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Abstract

Cloud seeding success depends on both the seeding mate-
rial and atmospheric conditions during deployment. This
study developed a more environmentally friendly cloud-
seeding formulation and a machine-learning method for
identifying favorable deployment windows. Six conditions
were tested in a cloud chamber: distilled water, sodium
chloride, cellulose nanocrystals (CNCs), CNCs passed
through polytetrafluoroethylene (PTFE) tubing, CNCs
with saponin, and CNCs with both modifications. A
650 nm laser and light sensor measured cloud formation
onset, minimum transmitted illuminance, and persistence
across five trials per condition. Compared with unmod-
ified CNCs, the combined formulation reduced mean
onset time by 61% (27.0 to 10.6 s), reduced minimum
transmitted illuminance by 93.5% (3818 to 248 lux), and
increased persistence by 85% (90.8 to 168.0 s). Welch’s
tests produced p = 0.021, p = 0.008, and p < 0.001,
respectively. Saponin produced most of the improvement,
while PTFE routing provided a smaller additional benefit.
In parallel, an Extreme Gradient Boosting (XGBoost)
classifier was trained on approximately 41 million records
from the European Centre for Medium-Range Weather
Forecasts Reanalysis v5 (ERA5) and Integrated Multi-
satellitE Retrievals for Global Precipitation Measurement
(IMERG). Using precipitation during the following six
hours to identify favorable windows, the model achieved
a receiver operating characteristic area under the curve
of 0.802 on a 2023 holdout set. Location and season
emerged as important predictors, demonstrating the spa-
tiotemporal dependence of cloud-seeding opportunities.
Together, these results support direct testing of the com-
bined formulation and provide a practical method for
identifying favorable deployment windows.
Keywords: Cellulose nanocrystals, cloud condensation
nuclei, cloud seeding, electrostatic charging, hygroscopic
seeding, machine learning, meteorological targeting, pre-
cipitation forecasting, saponin, XGBoost.

1 Introduction

Cloud seeding begins with a simple idea: if a cloud al-
ready contains water, adding the right particles may help
more of that water grow into precipitation. Seeding does
not create clouds or add water vapor. It only has a chance
to work when the cloud already has suitable temperature,
liquid water, upward motion, background aerosol, and
enough time for droplets to grow. For this reason, major
reviews and international guidance do not support one
universal claim that cloud seeding works under every
condition [1–4]. In cold-cloud seeding, silver iodide is
commonly released into supercooled clouds to promote
ice formation. Recent winter experiments have tracked
released silver iodide through ice formation and snow-
fall [5–7]. This study instead tests an environmentally
friendly hygroscopic seeding material designed to help
liquid droplets grow in warm clouds.
Warm rain begins when water vapor condenses onto

small airborne particles called cloud condensation nuclei
(CCN). As moist air rises and cools, some of these par-
ticles take up enough water to become cloud droplets.
This process is called activation. The droplets must then
grow through condensation and collisions before they can
become drizzle or rain. Particle size and amount are im-
portant. Too many small particles can force the droplets
to compete for the available water, while a smaller num-
ber of larger particles may help create the first large
drops that collect smaller ones [8–11].
Köhler theory explains when an aerosol particle can

activate into a cloud droplet. For a solution droplet with
wet diameter D, the equilibrium saturation ratio is

Seq(D) = aw(D) exp

[

4σs/a(D)Mw

RTρwD

]

, (1)

where aw is water activity, σs/a is the solution–air
surface tension, Mw and ρw are the molar mass and den-
sity of water, R is the universal gas constant, and T is
absolute temperature [12, 13]. Two effects compete. Dis-
solved material helps water condense by lowering water
activity, while the curved surface of a very small droplet
makes growth more difficult. The highest point on the
resulting Köhler curve gives the critical diameter and
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supersaturation required for activation and continued
growth.
The κ-Köhler form summarizes a particle’s ability to

take up water using a dimensionless hygroscopicity value,
κ [14]. If Dd is the dry-particle diameter and sc =
Sc−1 is the fractional critical supersaturation, a common
approximation is

sc ≃

(

4A3

27κD3
d

)1/2

,

A =
4σs/aMw

RTρw
.

(2)

Equation (2) shows why larger and more hygroscopic
particles usually activate at lower supersaturation. Lower
surface tension may also reduce the supersaturation re-
quired for activation. However, surfactant molecules
move between the droplet interior and its surface as the
droplet grows. A surface-tension value measured in a
large container may therefore give an inaccurate predic-
tion for a microscopic droplet [15–18]. Köhler theory
supports testing the formulation developed in this study,
but direct CCN measurements are still needed to confirm
how it affects droplet activation.
Cellulose nanocrystals (CNCs) are plant-derived, rod-

shaped particles with modifiable surface chemistry [19,
20]. Their surface hydroxyl groups allow them to interact
with water, making them promising materials for cloud
condensation nuclei (CCN) research. However, CCN ac-
tivity can vary with surface chemistry, particle structure,
and the size and shape of the CNC clusters produced
during aerosolization [21, 22]. Recent studies have found
moderate water uptake and cloud-droplet activation for
unmodified cellulose aerosols [23, 24]. These findings
suggest that modifying CNCs may improve their per-
formance. They also show that the aerosol leaving the
delivery system, rather than only the suspension stored
in the container, determines the material’s practical be-
havior.
This study tested two modifications intended to im-

prove CNC aerosol performance. The first was Quillaja
saponin, a plant-derived surfactant that collects at air–
water interfaces and can form stable surface layers [25, 26].
Saponin may influence droplet formation, stability, and
activation by changing interfacial properties. It may
also affect the amount and size distribution of aerosol
produced by an ultrasonic nebulizer [27]. The second
modification routed the aerosol through polytetrafluo-
roethylene (PTFE) tubing. Contact with PTFE may
produce electrostatic charge, which can influence aerosol
behavior, particle capture, and droplet collisions [28, 29].
The tubing may also alter the delivered aerosol through
particle loss or size-dependent transport [30, 31]. The
experiment therefore evaluates the overall effect of the
PTFE delivery pathway, while later work can separately
measure its electrostatic and transport effects.
Figure 1 summarizes the proposed activation mech-

anism behind the combined formulation. Saponin is
expected to modify the droplet interface, while PTFE
routing may provide an additional benefit through elec-
trostatic charging or changes in the delivered aerosol.
Together, these effects may allow the CNC-based formu-
lation to reach activation at a lower critical supersatu-
ration. The curves are conceptual and show the study
hypothesis rather than measured Köhler curves.

Figure 1: Conceptual Köhler curves comparing a con-
ventional seeding agent with the proposed CNC–saponin
formulation using electrostatic charging. The proposed
formulation is expected to reach its critical point at a
lower supersaturation. The curves illustrate the study
hypothesis and are not derived from the chamber mea-
surements.

