depletion, dilution, horizontal advection,
turbulent mixing, and changes in precipitation microphysics. It therefore does not demonstrate that rainfall intensity or
turbulence directly caused the concentration decreases, nor does it identify the altitude or pathway through which chemical
species were incorporated into precipitation.

The large first-to-second-fraction decreases during R3, R5, and R6 occurred within a small amount of accumulated rainfall.
At the nominal sampling resolution of 1 mm, the rapid initial transition was represented by only two adjacent bulk fractions.
The measurements therefore captured the pronounced initial concentration decrease but could not determine its precise
transition depth or rate of decline. This limitation was particularly important for R3, for which only six fractions were collected
and total-ion concentration continued to decrease during the late stage. Its final three fractions may consequently not represent
a fully stabilized late-event composition, and the estimated cloud-dominated baseline may be biased high. Such a bias would

overestimate the relative in-cloud contribution and correspondingly underestimate the below-cloud contribution for R3.
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365 Figure 6: Near-surface conditions during R3-R6. (a) Thirty-minute precipitation, (b) air temperature, (c) water-vapour density, and
(d) turbulent kinetic energy (TKE), plotted relative to rainfall onset. The dashed line marks rainfall onset (0 h).

3.4 Estimated in-cloud scavenging contributions
3.4.1 Sequential SO4* evolution from urban pollution to global mountain levels

Sequential SO4*” measurements at ABLES were compared with same-method observations from Beijing, Rizhao, and Wuhan
370 (Fig. 7a; Yao et al., 2024). Median first-fraction concentrations were 1.50 mg L™ at ABLES, compared with 14.67, 9.04, and
4.92 mg L! at the three urban sites, respectively. By the third fraction, they had declined to 0.81, 7.07, 2.56, and 2.44 mg L !,
and subsequent concentrations at ABLES generally remained below 1 mg L™!. The fitted curves reinforce this contrast. In y =

Ae™ + C, the initial-excess parameter A was 1.46 mg L™' at ABLES but 6.49-43.13 mg L™! at the urban sites, while C was
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only 0.32 mg L' at ABLES, approximately one-seventh to one-eleventh of the urban asymptotes. The lower k at ABLES (0.27

' versus 0.48-2.01 mm™") describes a gradual decline from an already low initial concentration rather than weak

mm

scavenging. The same-method comparison therefore shows that ABLES had both a smaller sulfate burden available for
additional below-cloud removal and a much lower late-event level. A large relative in-cloud contribution can consequently
coexist with low absolute sulfate concentration.

This low late-event level represents a marked departure from the sulfate-rich mountain-cloud environment documented in
China during the coal-driven acid-rain period. Direct cloud-water SO4>~ concentrations reached 51.1 mg L' at Mt. Tai during
2007-2008 and 18.8 mg L' at Mt. Heng in 2009, compared with approximately 10.6 mg L' at Whiteface Mountain in 2006
and about 3.5-27 mg L™! at reported European mountain sites (Aleksic et al., 2009; Guo et al., 2012; Li et al., 2017). The fitted
ABLES baseline of 0.32 mg L ™! and final-fraction median of 0.49 mg L™! were therefore one to two orders of magnitude lower
than these historical mountain observations. Whiteface measurements from 2010-2017 further showed a mean of 3.55 mg L™
under low-smoke conditions, with a 10" percentile of approximately 0.29 mg L' (Lee et al., 2022 ; Lawrence et al., 2023).
Thus, the cloud-dominated late-event signature at ABLES reached the lower range of recent international mountain
observations. Because late-event rainwater is not equivalent to directly collected cloud water and cloud-water concentrations
depend on liquid water content, this comparison does not establish that ABLES clouds were intrinsically cleaner. It instead
provides rare event-resolved evidence that sulfate in an elevated cloud—precipitation system in southeastern China has entered
a globally low concentration regime, consistent with the broader effects of China’s sulfur-emission controls extending beyond

surface air (Liu et al., 2020).