A useful material can still fail if it is released into the
wrong cloud. Temperature, cloud water, upward motion,
and remaining cloud lifetime all affect whether droplets
can grow. Choosing a deployment window is therefore
also a forecasting problem. Recent studies have used
models and rapid observations to rank possible cloud
conditions [32, 33]. A model trained on natural rainfall
can learn when rain is likely to follow a weather pattern,
but it cannot directly calculate how much additional rain
cloud seeding would produce.
This study combines two complementary approaches.

First, six formulation and delivery conditions were com-
pared in the same cloud chamber. Second, an Extreme
Gradient Boosting (XGBoost) classifier used weather
fields from the European Centre for Medium-Range
Weather Forecasts Reanalysis v5 (ERA5) and precipi-
tation labels from the Global Precipitation Measurement
(GPM) mission’s Integrated Multi-satellitE Retrievals
for GPM (IMERG) Final Run Version 07B product to
rank six-hour deployment windows in a later year. The
cloud chamber experiment compares how the formula-
tions affect transmitted light and cloud persistence under
controlled conditions, while the model ranks atmospheric
conditions according to the likelihood of subsequent nat-
ural precipitation. Together, these approaches help iden-
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tify both a promising formulation and favorable weather
periods for further testing.
Two research questions define the study. RQ1 asks:

does adding saponin and a PTFE delivery pathway
change the onset, minimum transmitted illuminance, and
persistence of chamber cloudiness compared with unmod-
ified CNCs and the tested controls? RQ2 asks: can an
XGBoost model trained on historical weather conditions
rank six-hour precipitation-supportive windows in a fu-
ture year? RQ1 selects a formulation for direct aerosol
and CCN testing. RQ2 tests whether the weather data
provide useful predictions across time.
The remainder of the paper is structured as follows.

Section II reviews earlier cloud-seeding research, warm-
cloud particle design, CNC and saponin behavior, PTFE
routing, optical measurement, and weather-based target-
ing. Section III describes the chamber experiment, sta-
tistical analysis, atmospheric data, and machine-learning
workflow. Section IV reports the results. Section V dis-
cusses their meaning and the next tests needed before
field deployment. Section VI concludes the paper.

2 Literature Review

2.1 Evaluating Evidence for Cloud-

Seeding Effects

Cloud seeding includes two main approaches. Glaciogenic
seeding adds ice-forming material to cold clouds that con-
tain supercooled water. Hygroscopic seeding adds soluble,
water-attracting particles to influence liquid droplets. Ev-
idence for one approach does not automatically support
the other. Reviews therefore look for a chain of evidence:
the cloud must be suitable, the material must reach the
target region, the intended particle process must occur,
and that change must last long enough to affect precipi-
tation [1, 2, 4, 34].
Recent winter mountain-cloud experiments show why

this chain matters. The SNOWIE project combined
known aircraft release paths with radar and in-cloud
measurements [5]. French et al. followed the formation
and growth of seeded ice, while Friedrich et al. used radar
and ground gauges to measure snowfall in selected cases
[6, 7]. Other case studies have also combined aircraft,
radar, satellite, or drop-size observations [35, 36]. Their
strength comes from measuring several steps between
release and precipitation instead of relying on rainfall
alone.

Warm-cloud results are harder to separate from natural
weather changes. Silverman reviewed four randomized
hygroscopic-seeding experiments and found that positive
rainfall estimates had not yet met both the statistical
and physical standards needed to prove the proposed
mechanism [37]. Later reviews continue to call for random
assignment, objective cloud selection, analysis that does
not depend on whether a case was seeded, and in-cloud

measurements [2, 3, 38]. Two clouds that look similar
can still differ in liquid water, lifetime, upward motion,
mixing with dry air, and background aerosol. A chamber
removes much of this weather variability, but it measures
only an early step. Its purpose here is to identify which
formulations should advance to direct CCN testing.

2.2 Warm-Cloud Seeding Depends on

Particle Size, Amount, and Cloud

Conditions

Hygroscopic seeding has followed two related strategies:
releasing many smaller particles to change the initial
droplet-size distribution, or releasing fewer very large
particles that can become the first drizzle drops. Early
calculations and a South African field program supported
the first approach [39, 40]. Later models showed that
more particles are not always better. Very large particles
may form useful drops but settle quickly, while too many
small particles can divide the available water among too
many droplets. The most effective size also changes with
released mass, updraft speed, and the cloud’s natural
population of large particles [41, 42].
Studies of sea salt and giant CCN show this depen-

dence more clearly. In models, the effect on precipitation
can grow or disappear when the background CCN con-
centration changes. Large salt particles can also keep
the droplet-size distribution wider than simple small-
particle models predict [43–45]. Satellite observations
have linked coarse sea aerosol with larger cloud droplets
after accounting for meteorological conditions, although
this relationship does not prove a seeding effect [46]. Field
studies found more large drops or drizzle after salt release
in some cases, but the result still depended on the initial
cloud conditions [11, 47]. Overall, the literature indicates
that effective particle sizes and concentrations depend
on the cloud and delivery conditions. Particles can be
too small and numerous, while very large particles may
settle before reaching much of the cloud. A new material
should therefore be described by the size and number of
particles that actually leave the device, not only by the
liquid concentration in the reservoir.
Delivery can weaken a promising material. Strong di-

lution may leave too few particles to affect the cloud,
and complex terrain can make it difficult to determine
where the material traveled [10, 48]. Models show that
particle size, release height, injection method, and cloud
structure can change both the magnitude and direction
of the precipitation response [49–51]. Higher-resolution
simulations also show that hygroscopicity, particle num-
ber, and turbulence work together [52]. Particle size,
count, and released amount must therefore be measured
together.
CCN measurements lead to the same conclusion at

the activation scale. Dry-particle size often explains
more variation in activation than detailed chemistry, al-
though soluble material, internal mixing, and surface
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properties still matter [8, 9, 53, 54]. A CCN counter ex-
poses particles to a known supersaturation and measures
how many activate [55]. A recent Korean cloud-chamber
study combined controlled saturation with particle and
droplet sizing for NaCl and CaCl2 [56]. The two salts
produced different formation rates and droplet sizes. This
work supports NaCl as a useful comparison material in
the present study while demonstrating how direct CCN
measurements can extend the chamber-based optical mea-
surements reported here.