3.4.2 Comparison of in-cloud scavenging contributions across different environments

Estimated NO;~, SO4>", and NH4" contributions were compared with published urban and remote values (Fig. 7b; Chatterjee
et al., 2010; Aikawa et al., 2014; Kajino and Aikawa, 2015; Ge et al., 2016, 2021; Xu et al., 2017; Bayramoglu Kars1 et al.,
2018; Monteiro et al., 2021; Ryu and Min, 2022; Zou et al., 2022; Audoux et al., 2023b; Yao et al., 2024). ABLES medians
were 58.4 %, 51.1 %, and 49.2 %, with event ranges of 23.3 %—81.9 %, 29.8 %—79.5 %, and 19.7 %—80.5 %, respectively.
The ABLES medians exceeded compiled urban observational and model medians but overlapped remote ranges. The
comparison reflects broad environmental differences across studies with different methods. Together with Fig. 7a, this pattern
suggests a larger relative late-stage contribution where additional below-cloud material is limited.

This pattern is consistent with model studies indicating that below-cloud scavenging is generally more important in the
polluted lower atmosphere, whereas the relative importance of in-cloud scavenging increases in elevated or remote
environments (Grythe et al., 2017; Kim et al., 2021; Jones et al., 2022; Ryu and Min, 2022). Because the compiled values were
obtained using different observational designs, model frameworks, and calculation procedures, they are used here only to
characterize broad environmental contrasts. It is worthy to note that the wide ranges observed at ABLES further show that in-

cloud scavenging was not uniformly dominant but varied among chemical species and rainfall events.
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3.4.3 Event- and ion-specific variability in in-cloud scavenging contributions

Estimated in-cloud contributions varied substantially among events and ions (Fig. 7c). For anthropogenic-type events R1-R3,

median estimates for SO4>~, NO;~, and NH4" were 34.5 %, 44.8 %, and 20.5 %, respectively. Their high initial loads and

pronounced early decreases corresponded, within the sequential-sampling framework, to larger early concentration excesses
410 assigned to the below-cloud component, rather than directly measured removal fluxes. Marine-type medians were 60.3 % for
S04, 61.3 % for NO5~, 53.4 % for NH4", 85.1 % for Cl", and 85.5 % for Na*. R4-R6 showed relatively high estimates for
most ions, whereas R7, RS, and R12 showed more balanced partitioning of secondary inorganic ions. R12 retained high
estimated contributions for C1~, Na*, Mg?*, and Ca** but only moderate values for SO4>~, NO;~, and NH4*, demonstrating ion-
specific behaviour within a single marine-type event. For crustal-type events R9-R11, estimated Ca®" contributions ranged
415 from 71.9 % to 95.0 % (median: 94.8 %), and Mg?* contributions from 51.9 % to 86.0 % (median: 83.9 %). Estimates for
secondary inorganic ions were low in R9 but higher in R10 and R11. Trajectory differences provide meteorological context
but cannot locate chemical incorporation. Overall, chemical type was associated with, but did not uniquely determine, the

estimated partitioning; variability was event- and ion-specific.
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3.4.4 Robustness of the partition estimates

The across-event median sequential concentration profiles of SO4*~, NO;", NH4*, Na*, and Cl~ were described using
exponential decay functions (Table 2). Across the five ions, R? ranged from 0.70 to 0.86 and RMSE ranged from 0.032 to
0.098 mg L™'. Mean residuals were small (—0.029 to 0.001 mg L"), indicating little systematic signed bias in the fitted profiles.
SO4* had the largest RMSE, whereas NO; ™ had the smallest. Fitted asymptotic baselines for SO4*~, NO5~, NH4*, Na*, and CI~
were 0.320, 0.210, 0.230, 0.200, and 0.300 mg L'; event-specific final-three medians were 0.49, 0.20, 0.17, 0.24, and 0.33
mg L', Sensitivity was closest for nitrate and largest for sulfate, with no uniform directional shift. The fitted asymptote was
retained as the primary baseline for these five ions, while final-three-fraction means were retained as the alternative and as the
fallback for the remaining ions (Table S4). The comparison supports qualitative conclusions that are stable across the two
representations, such as the low late-stage sulfate concentration, but cautions against treating individual event percentages as
exact process measurements.

Table 2: Exponential-fit diagnostics and comparison of fitted asymptotic and event-specific final-three-fraction concentration
baselines for the five ions with acceptable across-event median fits.

Mean signed  gjgeeq asymptote

RMSE . Median of event-specific

Ton Fitted equation R? - residual (mg C _
(mgL™) o final-three means (mg L)

LY (mg L)

SO, y = 032 + 1.46¢7027* 0.70 0.098 ~0.004 0320 049

NO;~ y = 0.21 + 0.64e793% 0.86 0.032 -0.014 0210 0.20

NH,* y = 0.23 + 1.29¢704% 0.79 0.062 ~0.029 0.230 0.17

Na* y = 0.20 + 0.59¢7088* 0.70 0.040 0.001 0.200 024

cr y = 030 + 0.68¢7025% 0.85 0.058 ~0.011 0.300 033

Note: x denotes cumulative rainfall depth (mm), and y denotes ion concentration (mg L™).

4 Discussion
4.1 Meaning of a high estimated in-cloud contribution at an elevated receptor

The sequential partition separates a late-stage baseline from the early concentration excess acquired during the event. At
ABLES, estimated in-cloud fractions for sulfate, nitrate, and ammonium exceeded compiled urban medians but remained
within remote-environment ranges. The first-order explanation is not necessarily enhanced cloud-water concentration. An
elevated receptor has a shorter and often cleaner sub-cloud column than a polluted lowland site, so the additional amount
available for below-cloud collection can be small relative to the material already associated with precipitating cloud (Grythe

et al., 2017; Kim et al., 2021; Jones et al., 2022; Ryu and Min, 2022). The resulting ratio can be high even when both
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components are modest in absolute concentration. Sulfate provides the clearest demonstration. ABLES had much lower first-
fraction sulfate than Beijing, Rizhao, and Wuhan and a fitted asymptote only one-seventh to one-eleventh of the urban values.
A large relative baseline contribution at ABLES therefore coexists with low sulfate throughout the event. The physically
transferable conclusion is that relative process partition and absolute ionic loading answer different questions: the former
describes how event deposition is divided under the adopted baseline, while the latter describes the amount delivered. Neither
by itself measures cloud-water composition. This distinction helps reconcile apparently high in-cloud fractions at clean or
elevated sites with modest chemical loading. It also prevents a percentage from one environment being treated as a process
rate equivalent to that from another. Comparisons are most informative when initial concentration, late-stage concentration,
event deposition, and relative partition are reported together. The ABLES observations supply that combined benchmark for
a monsoon-influenced inland mountain receptor.

The implication for process evaluation is specific. Reproducing an annual wet-deposition total is insufficient if the early
concentration excess or late-stage baseline is wrong, because compensating errors can yield the correct integral. Conversely,
agreement in a relative fraction does not ensure agreement in deposited mass. The observed sequence offers four linked
constraints: starting concentration, decline with accumulated rainfall, baseline magnitude, and ion-specific deposition fraction.
Evaluation against all four would better distinguish errors in atmospheric loading from errors in wet-removal treatment. The
two-baseline comparison clarifies which part of this benchmark is most stable. Nitrate showed close agreement between the
exponential asymptote and final-three-fraction summary, whereas sulfate was more sensitive. This difference is scientifically
relevant because it prevents all ions from being assigned the same methodological confidence. A framework that reproduces
nitrate partition but not sulfate evolution may therefore point to species-specific differences in precursor supply, particle
association, or aqueous processing rather than a uniform precipitation bias. The present data identify that diagnostic
opportunity without resolving the underlying process uniquely.

Cross-environment comparison introduces additional structural uncertainty. Urban records combine higher precursor
abundance, longer sub-cloud paths, and different precipitation climatology, whereas remote observations may differ in
sampling duration and analytical coverage. The compiled medians therefore cannot isolate elevation from pollution level or
microphysics. Their value is that they define the range of observed behaviour. ABLES occupies a distinctive part of that range:
remote-like relative contributions paired with measurable regional anthropogenic influence and low absolute sulfate. This
combination is the evidence for a mountain-receptor transition regime, not proof that elevation alone causes the observed

partition.

4.2 Transport context and source-related chemical signatures

Source-related event types differed in both the material present at rainfall onset and its evolution. Anthropogenic-type events
began with a strong secondary-inorganic excess and yielded larger estimated below-cloud fractions. Marine-type events

generally began at lower concentration and retained large late-stage fractions for sodium and chloride, while crustal-type events
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showed persistence of calcium relative to sulfate, nitrate, and ammonium. These contrasts indicate that source composition
sets the chemical reservoir on which rainfall acts.