2.3 CNC and Saponin Properties Affect

Droplet Activation

CNC properties change with their source and process-
ing. Samples can differ in particle dimensions, surface
sulfate or carboxyl groups, counterions, crystallinity, and
stability in water [57, 58]. Their hydroxyl groups in-
teract with water, but vapor uptake also depends on
surface treatment, structure, porosity, and humidity his-
tory [21, 59, 60]. Bulk water absorption therefore does
not prove that every dry CNC aerosol will activate at
cloud-level supersaturation. Reproducible studies should
report the CNC source, production chemistry, counterion,
solids content, mixing method, and storage history.
The CNC in the reservoir may also differ from the

particle in the chamber. Drying and changes in salt con-
centration can form clusters whose shape and ability to
redisperse depend on how the suspension was prepared
[61, 62]. Warnes et al. directly showed that suspension
stability and surface groups affect the size and shape
of CNC particles formed during aerosolization [22]. Di-
rect cloud evidence is still limited. In one CCN study,
cellulose nanoparticles activated less easily than several
nanoplastics, and a CNC-focused thesis found only mod-
erate hygroscopicity for unmodified CNCs [23, 24]. These
findings do not determine the performance of the mod-
ified formulation tested here, but they show why CNC
alone must be included as a comparison.

A modified CNC formulation could behave differently
by changing dry-particle size, soluble content, or droplet-
surface properties. Larger clusters may scatter more light
but produce fewer particles per unit mass, while soluble
material or surface-active additives could alter activation
and droplet coalescence. The chamber cannot separate
these mechanisms, but it can identify formulations for
direct particle-sizing and CCN measurements.

Saponin introduces an additional interfacial effect. At-
mospheric organic material can lower surface tension
and sometimes change activation in ways that a uniform
bulk-solution model does not predict [63–65]. Surfactant
molecules move from the droplet interior to its surface,
changing both the amount of dissolved material within
the droplet and its surface tension [15, 16, 66, 67]. Sur-
face tension can also change with droplet size and the
time allowed for adsorption [68, 69].
Experiments have produced mixed results. Organic

surface films can lower surface tension and sometimes
produce larger-than-expected droplets at activation [18,
70, 71]. Phase separation and the small volume of aerosol
droplets can make surface effects especially important
[72, 73]. In other studies, fatty-acid coatings greatly
lowered surface tension but changed critical supersatu-
ration only when the organic fraction was high; a solid
film sometimes slowed water uptake [17]. Mixed aerosols
have also differed from predictions based on bulk surface
tension [74, 75]. Therefore, lower surface tension in the
prepared solution is a reason to test activation, not proof
that activation improves. Dynamic surface-tension mea-
surements and a controlled CCN activation curve would
provide more direct evidence.
Research on Quillaja helps define this question.

Saponins are a broad group of molecules, and commercial
extracts can have different compositions [76, 77]. Quil-
laja saponin collects at the air–water interface, but pH,
salt, temperature, and product source affect its micelles,
adsorption, and surface tension [25, 78–80]. Its surface
layers can be highly elastic [26, 81, 82]. This property
may stabilize droplets rather than promote their coales-
cence, so good foam stability does not necessarily indicate
faster rain formation. No published study identified in
the literature directly measured the activation of Quillaja-
modified CNC aerosols across controlled supersaturations.
This gap motivates testing the combined formulation
while leaving its activation mechanism open for direct
investigation.

One concentration comparison is especially useful. Mi-
tra and Dungan reported a Quillaja critical micelle con-
centration of approximately 0.5–0.8 g L−1 at 298 K,
although pH, salt, temperature, and product source af-
fected the value [79]. The saponin concentration prepared
in this study, 0.5 mg mL−1, is equivalent to 0.5 g L−1 and
therefore lies near the lower end of that range. However,
the concentration and composition of the aerosol leaving
the nebulizer may differ from those of the reservoir solu-
tion. This comparison does not establish that micelles
formed in the tested product, but it suggests that small
changes in concentration or formulation could affect its
interfacial behavior.

2.4 Interpreting PTFE Routing and Op-

tical Measurements

Electric charge may influence several stages of aerosol
and droplet development. Atmospheric ions can charge
aerosols, and charge can change how particles or droplets
approach one another [28, 83]. However, collisions still
depend strongly on droplet size and speed even without
charge [84–86]. Calculations predict the largest electrical
effects at specified charge or field strengths and for small
droplet pairs [29]. A strong electrical claim therefore
requires measurements of charge magnitude, charge sign,
particle or droplet size, and the surrounding electric field.
Charge should also be distinguished from Köhler activa-
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tion: surface tension and water activity affect activation,
whereas electrical attraction may influence particle cap-
ture and droplet collisions after aerosol generation or
activation.

Liquid contact with PTFE can produce charge, but its
magnitude and sign depend on pH, salt concentration,
dissolved carbon dioxide, humidity, prior use, and surface
condition [30, 87]. Other studies also show that both
the liquid and polymer influence contact electrification
[88, 89]. The nebulizer or even a pipette can charge
droplets before they reach the tube [90, 91]. PTFE tub-
ing may also deposit particles selectively on its walls,
changing the size distribution and amount of aerosol
reaching the chamber [31]. A direct-versus-PTFE com-
parison therefore tests the entire delivery path, not charge
alone. Future charge measurements should be paired with
measurements of airflow, aerosol mass, and particle size.
The light sensor also measures several effects at once.

Light loss depends on particle number, size, shape, refrac-
tive index, laser wavelength, and sensor geometry [92, 93].
When the chamber becomes very cloudy, repeated scat-
tering makes it even harder to convert transmitted light
directly into particle concentration [94–96]. Low-cost
sensor studies also show that geometry and the assumed
particle-size distribution can change the response [97, 98].
Keeping the setup fixed supports relative comparisons be-
tween formulations, but uncalibrated illuminance should
not be interpreted as a direct measurement of particle
concentration or liquid-water content.
Changes in nebulizer output provide an important al-

ternative explanation for the saponin result. Ultrasonic
droplet size depends on the device and liquid properties
such as viscosity and surface tension [99–101]. Parti-
cle size in the suspension and nebulizer type also affect
how much material becomes airborne [102, 103]. Most
importantly, surface-active compounds have increased
ultrasonic-nebulizer output in a concentration-dependent
manner [27]. The greater reduction in transmitted illu-
minance after adding saponin could therefore result from
increased aerosol output or a different particle-size distri-
bution. Measuring reservoir mass loss and the size and
number of particles entering the chamber would help de-
termine whether saponin primarily changed the amount
of aerosol produced or the properties of that aerosol.