Transport history modifies that reservoir. The marine cases show that oceanic pathways do not produce chemically pure
sea-salt precipitation: coastal passage can add secondary inorganic or mineral material before arrival. Similarly, a crustal
chemical signature need not originate from a single distant dust region. The multi-height trajectories show different histories
near the station and aloft for several events, and the R1/R12 cross-sections show terrain-related ascent toward cloud-bearing
layers. These diagnostics make the observed chemical contrasts physically plausible, while their limitations prohibit
quantitative vertical attribution. The R3—R6 near-surface observations add a second line of contextual evidence. Large initial
concentration decreases coincided with concentrated rainfall, cooling, and enhanced turbulence in R3, RS, and R6, whereas
R4 had weaker rainfall and a different moisture response. This co-variation supports rapid event evolution but cannot show
whether ions were collected from a near-surface reservoir, incorporated aloft, or altered by microphysical dilution. Direct
chemical profiles, cloud-base observations, and finer sequential sampling would be required to separate those pathways.

The substantial variability within each source group is itself a key result. Source label alone cannot predict wet-scavenging
partition because event structure, rainfall history, vertical transport, and ion properties interact. A useful future framework
should evaluate individual events and species rather than assign one fixed in-cloud fraction to a broad transport regime. Ion
behaviour provides clues to the competing controls. Secondary inorganic ions were prominent in the anthropogenic early
excess, sea-salt ions retained large baseline fractions in several marine events, and calcium persisted in crustal cases. These
contrasts may reflect differences in vertical distribution, particle size, hygroscopicity, and aqueous processing, but the present
observations do not separate them. The appropriate mechanistic inference is therefore a set of testable ion-specific hypotheses,
not a closed causal explanation. The mountain setting makes vertical separation particularly plausible but also difficult to
verify. Air sampled at station height may have a different history from cloud-bearing air above the ridge, and the precipitating
column can change as cells cross complex terrain. Similar trajectories at two arrival heights support a relatively coherent
transport sector, whereas divergent trajectories identify conditions in which mixed histories are likely. Neither case proves
where ions entered hydrometeors. Direct aerosol and gas profiles below and above cloud base would be needed to distinguish

pre-cloud transport, in-cloud uptake, and collection during descent.

4.3 Methodological scope and limitations

Several limitations define the scope of the inference. First, the late-stage baseline is derived from rainwater rather than
measured cloud water. Air-mass transitions, changing rainfall intensity or drop spectra, evaporation, and replenishment below
cloud can violate exponential decay. The R4, R8, and R10 rebounds demonstrate that departures occur. R?, RMSE, and mean
signed residual assess fitted concentration profiles, while the final-three comparison tests structural baseline sensitivity; none
is a direct probability distribution for the process fraction. The baseline uncertainty is therefore partly identifiable and partly
irreducible with the present dataset. Agreement between two baselines increases confidence that the late concentration level is

not an artefact of one fitting choice, but agreement cannot validate the underlying cloud-dominated interpretation. Independent
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cloud-water samples or simultaneous vertical chemical observations are required for that test. Reporting both forms of
uncertainty prevents numerical fit precision from being confused with physical identifiability. Second, only 12 of 55 events
contained at least six sequential fractions, and the three source groups are small and unequal. The classification is useful for
organizing contrasts but does not support causal population-level differences among regimes. The 1 mm collection increment
also undersamples the sharpest initial transition, particularly for R3, where only six fractions were available and the
concentration continued to decline late in the event. Third, the chemical analysis is restricted to nine inorganic ions. The anion—
cation slope indicates that unmeasured bicarbonate, carbonate, organic anions, or acidity may matter, and conductivity was not
available as an independent check. Concurrent blanks, blank subtraction, replicate precision below 5 %, certified materials,
and the ionic-consistency analysis support the reported measurements but cannot recover unmeasured species. Finally,
HYSPLIT, ERAS, and near-surface observations constrain transport and meteorological context, not vertical chemical
distributions or incorporation altitude. Within these bounds, sequential sampling reveals information unavailable from bulk
precipitation: the secondary-inorganic early excess, relative calcium persistence, occasional low-loading marine late fractions,
and ion-dependent baseline sensitivity. These features provide a benchmark for evaluating whether monitoring and wet-
removal frameworks reproduce both absolute concentration and event evolution. The term cloud-dominated precipitation
signature remains essential because the late fraction is not direct cloud water.