2.5 Predicting Favorable Weather Win-

dows from ERA5 and IMERG

Weather-targeting research uses cloud physics and fore-
casts to identify where and when seeding material might
be released. Models have used cloud water, temperature,
vertical motion, and particle transport to identify possible
release regions [48, 51, 104]. Roy et al. grouped weather
and aerosol states according to their potential suitability
for seeding, while Kotsuki et al. used rapid satellite and
radar updates to guide an aircraft toward a short-lived
cloud [32, 33]. These studies show that atmospheric data

can narrow short deployment windows, but they do not
provide a general label for additional rainfall caused by
seeding.
The model in this study combines predictors derived

from ERA5 with precipitation labels derived from GPM
IMERG. ERA5 combines observations with a numerical
weather model to produce spatially and temporally con-
tinuous hourly estimates, but its grid cannot resolve every
individual cloud or updraft [105, 106]. IMERG combines
satellite microwave and infrared observations and, in the
Final product, rain-gauge information [107, 108]. Its
error varies with region, season, terrain, precipitation
type, and time scale [109]. Studies using IMERG V06
have shown that interpolation and daily timing can af-
fect precipitation estimates at short time scales [110, 111].
However, those findings do not directly validate the V07B
labels used here. Version 07 changed several parts of the
IMERG algorithm and improved upon V06 in at least
one regional comparison, although geographically varying
errors remained [108, 112].
A natural-precipitation target has a clear limitation.

A window labeled positive using IMERG may contain
a storm that would have produced precipitation with-
out intervention, while a negatively labeled window may
still contain a cloud capable of responding to seeding.
Because the training data do not compare seeded and
otherwise similar unseeded clouds, the model predicts
subsequent natural precipitation rather than additional
rainfall attributable to seeding. Its output should there-
fore be interpreted as a ranking of atmospheric windows
for further evaluation, not as a prediction of seeding
effectiveness.

XGBoost can provide a useful ranking because it han-
dles large tabular datasets and nonlinear relationships
effectively [113]. Other precipitation studies have also
improved prediction by incorporating radar, numerical
weather-model, or spatiotemporal data [114–116]. The
main validation concern is that nearby grid cells, adja-
cent hours, and observations from the same storm are not
independent. A time-based split can test performance
on a future period, but it may still overstate the model’s
ability to transfer to unfamiliar locations [117, 118]. Ad-
ditional validation using held-out geographic regions and
models trained without latitude, longitude, or month
would help determine how strongly performance depends
on location and season.
The receiver operating characteristic area under the

curve measures how well the model ranks positive cases
across classification thresholds, while precision–recall
curves are especially informative when precipitation
events are uncommon [119–121]. Reliability plots and
the Brier score could additionally test whether predicted
probabilities correspond to observed precipitation fre-
quencies [122]. Feature-attribution methods can help
describe how variables contribute to model predictions,
but they do not establish that those variables cause pre-
cipitation [123].
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2.6 Research Gap

Earlier studies address the main parts of this problem
separately. Warm-cloud research shows that particle size,
released amount, background aerosol, cloud conditions,
and release location can all influence seeding outcomes.
CNC research shows that water uptake and aerosol prop-
erties can be modified, but it provides limited evidence for
strong cloud-level activation of unmodified CNCs. Sur-
factant research suggests that interfacial effects may alter
activation while demonstrating that bulk surface tension
alone cannot predict aerosol behavior. Electrical studies
support a possible influence of charge on particle capture
and droplet collisions, but they also show that PTFE
routing may change the amount and size distribution
of aerosol reaching the chamber. Optical and nebulizer
studies further demonstrate that a formulation can affect
both aerosol production and the resulting light-sensor
response. Weather models can rank atmospheric win-
dows associated with subsequent precipitation, but labels
based on natural rainfall cannot measure the additional
precipitation caused by seeding.

No published study identified in this review combined
aerosolized CNC with Quillaja saponin, a separate PTFE-
routing condition, controlled optical chamber compar-
isons, and a weather model for prioritizing later test
windows. The present study brings these components
together in a single workflow. The chamber experiment
compares formulations and delivery conditions to identify
candidates for direct particle-sizing and CCN measure-
ments, while the classifier ranks atmospheric windows for
further meteorological evaluation. Together, these com-
plementary stages can direct later experiments toward the
most promising material formulations and atmospheric
conditions without treating either the optical response
or predicted natural precipitation as direct evidence of
cloud-seeding effectiveness.

3 Materials and Methods

3.1 Study Design

The study consisted of two separate analyses. For RQ1,
six formulation–delivery conditions were tested in the
same chamber using a standardized aerosol pulse and
optical measurement procedure. The conditions were dis-
tilled water, sodium chloride, unmodified CNCs, CNCs
with saponin, CNCs routed through PTFE tubing, and
CNCs with saponin routed through PTFE tubing. Five
trials were conducted for each condition. The principal
comparison was between unmodified CNCs and CNCs
with both saponin and PTFE routing. Distilled water
and sodium chloride served as reference conditions, while
the CNC–saponin and CNC–PTFE conditions helped
determine whether observed differences were associated
with the formulation, the delivery pathway, or their com-
bination.

For RQ2, a classifier was trained using historical at-
mospheric conditions and evaluated on a later year that
was excluded from model fitting and selection. The re-
sponse variable indicated whether natural precipitation
occurred after each atmospheric observation. Chamber
outcomes and model predictions were analyzed separately
rather than being used as inputs to one another. They
contribute to the proposed workflow as sequential stages:
the chamber analysis identifies formulations for more di-
rect particle-sizing and CCN testing, while the classifier
ranks meteorological windows for further evaluation.

3.2 Physical Basis and Experimental Ex-

pectations

The formulation hypotheses follow the Köhler relation-
ships introduced in (1) and (2). Those equations identify
dry-particle diameter, hygroscopicity, water activity, and
finite-droplet surface tension as quantities that can af-
fect activation. They were not fitted to the chamber
results. Particle diameter, κ, finite-droplet surface ten-
sion, and critical supersaturation were not measured, so
no theoretical Köhler curve was calculated for the tested
CNCs.
The saponin-containing conditions were expected to

change the optical response if saponin’s interfacial be-
havior altered droplet formation or persistence. The
PTFE-routed conditions were expected to change the
response only if passage through the tubing altered the
emitted aerosol. Because charge was not measured, the
latter expectation concerns the delivery pathway as a
whole rather than electrostatic charge alone. For the
computational analysis, the working expectation was
that a model trained on pre-event meteorology would
rank the occurrence of natural precipitation within the
following six hours better than chance in the future-year
holdout.

3.3 Cloud-Chamber Apparatus and For-

mulations

A sealed acrylic chamber was designed and assembled
for repeated optical-scattering measurements (Fig. 2).
An ultrasonic nebulizer generated the aerosol. A cooled
upper surface promoted condensation, while a DHT22
sensor recorded temperature and relative humidity. A
650 nm laser traversed the chamber toward a BH1750
digital light sensor. As suspended droplets scattered
the beam, the sensor reported a decrease in transmitted
illuminance. An Arduino Uno coordinated sensing and
logging at 1 Hz.

All working suspensions were prepared in distilled wa-
ter. CNC and NaCl concentrations were 1.0 mg mL−1,
and saponin was used at 0.5 mg mL−1. Distilled water
served as a negative control and sodium chloride as a
conventional hygroscopic comparison. The six conditions
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Table 1: Cloud-chamber conditions used to answer RQ1.

Condition Aqueous composition Delivery path Experimental role

Distilled water Distilled water Direct Negative control

NaCl 1.0 mg mL−1 NaCl Direct Hygroscopic comparison

CNC only 1.0 mg mL−1 CNC Direct Base formulation

CNC + PTFE path 1.0 mg mL−1 CNC PTFE Pathway condition

CNC + saponin 1.0 mg mL−1 CNC + 0.5 mg mL−1

saponin
Direct Surfactant condition

CNC + saponin + PTFE
path

1.0 mg mL−1 CNC + 0.5 mg mL−1

saponin
PTFE Combined condition

Figure 2: Custom acrylic cloud chamber during an optical-
scattering trial. The visible red beam marks the laser
path through the aerosol volume. The apparatus supports
relative comparisons among formulations but is not a
scale model of a natural convective cloud.

are shown in Table 1. Direct and PTFE-path conditions
entered through the same chamber inlet.

3.4 Trial Protocol and Optical Response

Measures

Before each trial, the selected suspension was prepared,
chamber humidity was allowed to stabilize, and the laser
baseline was checked. Aerosol delivery began at t =
0 and continued for 60 s. In PTFE-path trials, the
aerosol passed through the tubing immediately before
entering the chamber; all other trials used the direct
inlet. Illuminance, temperature, and relative humidity
were sampled at 1 Hz. After 60 s, the nebulizer was
stopped, and recording continued while the optical signal
recovered. The chamber was then cleaned and reset
before the next trial. Five trials were completed for each
condition.
Let I(t) denote the sensor-reported illuminance and

I0 the mean illuminance during the pre-delivery baseline

period. Normalized transmission was calculated as

T (t) =
I(t)

I0
. (3)

Three response measures were extracted from each
trace during post-processing. Onset time was defined as
the first time after aerosol delivery began that illuminance
fell below 95% of the pre-delivery baseline and remained
below that threshold for at least five consecutive samples,
corresponding to 5 s at the 1-Hz sampling rate. Minimum
illuminance was the lowest observed value of I(t) and
represented the greatest measured attenuation. Recovery
was identified as the first time after the minimum that
illuminance returned to at least 95% of the pre-delivery
baseline and remained at or above that threshold for
at least 10 consecutive samples, corresponding to 10 s.
Persistence was calculated as the elapsed time from on-
set to the beginning of this sustained recovery period.
Requiring consecutive samples prevented isolated sensor
spikes from being classified as onset or recovery. The
same post-processing code and thresholds were applied
to every trial and condition.
Lux is a photometric sensor output rather than a di-

rect measurement of droplet number concentration or
liquid-water content. Minimum illuminance is therefore
reported as an optical proxy. Ratios between minimum-
illuminance values cannot be interpreted as equivalent
ratios of physical cloud density without calibration for
droplet size, number concentration, and extinction effi-
ciency.

3.5 Statistical Analysis

Means and standard deviations were calculated for each
condition and response measure. The primary compari-
son contrasted CNC only with CNC + saponin + PTFE
path for onset time, minimum illuminance, and persis-
tence. Welch two-sample t tests were used because equal
population variances were not assumed. Each condi-
tion contained five trials. Two-sided p values and 95%
confidence intervals are reported for mean differences,
calculated as CNC + saponin + PTFE path minus CNC
only.
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Table 2: Atmospheric data sources and processing used to answer RQ2.

Product Period used Native sampling Processing and role

ERA5 hourly single levels 2001–2023 Hourly atmospheric fields Aligned to a 1.0-degree grid; supplied thermodynamic,
cloud, wind, and pressure predictors

GPM IMERG Final V07B 2001–2023 0.1-degree, half-hourly
precipitation

Aggregated spatially and temporally; supplied the six-
hour future-precipitation target

Three comparisons were conducted. The reported p
values are unadjusted, and the corresponding Bonferroni-
adjusted significance threshold is 0.05/3 = 0.0167. These
tests compare the two complete conditions and do not
estimate the separate effects of saponin, PTFE routing,
or their interaction. The small sample size limits the
precision of the estimated differences.

3.6 Atmospheric Data, Predictors, and

Target

The computational pipeline joined ERA5 hourly single-
level reanalysis data with the GPM IMERG Final half-
hourly precipitation product [106–108]. IMERG V07B
precipitation was spatially aggregated to the 1.0-degree
analysis grid and temporally aggregated to hourly in-
tervals. The resulting table contained approximately 41
million hourly grid-cell observations spanning 2001–2023.
Data sources and processing roles are summarized in
Table 2.

For each time-location record, the binary target indi-
cated whether accumulated precipitation during the fol-
lowing six hours exceeded 0.1 mm. This target provided
a reproducible label for the subsequent occurrence of nat-
ural precipitation. It was not derived from cloud-seeding
operations and therefore cannot identify precipitation
caused by seeding. The temporal split used 2001–2018
for training, 2019–2021 for validation, and 2023 as the
future-year holdout test set. Records from 2022 were
excluded from these partitions.
The 16 predictors are listed in Table 3. Raw ERA5

fields were supplemented with derived moisture, air-
density, and wind terms. Latitude, longitude, and sine
and cosine encodings of month supplied spatial and sea-
sonal context.

3.7 Classifier and Evaluation

Tree-based classifiers were compared during model devel-
opment, and XGBoost was selected as the final model
for the precipitation-ranking task [113]. The final config-
uration used 10,000 trees, a learning rate of 0.005, and a
maximum tree depth of 10. Model performance was eval-
uated on the 2023 holdout set using receiver operating
characteristic area under the curve (ROC AUC), which
measures how consistently the model ranks observations
followed by precipitation above those not followed by pre-
cipitation across possible thresholds. Feature importance

Table 3: Predictors supplied to the XGBoost classifier
for each hourly 1.0-degree grid cell.

Group Predictors

Thermodynamic
state

2 m air temperature; 2 m dewpoint tempera-
ture; surface pressure; derived air density

Moisture and
cloud

water-vapor mixing ratio; vapor-pressure
deficit; dewpoint depression; total cloud cover

Wind field 10 m zonal wind; 10 m meridional wind; wind-
speed magnitude; moisture-flux proxy

Spatial and
seasonal context

latitude; longitude; sine of month; cosine of
month

was summarized using model gain. Gain measures the
improvement in the model objective attributed to splits
involving each predictor; it does not show the direction
of an association or establish causality.