This benchmark also has implications for network design. A high-elevation station can appear chemically clean in monthly
or event-mean data while still recording substantial early anthropogenic influence during selected events. Pairing routine
deposition totals with targeted sequential sampling would retain long-term comparability and add process resolution during
representative transport regimes. Such a nested strategy is more feasible than direct cloud-water sampling at every site and can
identify events that warrant intensive vertical observations. Representativeness should be evaluated at several levels. The 55-
event dataset supports the annual chemical setting and multivariate source patterns, the 12 long events support sequential
comparisons, and only R3—R6 support statements involving the co-located near-surface observations. Conclusions should not
be transferred from one evidence tier to another. This hierarchy also suggests a sampling design for future work: broad routine
coverage to establish frequency, dense sequential sampling to resolve transitions, and a smaller set of vertically instrumented
intensive periods to test mechanism. The findings are most applicable to elevated inland receptors that experience frequent
cloud and alternating continental-marine transport. Generalization to polluted lowlands, arid mountains, snow-dominated
precipitation, or convective regimes with different microphysics requires additional evidence. Even at ABLES, the present
record represents one observation year and emphasizes events long enough to yield at least six fractions; short events may
have different chemistry and partition behaviour. Future campaigns should combine sub-millimetre sampling during the first
rainfall, sufficient late-event fractions, direct cloud-water collection where feasible, cloud-base and vertical remote sensing,
and simultaneous aerosol and gas measurements. Repeated observations across seasons and multiple elevations would test
whether the low absolute loading—high relative fraction relationship persists. These measurements would also allow the
contextual transport evidence used here to be replaced by direct constraints on the altitude, timing, and chemical form of

incorporation.
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5 Conclusions

Sequential rainwater sampling at ABLES revealed event-scale chemical evolution that is obscured by event-integrated
measurements. Across 55 events, ionic loads were low relative to urban precipitation, yet the record retained distinct
anthropogenic, marine, and mineral influences. Among the 12 sequentially sampled events, anthropogenic-type events had the
highest initial concentrations and strongest early decreases, dominated by sulfate, nitrate, and ammonium; marine-type events
were lower but more variable; and crustal-type events showed relative Ca?" persistence. Selected late fractions from marine
events were within or near the low-concentration subsequent-day distribution at Ogasawara, showing that ABLES alternated
among chemically distinct event states rather than representing a uniformly clean background.

Fitted asymptotes were used for ions with acceptable across-event median fits, and each event's final-three-fraction mean
for the others. Median estimated in-cloud contributions were 51.1 % for SO4*", 58.4 % for NO;™, and 49.2 % for NH4";
individual estimates exceeded 80 %, and Ca?" reached 95.0 % in one crustal event. Comparison with Beijing, Rizhao, and
Wuhan showed that ABLES combined a high relative cloud-dominated contribution with a fitted late-event SO4*~ baseline of
only 0.32 mg L™, a pattern consistent with little additional sulfate being available for below-cloud removal. More importantly,
this baseline and the final-three-fraction median of 0.49 mg L™! were one to two orders of magnitude below historical Chinese
mountain cloud-water observations and reached the lower range of recent global mountain records, providing rare event-
resolved evidence consistent with the effects of sulfur-emission controls extending beyond surface air. Because late-event
rainwater is not direct cloud water, the comparison does not demonstrate intrinsically low cloud-water concentrations or
stronger absolute in-cloud scavenging; relative contribution, absolute loading, and environmental setting must therefore be
reported together.

Transport pathways provided context for, but did not uniquely determine, the event- and ion-specific partitioning. Marine
and coastal pathways coincided with lower loading and sea-salt-rich signatures, whereas continental exposure coincided with
secondary inorganic enrichment. For R3—R6, concentrated rainfall, cooling, enhanced near-surface turbulence, and rapid initial
concentration decreases co-occurred, but these observations neither locate chemical incorporation nor establish causality.

The estimates remain limited by the empirical baseline, | mm sampling resolution with small and unequal event groups,
event rebounds, and the absence of direct cloud-water, cloud-base, vertical-chemistry measurements. They should therefore
be treated as event-resolved observational constraints rather than exact process fractions or universal constants. Sequential
sampling nevertheless provides a benchmark for testing whether monitoring and wet-removal frameworks reproduce both the
early concentration excess and late-event baseline, rather than only event-total deposition. Coordinated observations across
seasons and elevations are required to determine whether the low-loading—high-relative-contribution relationship is a general

mountain feature or specific to ABLES.
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