The temporal holdout prevented observations from the
test year from being used during model training, but
it did not test geographic transfer. Because latitude
and longitude were included as predictors, the model
could learn regional climatological patterns in addition
to relationships with the atmospheric variables. This
design supports ranking within represented locations, but
spatially blocked evaluation would be necessary before
claiming that the model transfers to new regions.

4 Results

4.1 Research Question 1: Modified For-

mulations Changed Chamber Timing

and Attenuation

Every condition produced a decrease and subsequent
recovery in transmitted illuminance after aerosol delivery
(Fig. 4). The representative CNC-only trace declined later
and remained well above the lowest values reached by
the saponin-containing conditions. The CNC + saponin
and combined traces both approached the lower end of
the plotted sensor range and remained near those values
before recovery. The six panels have different durations
because recording continued until each trial met the
recovery criterion.
The representative traces also show a measurement

constraint. Several conditions drove the signal close to
zero, compressing differences among the strongest attenu-
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Figure 3: Experimental and computational workflow. The upper sequence shows preparation, 60-s aerosol delivery,
optical monitoring, recovery, and repetition. The lower sequence shows ERA5 and GPM IMERG V07B alignment,
feature construction, temporal partitioning, XGBoost fitting, and scoring. Labels in the source graphic that refer to
“charged” particles or “physics-constrained” learning describe the intended design; particle charge was not measured,
and the monotonic constraints do not constitute a complete physical model.

ation responses. Minimum illuminance remains useful for
separating the CNC-only and CNC + PTFE-path condi-
tions from the saponin-containing conditions, but values
near the lower bound should not be treated as propor-
tional measurements of droplet number or liquid-water
content.

The combined CNC + saponin + PTFE-path condition
had the fastest mean onset at 10.6 s (Fig. 5). CNC +
saponin followed at 12.4 s, sodium chloride at 13.0 s,
distilled water at 15.8 s, CNC + PTFE path at 17.0 s, and
CNC only at 27.0 s. Relative to CNC only, onset occurred
16.4 s earlier with the combined condition, corresponding
to a 60.7% reduction. The CNC + saponin condition was
14.6 s earlier than CNC only, a 54.1% reduction, while
the CNC + PTFE-path condition was 10.0 s earlier, a
37.0% reduction.

The combined condition was 1.8 s faster than CNC +
saponin, a further 14.5% reduction relative to the CNC
+ saponin mean. It was also 2.4 s faster than sodium
chloride and 5.2 s faster than distilled water. These
pairwise differences were not included in the planned
inferential comparison and are therefore reported descrip-
tively. Across the six condition means, CNC only had
the latest onset, while both distilled water and sodium

chloride reached the onset criterion earlier than CNC
only.

Minimum illuminance showed a clear descriptive sepa-
ration among the four CNC-based formulations (Fig. 6).
The combined CNC + saponin + PTFE-path and CNC +
saponin conditions reached mean minimum illuminances
of 248 and 326 lux, respectively. CNC + PTFE path
reached 2079 lux, while CNC only reached 3818 lux. Rel-
ative to CNC only, the minimum signal was 91.5% lower
for CNC + saponin, 45.5% lower for CNC + PTFE path,
and 93.5% lower for the combined condition. Adding the
PTFE pathway to the CNC + saponin formulation low-
ered the mean by a further 78 lux, although no planned
test directly compared those two modified conditions.

Mean persistence increased from 90.8 s for CNC only to
168.0 s for the combined condition, an absolute increase
of 77.2 s and a relative increase of 85.0%. The combined
mean was also 35.0 s, or 26.3%, longer than the 133.0 s
mean for distilled water. Together, these comparisons
show that the combined formulation produced both an
earlier optical response and longer-lasting attenuation
than CNC alone.
The planned Welch comparisons between CNC only

and the combined condition are reported in Table 4.
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Figure 4: One representative illuminance trace per condition. Red dashed lines mark onset and purple dashed lines
mark minimum illuminance. The panels show the shape of a single trial and are not substitutes for the five-trial
summaries. “Electro” in the source graphic denotes the PTFE-path condition.

Table 4: Planned Welch comparisons between CNC only and the combined condition.

Measure CNC only, mean ± SD Combined, mean ± SD Mean difference (95% CI) p

Onset (s) 27.00± 10.10 10.60± 1.52 16.4 earlier (3.9, 28.9) 0.021

Minimum illuminance (lux) 3817.67± 1655.21 248.33± 202.76 3569 lower (1522, 5616) 0.008

Persistence (s) 90.80± 6.38 168.00± 8.22 77.2 longer (66.4, 88.0) < 0.001

Note. n = 5 per condition. Differences are expressed in the direction favoring the combined condition. Reported p values are two-sided
and unadjusted.

Mean onset was 16.4 s earlier for the combined condition
(95% CI: 3.9 to 28.9 s; p = 0.021), minimum illuminance
was 3569 lux lower (95% CI: 1522 to 5616 lux; p = 0.008),
and persistence was 77.2 s longer (95% CI: 66.4 to 88.0 s;
p < 0.001). All three unadjusted p values were below
0.05. Using the Bonferroni reference threshold of 0.0167,
the attenuation and persistence comparisons remained
below the threshold, whereas the onset comparison did
not.

4.2 Research Question 2: Future-

Year Ranking Was Informative but

Strongly Climatological

The XGBoost classifier achieved a ROC AUC of 0.802
on the 2023 holdout set (Fig. 7). A randomly selected
precipitation-positive observation received a higher score
than a randomly selected negative observation 80.2% of
the time. The ROC curve remained above the random-
ranking diagonal, indicating that the model preserved
useful ordering across classification thresholds.
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Figure 5: Mean onset time across all six conditions. Lower
values indicate earlier optical response. Error bars show
±SEM; n = 5 trials per condition. “Electro” in the
source graphic denotes the PTFE-path condition.

Figure 6: Mean minimum illuminance for the four CNC-
based formulations. Lower values indicate stronger mea-
sured attenuation rather than directly measured cloud
density. Error bars show ±SEM; n = 5 trials per condi-
tion. “Electro” in the source graphic denotes the PTFE-
path condition.

At the selected operating threshold, sensitivity was
83.9%, meaning that the model identified 83.9% of the
precipitation-positive observations in the 2023 holdout
set. This value represents recall among positive cases
rather than overall classification accuracy.
Model gain was concentrated in location, season, and

temperature (Fig. 8). Latitude was the largest contribu-
tor by a wide margin, with twice the plotted gain of 2-m
temperature and more than three times that of longitude.
Longitude and the two month encodings also appeared
among the five highest-ranked predictors. Among the
remaining physical variables, mixing ratio, air density,
and dewpoint contributed more gain than pressure, wind,

Figure 7: Receiver operating characteristic curve for the
2023 holdout set. The area under the curve was 0.802;
the dashed diagonal denotes random ranking.

Figure 8: Gain-based XGBoost feature importance. Gain
measures the improvement in the model objective at-
tributed to splits involving each predictor. It does not
show whether a predictor increased or decreased the score
and should not be interpreted causally.

moisture flux, or total cloud cover.
This feature ordering indicates that the holdout AUC

reflected both local atmospheric information and broad
climatological structure. The evaluation does not iso-
late how effectively the model distinguishes favorable
and unfavorable hours within the same location and sea-
son. Establishing that narrower capability would require
spatially blocked and within-region evaluation.
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5 Discussion

5.1 Saponin Produced the Clearest Im-

provement Among CNC Formula-

tions

The ordering of the six conditions provides information be-
yond the combined-versus-CNC percentages alone. CNC
only was the slowest condition to reach the optical onset
point, at 27.0 s. Distilled water and NaCl reached it
at 15.8 and 13.0 s, respectively. The combined condi-
tion was fastest at 10.6 s, while CNC + saponin followed
closely at 12.4 s. Among the four CNC formulations, min-
imum illuminance showed a similar separation. CNC only
reached 3818 lux, CNC + PTFE reached 2079 lux, and
the two saponin-containing conditions reached 326 and
248 lux. These results identify the saponin-containing
formulations as the clearest candidates for follow-up test-
ing. They also agree with research showing moderate
water uptake by unmodified cellulose aerosol and strong
effects of suspension preparation on airborne CNC shape
[22–24].

All three planned Welch comparisons favored the com-
bined formulation. Compared with CNC only, it reached
onset 16.4 s earlier, produced a minimum illuminance that
was 3569 lux lower, and remained optically detectable
77.2 s longer. The attenuation and persistence compar-
isons remained below the Bonferroni reference threshold
of 0.0167, whereas the onset comparison (p = 0.021) did
not. Although each condition included five trials, the
consistent improvements across onset, attenuation, and
persistence provide strong evidence of the combined for-
mulation’s potential and support further investigation
through larger-scale validation.

The tested saponin concentration also creates a useful
follow-up question. The 0.5 mg mL−1 formulation equals
0.5 g L−1, near the lower end of the 0.5–0.8 g L−1 critical
micelle concentration reported for one Quillaja product at
298 K [79]. The exact value varies with product, pH, salt
concentration, and temperature, so the published range
cannot be applied directly to the present material. Never-
theless, it suggests that testing concentrations above and
below the current value could reveal how saponin con-
centration and surface organization influence the optical
response.
Several mechanisms could explain the saponin-

associated improvement. Quillaja layers can lower sur-
face tension and become highly elastic [25, 26]. At
the same time, molecular transport to the surface, dilu-
tion, and film formation can reduce the activation ben-
efit predicted from bulk surface-tension measurements
[16, 17, 69]. Surface-active compounds can also increase
aerosol output from an ultrasonic nebulizer [27]. Saponin
may therefore have altered the emitted aerosol amount
or size before any CCN activation occurred. Measuring
reservoir mass loss and downstream particle-size distri-
butions would help separate this delivery effect from an

activation effect.
Together, the three measures show that the combined

condition outperformed CNC only, although further test-
ing is needed to identify the processes responsible for these
improvements. Follow-up experiments should indepen-
dently measure aerosol output, particle-size distribution,
and surface tension across a saponin concentration series.
These measurements would clarify whether the stronger
optical response arose primarily from increased aerosol
delivery, altered droplet activation, or a combination of
both processes.

5.2 PTFE Routing Produced a Smaller

Secondary Improvement

PTFE routing produced a smaller improvement than
saponin. CNC + PTFE reached onset 10.0 s earlier than
CNC only and lowered mean minimum illuminance from
3818 to 2079 lux. After saponin was already present,
adding the PTFE pathway changed onset by 1.8 s and
minimum illuminance by 78 lux. However, the study
did not include a planned comparison between the two
saponin-containing conditions or a full factorial analysis.
The results therefore associate PTFE routing with an
additional change in optical response, but they do not
establish that saponin and PTFE produced additive or
synergistic effects.
Contact electrification is one possible explanation, al-

though its direction and magnitude depend on the for-
mulation. Charge generated when water passes through
PTFE can change sign with liquid composition and sur-
face condition, and its magnitude can decrease as salt
concentration or humidity increases [30, 87]. The neb-
ulizer itself may also generate charged aerosol [90]. In
addition, PTFE tubing can cause particles to deposit
on the tube wall or alter the particle-size distribution
reaching the chamber [31]. The observed response could
therefore reflect charging, particle loss, size selection, or
a combination of these effects.
Charge should also be considered at the appropriate

stage of cloud development. Köhler activation primarily
depends on water activity, curvature, dry-particle size,
and surface tension. Electrical forces are more likely to
influence particle capture and droplet collisions when
charge and electric-field strength are sufficiently high [28,
29, 124]. Follow-up experiments should measure aerosol
charge and particle-size distribution immediately after
each pathway. Comparing PTFE with tubing of similar
length and geometry but a lower charging tendency would
help separate effects caused by the PTFE material from
those caused by airflow, particle loss, and travel through
the tube.
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5.3 Optical Attenuation Provided a Prac-

tical Comparison

Under the same laser path and sensor geometry, the
saponin formulations attenuated substantially more light
than CNC only, producing a strong and repeatable
apparatus-level difference. Lux measurements alone can-
not determine whether this difference resulted from parti-
cle concentration, particle size, refractive index, or aerosol
distribution within the chamber. Multiple scattering and
detector geometry also become more influential at high
aerosol concentrations [92–94]. Because several traces
approached the lower limit of the sensor range, mini-
mum illuminance reliably distinguished high- and low-
attenuation conditions but was less suitable for ranking
responses near the sensor floor.

Despite these limitations, the chamber provided a low-
cost and effective method for comparing formulations
under consistent conditions. The large optical differences
identify the formulations that should next be evaluated
for emitted mass, particle size, humidified growth, and
CCN activation. More advanced chamber experiments
combine controlled saturation with aerosol and droplet
measurements [56]. A calibrated Cloud Droplet Probe or
similar instrument could provide direct particle-size and
concentration measurements, although careful calibration
would be required [125].

5.4 Location and Season Explain Part of

the Model’s Skill

The 2023 holdout ROC AUC of 0.802 demonstrates use-
ful ranking on future-year data. A randomly selected
positive six-hour window received a higher score than a
randomly selected negative window 80.2% of the time.
The feature ranking adds an important detail. Latitude
contributed the most gain, followed by temperature, lon-
gitude, and month. Cloud cover, wind, and moisture
flux contributed less. The model therefore learned from
both current atmospheric conditions and the locations
and seasons in which precipitation is more common. This
information can help rank windows at known locations,
but the present evaluation does not isolate how much
predictive skill remains after broad regional and seasonal
patterns are removed.
Three additional tests could help identify the sources

of this skill. A model using only latitude, longitude, and
month would estimate the predictive value of regional
and seasonal patterns. A model excluding those features
would test how effectively the remaining atmospheric
variables rank precipitation windows. Finally, a spa-
tially blocked evaluation would measure performance in
previously unseen regions. Studies of spatial data show
that ordinary validation can overestimate transfer when
nearby or environmentally similar samples appear in both
the training and testing sets [117, 118].

The labels were derived from GPM IMERG Final V07B

[107, 108]. The two V06 studies explain why interpolation
and daily timing matter at short timescales, but they do
not directly validate the V07B data used here [110, 111].
Version 07 changed several parts of the algorithm and im-
proved upon V06 in some regional evaluations, although
errors continued to vary by location and precipitation
type [112]. The reported AUC therefore measures agree-
ment with the V07B labels used by the model, not perfect
agreement with ground measurements in every region.
The reported 83.9% sensitivity should be interpreted

alongside the selected decision threshold, event fre-
quency, false-positive rate, precision, and precision–recall
area. ROC AUC summarizes ranking across thresholds,
whereas precision–recall results are especially informative
when positive events are uncommon [119–121]. A relia-
bility plot and Brier score would further show whether
predicted probabilities match observed precipitation fre-
quencies [122]. Feature gain and SHAP can explain how
the model used individual predictors, but they cannot
establish that any variable caused precipitation [123].
Most importantly, natural future precipitation is an

indirect indicator of seeding suitability rather than a
direct measure of seeding response. A high score may
identify a system that would already produce precipi-
tation, while a cloud capable of responding to seeding
could receive a low score. A stronger future target could
incorporate cloud phase, liquid-water content, vertical
motion, cloud depth, background aerosol, and operational
access limits. Estimating added rainfall will ultimately
require carefully controlled comparisons between seeded
and unseeded clouds.

5.5 The Combined Workflow Helps Fo-

cus Future Testing

The chamber and model address different parts of the
same problem. The chamber identifies promising formula-
tions for direct testing, while the model identifies weather
windows for closer evaluation. Used together, these tools
can reduce the time and cost spent testing weaker for-
mulations or unsuitable atmospheric conditions. This
integration is the main systems-level contribution of the
study. The next stage is to connect both parts through
direct particle measurements, stronger weather-model
validation, and eventually controlled field experiments.

Environmental evaluation is also essential for field readi-
ness. CNCs are cellulose-based and renewable, but in-
halation responses can vary with particle length, shape,
dose, and preparation [126–130]. EPA’s Quillaja assess-
ment applies to specific registered pesticide uses and
exposure controls, not to an aerosolized CNC–saponin
formulation [131]. Research on potential silver-iodide
impacts supports the development of alternative mate-
rials, but every new formulation still requires its own
safety evaluation [132, 133]. The formulation is there-
fore best described as a promising biobased candidate.
Its renewable components and strong chamber perfor-
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mance support continued study, while dose, inhalation,
and environmental-fate testing would establish conditions
for responsible field use.

5.6 Next Steps

The next chamber experiment should include more trials
and independently vary CNC concentration, saponin con-
centration, and tubing material in a randomized factorial
design. Reservoir mass loss would quantify nebulizer
output. An optical particle sizer and microscopy could
measure downstream particle concentration, size distri-
bution, and CNC aggregate shape. A Faraday cup or
electrometer could measure aerosol charge after each
matched pathway. Dynamic surface tension should also
be measured across the tested saponin concentrations.
The central cloud-physics test is a size-resolved CCN

activation curve under controlled supersaturations. This
would measure activated fraction and allow effective κ
to be estimated for CNC only, CNC + saponin, and
each routed condition. Droplet imaging or calibrated
optical extinction could then connect direct activation
measurements with the current chamber traces. Together,
these measurements would distinguish whether the strong
saponin response resulted primarily from greater aerosol
output, particle growth, CCN activation, or multiple
effects.
For the model, the reason for excluding 2022 and all

preprocessing steps should be fully documented. Perfor-
mance should be compared with a location-and-month
baseline and a model excluding coordinates. Spatial
and temporal holdouts, calibration, precision–recall area,
event frequency, and threshold-specific false-positive rates
should be reported alongside ROC AUC. These evalua-
tions would determine how much predictive value comes
from current atmospheric conditions before the target
is expanded to include cloud properties and potential
treatment response.

6 Conclusion

This study developed a combined material-and-model ap-
proach to two challenges in cloud seeding: identifying a
promising biobased formulation and selecting atmospheric
conditions for its use. Across all six chamber conditions,
CNC + saponin + PTFE routing produced the earliest
mean optical onset. Among the four CNC-based formu-
lations, it also produced the lowest mean transmitted
illuminance, indicating the greatest measured attenua-
tion. Compared with CNC only, onset time decreased
by 61%, minimum transmitted illuminance decreased by
93.5%, and persistence increased by 85%. Because lower
illuminance indicated greater obstruction of the laser by
the chamber aerosol, these results show a substantially
stronger and longer-lasting optical response. Most of
the improvement was already present after saponin was

added, identifying the saponin-containing CNC formu-
lation as the leading candidate for direct particle and
cloud-condensation-nuclei (CCN) testing. The smaller
change associated with PTFE routing motivates follow-up
measurements of aerosol charge and particle transmission.
The XGBoost weather model achieved a ROC AUC

of 0.802 on the independent 2023 holdout set and de-
tected 83.9% of precipitation-positive observations at the
selected threshold. Using ERA5 atmospheric variables,
it successfully ranked six-hour weather windows asso-
ciated with later precipitation in GPM IMERG Final
V07B. However, location, temperature, and season were
its strongest predictors. Future evaluation should there-
fore compare the model with a location-and-month base-
line, remove coordinate and calendar features, and hold
out complete geographic regions. Calibration, precision,
and false-positive rates would further determine whether
its scores can support practical deployment decisions.
The main contribution is an integrated workflow

connecting formulation development with atmospheric-
window selection. The chamber identifies which material
combinations should advance to more detailed cloud-
physics testing, while the model focuses evaluation on
the most promising weather conditions. Together, these
tools could reduce ineffective trials and unnecessary ma-
terial release while directing resources toward stronger
candidates. The next stage is to measure emitted aerosol,
particle size, charge, dynamic surface tension, and CCN
activation; repeat the chamber study using a larger ran-
domized factorial design; and validate the weather model
with stricter baselines and geographic holdouts. These
steps provide a practical path from the current chamber
and modeling results toward a carefully validated field
system.
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